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Preface to the 3™ Edition

It is a great pleasurc to havc participated in the creation of the 3 Edition of the ECMO Specialists
Training Manual, This edition is the product of many individuals representing 18 ECMO centers across the
country. As Co-Editor of the first edition, it was amazing to see the changes that had occurred between that
cdition and the second. It’s now been 10 years between the 2™ Edition and this 3™ Edition, with enormous
changes in the patient populations freated, the equipment used, and clinical management protocols for
ECLS support. To that end we have added 8 new chapters outlining physiology of the major categories of
patients being trcated (neonatal respiratory, pediatric respiratory, adult respiratory and cardiac patients of
all ages). We have also added chapters on ECPR, hemofiltration, plasmapheresis, and two exciting chapters
on case scenarios and trouble shooting [or the ECMO Specialists.

Training of the bedside ECMO specialist remains a priority. This manual was developed to assist
ECMO centers in the training and education of the ECMO team in their institution. To further assist in the
cducation of ECMO practitioners, test questions and answers are at the end of cach chapter, This manual
should be used in conjunction with the existing educational mafcrial specific to the individual ECMO
center. The material presented in this manual has been written by authors fromn various ECMO centers,
but an attempt has been madc to represent general ECMO practice. Techniques specific to a single institu-
tion may not be fully covered in this manual, thus requiring each institution to enhance thosc topics with
additional information. ‘

T would like to thank the many individuals who authored and reviewed chapters; it was a pleasure
working with all of you. I would like to give a special thanks to my Co-Editors, Lisa Williams and Peter
Rycus, If not for their continued support, the 3™ Edition would have been another 10 ycars in the making.

Billie Lou Short, MD

Chair, Logisties and Education Committee (2007-2009)
ELSO
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The History of Extracorporeal Life Support

Robert H Bartlett MD

The first neonatal ECMO survivor is 35 years
old this year. In one medical gencration the use of
prolonged extracorporeal circulation for life support
in the intensive carc unit has gone from a laboratory
curiosity to clinical trials to routine practice. Every
major children’s hospital has an ECLS program
to sustain the life of patients with severe heart or
lung faiture when other treatments fail. Although
the technology was first developed for the care of
neonatal respiratory failure, growth and innovation
are now primarily in the pediatric and adult intensive
care units, In fact, the use of ECLS for neonatal re-
spiratory failure is steadily decreasing as we develop
a better understanding of the pathophysiology and
better methods of prevention and treatment in the
neonatal population. The same will apply to children
and adults, as we lecarn more about pathpphysiology
and trcatment in those populations.

The heart/lung machine was devcloped primar-
ily by surgeon John Gibbon, beginning in 1939 and
culminating in the first successfisl heart operation
using a heart-lung machine in 1954.' For cardiac
surgery all the venous retum is diverted into the
machine and pumped into the systemic circulation,
leaving the heart emipty long enough to repair intra-
cardiac defcets or operate on the coronary circula-
tion. The opportunity to operate dircctly on the heart
was miraculous, but the heart-lung machine itself
caused damage to the fluid and solid elements of
the blood. In fact, the heart-lung machine caused
fatal complications if it was used for more than 2
ot 3 hours. The inajor cause of blood damage was
the direct exposure of blood to gas. Interposing a
plastic gas cxchange membrane between the flowing
blood and the gas solved most of the blood-damage
problems, By eliminating the gas interface it was
possible to use the heart-lung machine for days at

a timc, and the physiology and pathophysiology of
prolonged cxtracorporcal circulation was worked
out in the [aboratory,2**

The first successful use of prolonged life support
with a heart-lung machine was conducted by J. Don-
ald Hill and his associates in 1971.° The patient was
a young man suffering from the Adult Respiratory
Distress Syndrome. (ARDS was the name applied
to a new syndrome of scverc respiratory failure
complicating pnewnonia, shock, trauma, or sepsis.
Of course, ARDS had always existed, bui was newly
recognized and named. The entire discipline we now
call Critical Care was cvolving at the same time.
The concept of chronic intubation and mechanical
ventilation was only a decade old, and was itself
considered a radical intervention of questionable
value.) After Hill’s casc, sevcral other successtul
cases were reported in children and adults with
severe pulmonary and cardiac failure. At the same
time therc seemed to be an epidemic of “ARDS”
and it looked like extracorporeal support would be
the answer. A multi-center clinical trial of prolonged
extracorporeal circulation for adults with ARDS was
commissioned by the National Institutes of Health
in 1975, This was the first prospective randomized
trial of a life-support technique in acute fatal illness
in which the end point was death. There were many
probiems with the design and execution of that clini-
cal trial, For example there were 9 study centers,
and only 3 of us had any cxpericnce with ECMO
before entering the first paticnt. But from the trial
we leamcd that the mortality for all patients with
ARDS was 66%, and the mortality for severc ARDS
was 90%. We lcarned that extracorporeal support
attempted by inexperienced tcams in veno arterial
mode for one week, with continuing high ventilator
seftings did not improve the ultimate survival in
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severc ARDS. We learned (the hard way) the mis-
takes to avoid when conducting a prospective trial in
acute fatal illness, and we developed a name for the
tcchnology: extracorporeal membrane oxygenation
(ECMO). The results of that study were published in
1979;% laboratory and clinical research on ECLS in
adults cssentially stopped for a decade. This study
is still quoted, but it is irrelevant to modern practice.
However, the results in neonatal respiratory faiture
Werc very encouraging.

At the planning meeting for the adult NIH-
ECMO trialin 1975 we reported the first successful
case of ECLS for respiratory failure in a newbormn
infant.” Our laboratory had been studying mem-
brane oxygenator development and prolonged
exiracorporeal circulation in animals for ten years.
We and others had used exiracorporeal support for
postoperative cardiopulmonary failurc in children
with the first successful case in 1972.* White’and
Dorson'® had initiated clinical trials in nconatal re-
spiratory failure without success. Our patient was a
full-term neonate with respiratory failure secondary
to meconium aspiration. The major cause of hypox-
cmia was pulmonary hypertension with right to left
shunting through the ductus arteriosus and foramen
ovale. This was mysterious at the time but we soon
recognized that persistence of the fetal eirculation
physiology (persistent pulmonary hypertension
of the newborn, PPHN) is the underlying patho-
physiology for most causes of respiratory failure
in full-term newborn infants. Using techniques of
vascular access, anticoagulation, ventilator manage-
ment, and extracorporeal ¢irculation which had been
developed in the laboratory, we used extracorporeal
support for infants with a variety of conditions.
Forty newborn patients were treated over the next
five years with 50% survival.'' Neonatologists and
surgeons from other institutions joined us to learn
the technology. By 1986 cighteen nconatal centers
had successful ECMO teams.'?

As with intubation and mechanical ventilation
for newborn infants two decades before, the advent
of this new technology met with skepticism and
disdain among the relatively new ficld of neonatol-
ogy. We conducted the first prospeetive randomized
trial of ECMO in neonatal respiratory failure, using
an adaptive design to correct some of the mistakes
we had made in the earlier adult trial. After lengthy
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discussions, the report of this trial was published in
Pediatrics in 1985, along with invited commentar-
ics criticizing the technology and the trial. This criti-
cism and controversy lead to the second prospective
randomized trial carried out by O’Rourke and asso-
ciates at the Boston Children’s Hospital,"* A similar
adaptive trial design was uscd by the Boston group
with similar results (94% survival in the ECMO
group). The Michigan trial was criticized for expos-
ing critically ill infants to the high risks of ECMO.
Two years later the Boston study was criticized for
denying ECMO to the patients in the control group.
Academic controversies aside, neonatologists real-
ized that ECMO regulatly resulted in high survival
ratcs of happy, healthy children and ECMO becanie
standard treatment for neonatal respiratory failure
unresponsive to other measures.

In 1990 the National Institutes of Health held
a workshop on the diffusion of high-tech medicine
from bench to bedside using neonatal ECMO as
an example.” Scveral faclors were identified in
the nconatal ECMO cxperience which facilitated
the translation from concept to routine application.
All aspects of the technology were thoroughly de-
veloped in the bench and animal laboratory before
clinical trials. Clinical trials progressed through
Phascs I, 11, and IIT with reporting and discussion
at regular intervals but without sensational reports
in the lay press. A registry of all cascs in all centers
was kept from the beginning of clinical application,
which proved to be very valuable as the technology
grew. The use of ECMO allowed study of patients
who would have been dead without it. This unveiled
many aspects of neonatal respiratory failure patho-
physiology aund treatment which in turn resulted
in better understanding and the implementation of
other simpler techniques. As the technology devel-
oped it was standardized, disseminated, studied,
and improved in an organized fashion by the actual
and potential users. This group of investigators and
clinicians was formally organized as the Extracor-
poreal Life Support Organization in 1989. For the
fast 20 ycars that group has developed guidelines
and practices, published the standard textbook in
the ficld, and maintained a registry of ECLS cascs.
ELSO has followed and documented the growth of
ECLS in other populations and other diseases. As
of January 2010 there were over 40,000 patients in
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the registry, half of whom are newborn infants. Two
other neonatal prospective randomized trials have
been reported.'®!” One of these is the large neonatal
trial condueted in the United Kingdoin.'” The design
of this trial solved almost all of the problems of
prospective randomized trials in acute fatal iliness,
ECMO is currently used for neonates with respira-
tory failure unresponsive to other treatment. Overall
survival is 85%, ranging from 98% in meconium
aspiration to 55% in diaphragmatic hernia.

Based on the success with newborn infants
several clinicians returned to children and adults
with respiratory failure. Kolobow and collcagues
showed that high ventilator inspiratory pressure
(lung stretch) and high FiO, caused severe lung
injury.'® Gattinoni and Kolobow scparated res-
piration from oxygenation by removing CO, by
extracorporeal circulation (making ventilation un-
necessary) and oxygenating by insufflation. Using
extracorporeal CO, removal they prevented stretch
injury, and reported 56% survival in severe ARDS. "
These observations led to renewed interest in ECLS
for adult respiratory failure. By the 1990s scveral
groups reported similar results, 202122

Adult Respiratory Failure

The overall mortality for ARDS is 30-40% cven
with excellent management. ECLS is indicated for
those patients who have a high mortality risk within
the first week after inntbation. These paticnts have
an Aa gradient for oxygen greater than 600 on day
2, 3 or 4 following initial intubation, The mortality
risk for those paticnts is approximately 80% and
the recovery rate with ECLS in those patients is ap-
proximately 70%.7>* Patients on the ventilator more
than S days pre-ECLS have less chance of recovery,
hence the overall survival rate for ECLS treatment
of ARDS is approximately 55%.The University of
Michigan has reported the largest expericnce with
ECLS for ARDS. In that scrics the overall survival
rate was 52% and 65% since 2002,% The series is
large enough to characterize the patient population
and identify the likelihood of recovery based on
age and days on mechanical ventilation. The ELSO
registry data on adult respiratotry was reported by
Brogan in 2009.%

The UK ECMO team in Leicester conducted a
prospective randomized trial of ECMO compared
to conventional ventilation in ARDS, using the
format design uscd in the definitive nconatal study.
The results of this trail ( the CESAR trial) were re-
ported in 2009.%7 Survival in patients randomized to
conventional treatment was 47% compared to 63%
i the patients randomized to Leicester protocol
including ECMO.

Pediatric Respiratory Failure

In 1991 the Pediatric Critical Care study group
and ELSO conducted a study of 679 pediatric re-
spiratory failure patients in 32 PICUs The overall
mortality was 40%. Multivariatc regression analy-
sis identified ECMO as the only treatment which
had a favorable effect on outcome.*® Green did a
matched pairs study using that database comparing
survival in 55 ECMO patients (74%) to survival
in110 matched patients managed with conventional
ventilation(53%).%

Severe respiratory failure in older children is
relatively rare, compared to the incidence in new-
born infants and adults. The most common causc
is viral or bacterial pneumonia. Status asthmaticus
is another life-threatcning problem in children.
ECLS is used when a patient is not responding to
other methoeds of management, The survival rate is
approximately 75%, varying to some extent with
the primary condition. Most children with respira-
tory failurc can be managed successfuily with veno
venous aceess. In children who do not survive, the
most common cause of death is progressive lung
destruction from the primary infeetion, or brain
damage from the period of hypoxia and ischemia
which preceded ECLS. These children are all es-
sentially are normal in followup. Once the lung
recovers, pulmonary function and ¢xcreise tolerance
refums to normal.

Cardiac Failure

ECMO in the venoarterial mode supports func-
tion of both the lung and heart. ECMO has been used
for cardiac failure since 1972, but that application
has grown rapidly in the last decade, primarily in
pediatric patients. The reason is that ECMO is the
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only system (in the US) which can replace cardiac
function in children, bridging to recovery, or perhaps
transplantation, In adult patients ECMO is routinely
used in cardiogenic shock and cardiac arvest, and
allows time for evaluation, implantation of a ven-
tricular assist device if indicated, and cventually
transplantation,

A new generation of membranc lungs, safe
centrifugal punps, and vasculat access reached the
US in 2008. These devices make ECMO safe and
simple cnough to be managed by the regular ICU
staff. This approach (we call ECMOII) has the po-
tential to expand ECMO throughout the hospital for
many new applications, ECMO has been possible
because of the development of a new specialty: the
ECMO technical specialist. Health care profession-
als from nursing, respiratory therapy, and perfusion
have gained the unique knowledge and skills to
understand and manage all aspcets of prolonged
extracorporeal technology. The ECMO specialist
has major independent responsibility for the circuit
and for care of the patient. A typical protocol order
set might be,” Adjust the circuit flow and pressure,
diuretics, transfusion of blood components, sedation,
and ventilator settings to maintain optimal life sup-
port”. This manual outlines the requirements for an
ECMO team, specialist training and qualifications,
and details of ECMO management,
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Neonatal Pulmonary Physiology and Pathophysiology

Billie L. Short, MD

Objcetives

After completion of this chapter, the participant
should be able to:

e Discuss the common pathophysiology of
neonatal diseases treated with ECMO

e  Discuss the outcome of these patient popu-
lations when treated with ECMO

e Outline the risk factors related to ECMO
therapy and cach disease state

Introduction

Patients who require ECMO therapy in the new-
born period may have several disease states and/or
pathophysiologic entities.! Pulmonary hypertension
may be a secondary process in many of the discases.
The near-term infant (34-36 weeks gestation) may
present with hyaline membrane discase, but also
have underlying pulmonary hypertension or sepsis/
pneumonia making their respiratory status very
unstable. Meconium aspiration syndrome {(MAS),
sepsis/pneumonia in larger infants, congenital dia-
phragmatic hernia (CDH), and idiopathic pulmonary
hypertension of the newborn (PPHN) are the most
common disorders treated with ECMO." The patho-
physiologic states associated with these diseases arc
the primary focus of this chaptet.

Development of Lung Maturity

Surfactant is secreted by type I alveolar cells in
the lungs. It is composed of several phospholipids
which lower the surface tension forces of alveolar
walls.? This is important for the initial opening of
the alveoli and prevention of subsequent atelectasis.

Diseases Which Accelerate Fetal Lung Maturity:

Maternal

Toxcmia

Hypertensive renal disease
Hypertensive cardiovascular diseasc
Sickle cell ancmia

Narcotic addiction

Diabetes group D, E, or F

Fetal
Premature rupture of membranes
Growth retardation

Diseases Which Delay Fetal Lung Maturity:

Maternal
Diabctes group A, B, or C
Chronic glomerulonephritis

Fetal
Hydrops fetalis
Smaller of identical twins
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The lack of this substance is the pathophysiologic
basis of hyaline membranc diseasc (HMD), which
is characterized by massive atclectasis, The major
constituent of surfactant is lecithin, It comprises
50-75% of all the phospholipids. It first appears in
significant quantities at 22-24 wocks gestation and
continues to increase with gestation, By 35 wecks
the ratio of lecithin to sphingomyelin is 2:1 which
signifies pulmonary maturity. The presence of an-
other phospholipid, phosphatidyl glycerol (PG), is
also an indicator of pulmonary maturity.

Feta) Circulation

The fetal circulation is characterized by the
following:
e  Presence of anatomical shunts
o Foramen Ovale
o Ductus Avteriosus
o Ductus Venosus
e  Presence of the placental circulation (50%
of the Cardiac output)
e Minimal blood flow through the lungs
(7-10%) secondary to the high pulmonary
vascular resistance

In the fetus, blood is oxygenated in the chorionic
villi in the placenta, teaves through the umbilical
vein, and then crosscs between the right and lcfi
fobes of the liver, Some blood will perfuse the liver,
but most is emptied into the inferior vena cava via
the ductus venosus, which empties into the right
atrium. The major portion of blood flow from the
inferior vena cava cmpties into the left atrium
through the foramen ovale. The remaining volume
along with the blood from the superior vena cava
is pumped into the right ventricle and then into the
pulmonary artery where the majority shunts through
the ductus arteriosus into the aorta. The blood which
perfuses the pulmonary system (7-10%) returns to
the left atrium where mixing of the shunted and the

Figure 1: fetal circulation diagram from Wikimedia
Commons, originaily from 20th U.S. edition of
Gray’s Anatomy of the Human Body, originally
published in 1918 (not copyrightable). Fetal shunts
at the foramen ovale and patent ductus arteriosus
remain open pos{natalty in cases where stress oc-
curs at birth resulting in the persistent pulmoenary
hyperiension of the newbom (PPHN}, a syndrome
that can be idiopathic or associated with other
disease states.

Fetal Lung -Vasoactive
Mediators

» Vasodilators = Vasoconstrictors

--Nitric Oxide —Endothelin-1

—Prostacyclin —Platelet-activating

—Estrogen facior

— Adenosine —Leukotrienes
—Thromboxane
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circulated blood occurs. This blood is then pumped
into the left ventricle and to the aorta. The descend-
ing aorta bifurcates into the right and left iliac ar-
teries. Two arterics branch from these and course
upward around the bladder and form the umbilical
arteries, which go back to the placenta.

Control of the fetal pulmonary circulation is
modulated by several agents. The most important
vasodilators are nitric oxide and prostacyclin, while
endothelin-1 and platelet activating factor are the
predominant vasoconstrictors, with leukofrienes and
thromboxane playing a secondary role.*!

Neonatal Diseases Treated with ECMO

Introduction

The most common discases treated with ECMO
as discussed before are depicted in Figure 2 below.
With the advent of new therapics such as surfac-
tant, high frequency ventilation, and inhaled nitric
oxide, the number of paticnts requiring ECMO has
decreased. A disease such as HMD in the near-term
infant is rarely referred for ECMO secondary to the
availability of thesc therapies.'

Hyaline Membrane Disease

Hyalinc membranc disease is characterized by
a lack of surfactant, causing alveolar atelectasis
which results in hypoxia.! In term infants surfactant
production may be turned off by acidosis or hypoxia.
The steps lcading to hyaline membrane diseasc are:

e Lack of surfactant or decreased production
of surfactant

e Increased work of breathing tires the infant
and leads to further atelcctasis duc to de-
creascd chest wall movement

e Pulmonary hypopcrfusion leads to hypoxia
and hypercapnia

e Hypoxia icads to anacrobic glycoiysis
{(glucose from glycogen) which produces
the by-product, lactic acid, which in turn
causes metabolic acidosis (decrcased pH
and increascd BE)

o CO,is not blown off duc to atelectasis caus-
ing hypercapnia and respiratory acidosis
{dccreased pH and increased pCO.)

e Hypoxia and acidosis cause vascular spasm
resulting in increased pulmonary hypoper-
fusion. This can cause capillary damage and
alvcolar necrosis, resulting in subsequent

Other
9%

MAS

PPHN
16%

Figure 2. Neonatal respiralory diseases treated with ECMO with percent of ECMOQ
population. Data from Bxtracorporeal Life Support Organization database, July 2009
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deereases in surfactant production and
cscalation of atclectasis

e Increased vascular resistance (seen more
often in term infants) results in right to left
shunting through the foramen ovale and/or
ductus arteriosus

Primary surfactant deficiency results in this
scquence of events and can be linked to the inabil-
ity to establish alveolar stability. This may occur
in utero, secondary to intrautcrine asphyxia. The
asphyxia would causc pulmonary vasoconstriction,
leading to ischemia which damages the alveolar
walls and impairs surfactant production, Lung
compliance (C,) is a function of the elasticity of
lung tissue and is thcrefore decreased in HMD. C|
expresses the capacity of the lung to increasc in
volume in response to a given amount of applicd
pressurc during inspiration (C, = V/P). In HMD far
greater pressurc is required for expansion of lungs
compared to normal lungs. Normal values range
from 1 to 4 cc/emH, O/kg, with levels 1/4 to 1/5 of
this seen in HMD and a resultant increascd work
of breathing. Continuous positive airway pressure
(CPAP) therapy helps to open alveoli and decrcase
atelectasis and thus decreascs the work of breathing,
increasing lung compliance and oxygenation,

Predisposing fuctors fo HMD:

e  Prcmaturity

e Perinatal asphyxia

o Maternal diabetes (A,B,C)

e  History of sibling with HMD

e Second of twins

e  Cesarean section without labor

e Male sex

The risks can be decreased by the following:

e  Glucocorticoid administration to the mother
24 to 48 hours before birth

e Maternal toxemia

e Premature or prolonged rupture of the
membranes

o Lceithin/sphingomyelin ratio of more than
2:1 or presence of phosphatidyl glycerol

10

Management of HMD:

Artificial and/or calf/pig lung surfactants arc
now uscd to treat infants at risk for developing HMD
or thosc exhibiting symptoms of HMD." To date
there is no “quick test” to determine if an infant is
surfactant deficient, thercfore, clinicians must usc
clinical symptoms and x-ray findings to determine
whether surfactant should be given. Infants requir-
ing intubation and an FIO, greater than 40, should
be considered for surfactant therapy.

Infants with HMD who arc requiring an FIO,
greater than .50 should be considered for nasal CPAT
(continuous positive airway pressurc) or high-flow
nasal cannula. Thesc therapies help to recruit col-
lapsed alveoli, while keeping other alveoli from
collapsing, thus allowing time for natural production
of surfactant to occur. If ventilation is a probleni,
i.e,, increasing PaCO,’s, then intubation should be
considered. Ventilator strategies should include use
of PEEP (positive cnd expiratory pressurc) with IMY
(intermiftent mandatory ventilation). Pcak pressures
should be kept as low as possible to deerease the risk
of lung injury. Longer inspiratory times (T, > .5 sec)
can help reeruit alveoli. High frequency oscillatory
ventilation (HFOV) is also useful in this population.
Patient blood gases and pH should be kept between
pH 7.28-7.38, PaCO, 45-50 mmHg, Pa0, 50-65
mmHg. Oxygen and ventilator therapy both play
a role in the development of bronchopulmonary
dysplasia (BPD), and therefore infants should be
weancd aggressively from these therapies.'”

Long-term Complications:

BPD is characterized by thickening and eventual
necrosis of alveolar walls, basement membranes,
and bronchiolar epithelial lining fayers.'? Atclectasis
and fibrosis are present and diffusion of oxygen is
impaired, 5-30% of patients with BPD will dic of
infection or cor pulmonale.

Retinopathy of prematurity (ROP) is related to
hyperoxemia and/or large swings in oxygenation in
the premature. Decreasing gestational age increascs
the risk for ROP, There are many factors other than
hyperoxia which may play a role in its development,
i.e., hypotension, acidosis. The discase is character-
ized by changes in the rctinal vasculature that may
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destroy the normal architccture of the eye, resulting
in blindncss. In the severe stages retinal detachment
can occur.

Meconinm Aspiration Syndrome (MAS)

The passage of meconium can occur before birth
secondaty to acute or chronic hypoxia or stress, 17
Infants can aspirate meconium in utero or at the
time of delivery when the first breath occurs, The
majority of meconium aspiration is mild, but when
severe, the patient can exhibit marked respiratory
distress resulting from the obstructive nature of the
disease. Two forms of lung pathology can occur: (1)
cmphyscma resulting from ball-valving with partial
obstruction; and (2) atelectasis resulting from total
obstruction (sec Figure 2). Both proccsscs are usu-
ally present and thus make the management of these
infants very difficult.

Mcconium can be presenf in over 10% of de-
liveries, and should be considered a sign of fetal
distress. The infant may do well initially, but then
deteriorate as the particles penetrate the peripheral
airways. Persistent pulmonary hypertension may be
a major component in the pathophysiology of this
disease. Air lcaks are very common.

Maternal Factors Causing Risk for MAS:

o Toxcmia
e Hypertcnsion
o Heavy smoker

Inspiration

Expliration

EMPINYSEMA ATELECTASIS

Figure 2. MAS pathophysiology noted with partial
or total obstruction of airflow (from CNMC ECMO
Training Manual with permission)

Meconium Aspiration S_gndrérmerJ

l Mechanlcat o ..Chemléal
Ghstruction inflammation

E alr ‘Tp ping Atelotas is__J
Ureven Inl;;;;uimﬁn}:ry
! Ventilation Shunting

[ Artesks Jes|  Hypoxia |

Figure 3. Pathophysiology of severe MAS (from
CNMC ECMO manual with permission)

e  Chronic respiratory or cardiac disease
e Poor nutrition
o Beyond 42 weeks gestation

Figure 3 shows the mechanisms for lung injury
in MAS with mechanical obstruction combined with
chemical inflammation resulting in severe hypoxia
which in turn can cause the pulmonary vascular
resistance to increasc and open the fetal shunts
resulting in PPHN. This combination is why this
population is one of the largest treated with ECMO.

Treatinent of MAS:

Although the majority of infants with MAS have
mild disease, those who have thick mceconium at
delivery arc at risk for developing the cascade cffect
noted in the above figure. Attempts at gentle ventila-
tion with lower peak pressures is optimal, and use
of iINO for treatment of PPHN is commeon.** Their
responsc to high frequency ventilation is variable
but should be tried prior to ECMO, Meconium itsclf
and high ventilation appear to turn off surfactant
production. Studics have shown that carly use of
surfactant may improve outcome and reduce the

11
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neced for ECMO, but it should not be used aficr they
are mecting ECMO criteria,

Persistent Pulmonary Hypertension (PPHN):

Pulmonary hypertension can return or remain
high because of perinatal stress such as hypoxia,
acidosis, hypotension, and other causes."'®!? If this
occurs, as it can with discases such as MAS, then the
infant can continue to shunt right to left through the
fetal shunts and remain hypoxic on this basis, creat-
ing a vicious cycle. The presence of PPHN with other
diseases can make manageinent exfremely difficult.

Causes of PPHN:

e  Prenatal hypertrophy of muscular layers in
the pulmonary arterioles

e Primary failurc of the pulmonary artery to
relax

e Vasospasm and constriction sccondary to
hypoxia or acidosis

o Polycythemia, hypocalccmia, and hypo-
glycemia

e  Specific mediators may be through the nitric
oxide, prostaglandin, endothelin, and/or
leukotriene pathways

PPHN is characterized by:

o Right to left shunts through the patent
ductus arteriosus and/or PFO secondary to
pulmonary hypertension

e Mixing of oxygenated and unoxygenated
blood in the aorta and/or left atrium

o With a ductal shunt, only blood which is
beforc the entrance of the PDA (preductal)
represents oxygenated blood from the lungs,
i.c., right radial and temporal artery blood.

o Adifference of 15 torr or greater in the pre-
and postductal blood gases agrces with a
right to left shunt at the ductal level

o Shunts only at the PFO, and not the PDA,
will not show any difference in pre- and
postductal blood gas values because the
mixing of oxygenated and unoxygenated
blood occurs in the left atrium

Diagnosis of PPHN:

Doppler ultrasound will diagnosc directional
shunts at both the PDA and PFO. Clinical diagnosis
is by the pre- and post ductal blood gas diffcrences
for a PDA shunt, and the infant who responds to the
hyperventilation-hyperoxia test, Also a presumiptive
diagnosis can be made in the infant who shows the

“flip-flop” phenomenon (acute drop in Pa0, with

small changes in ventilation or stimulation of the
infant).

Treatment of PPHN:

o  Prevention of hypoxemia; recent data also
shows that hyperoxia may cause vasocon-
striction so PaO, >100mmHg should be
avoided

e  Rapid correction of acidosis

o Correction of polycythemia by partial ex-
change transfision (Het >65)

¢  Correction of hypocalcemia, etc.

e  Gentle ventilation without hyperventilation
is now recommended to reduce lung injury
m these infants

e Sedation as needed, try to avoid chemical
paralysis

e Inhaled nitric oxide (INO) - has been
shown to kecp about 40% of paticnts off
ECMO.ZO'ZZ

e Systemic blood pressure should be main-
tained, with hypotension treated as per
normal protocols

e  Milrinone has been uscd, but studics show-
ing the effieacy havc not been done. Hypo-
tension can be a side effect

o Ventilator support including conventional
ventilation and HFOV. Ventilator changes
should be minimal during the first 1 to 2
days with only one parameter changed at a
time, i.c., IMV or FiO,, but not both

Congerital Diaphragmatic Hernia (CDH)

Congenital herniation of the abdominal contents
into the thoracic cavity causes serious respiratory
compromise. Herniation occurs most often on the
left side and represents a failure of the pleuro-
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peritoncal canal to close completely during fotal
development. CDH usually involves thoracic entry
of the stomach, a large part of the intestincs, and
occasionaily the spleen and liver. These organs
displacc the heart and lungs, compromising cardiac
output and pulmonary gas exchange. The lung on the
affected side is hypoplastic, with varying degrees
of hypoplasia on the contralateral side.

Clinically, CDH most often prcsents as severe
respiratory distress in a newborn infant. The physi-
cal cxamination is remarkable for a cyanotic and
dyspneic infant with a scaphoid abdomen. If a
significant portion of the intestines has herniated,
bowel sounds may be audible over the affected side
of the thoracic cavity. The diagnosis is usually made
on x-ray (Figure 4).

Treatment of CDH

e Proper resuscitation of the newborn in re-
spiratory distress

o  Gastric decompression with fow continuous
suction immediately if diagnosis is con-
sidered

e Infant should be positioned with head and
thorax higher than the abdomen to facili-
tate downward displacement of the hernia
contenls

Figure 4. Left CDH noted on x-ray with bowel in
left chest. Infant is already on venoarterial ECMO,
note ECMO cannula in place

e After stabilization and attempts fo correct
the acid-base status, the infant should be
cvaluated for surgery. If the patient is un-
stable, then ECMO should be considercd
pre-surgery. Many centers utilize ECMO
to stabilize these infants and delay repair
until the PPHN has resobved.

¢ Ventilator management should be as with
PPHN although iNO therapy pre-ECMO
has not becn shown to keep patients off
ECMO. It may stabilize them for transport
to an ECMO center but the improvement is
usually short-tcrm.

PPHN is often associated with infants who are
born with CDH.Z The etiology of PPHN in infants
with CDH may be sccondary to the hypoxemia
caused by the hypoplastic lung, but it has also
been noted that the pulmonary artery and branches
arc structurally abnormal with thickened muscular
walls.

Infants with a Pa0, < 60 mmHg after optimal
stabilization, should be considered for ECMO ther-
apy prior to repair, Two approaches to repair exists:
one is to repair on ECMO after the infant has shown
he/she can be successtully removed from ECMO by
idling 8 hours at 10% bypass flows with adequatc
Pa0,’s and PaCO,’s and the sccond method is to
wean the infant off ECMO and repair the patient
within 24-48 hours after coming off ECMO. The
surgeon and the neonatologist will work together
to determine which approach is appropriate.

What to Remeniber When on ECMO

Infants with HMD are usually prematurc infants,
may be septic and/or have pneumonia, Their risk
on ECMO inelude a higher rate of intraventricular
hemorrhage (IVH), 20-40% verses 12% in term
infants, Heparinization for these infants should be
adjusted for bleeding risk. Any change in ncurologic
status should raise concern for IVH complication,

Infants with a primary diagnosis of PPHN,
or others with PPHN complicating their discase
process, may be on iNO when placed on ECMO.
It should be remembered that nitric oxide alters
platelet function and can be a bleeding risk. In our
institution, infants are weaned off iINO quickly
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after being placed on ECMO. Venoarterial ECMO
patients should have no complications from a fast
wean while venovenous patients may need to wean
slower. No data exist on the type of wean you should
aftempt,

The infant with CDH is the most challenging
of the neonatal cases. If repaired pre-ECMO or
on-ECMO you will probably encounter bleeding
complications, If 6-12 hours delay can be achicved
after repair prior to placing an infant on ECMO, the
bleeding risks are less, If surgery is done on ECMO
then most centers decrcase their heparinization with
ACT levels as low as 150-170 seconds depending
on the type of ACT monitor you have; increased
platelet parameters to >150,000; and may start
Amiear to reduce breakdown of fibrin/clot formation.
When surgery is done on ECMO, bleeding during
the surgery is not wsually a problem unless major
organs such as the liver or splecn arc cut. If the infant
can be taken off ECMO within 48 hours of surgery,
bleeding complications arc less. Many centers are
now taking the patient oft ECMO and then doing the
repair several days after ECMO when the vascular
resistance is stable. The CDXH patient runs can be
long, and therefore the circuit integrity needs to be
assessed. We change the circuit when increasing
fibrin is scen in the circuit, any clot formation on
the arterial side, or when the circuit is 10 days of
age (raccway integrity concerns). It is not ununsual
to have to change a circuit on a CDH patient due to
increasing fibrin formation,
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Chapter 2 Questions

L.

The three shunts in the fetal circulation which

allow oxygenated blood to flow to the heart and

brain are:

a) placenta, kidney, lung

b) ductus venosus, foramen ovale, ductus
arteriosus

c) IVC, SVC, ductus venosus

d) ductus arteriosus, SVC, ductus venosus

Infants with persistent pulmonary hypertension

(PPHN) have:

a) clevated pulmonary vascular resistance

b) shunting right-to-left through the foramen
ovale and patent ductus arteriosus (PDA)

c) hypoxemia

d} all of the above

Which of the following does not decrease pul-
monaty vascular resistance?

a) arterial oxygen (Pa0O2)

b} nitric oxide (NO)

¢) rise inpH

d) endothelin

Chapter 2 Answers
1. b
2. d
3.4d







Pathophysiology of Pediatric Cardiac Disease relevant to ECMO

Darren Kiugman, MD and John T. Berger, MD

Objectives

After complction of this chapter, the participant
should be able to:

o  Understand the common pathophysiology
of pediatric cardiac discases managed with
extracorporcal support

e Understand how cardiac physiology dic-
tates extracorporcal support stratcgies

Introduction

Congenital heart discasc affects approximately
1% of all live newborns. The spectrum of discasc is
wide and heterogeneous in its presentation. Whilce
many of these children had limited options only 50
years ago, significant medical and surgical advances
have bcen made since that time. The advent of car-
diopulmonary bypass in the late 1950’s offcred a
new set of opportunities to help children who were
once without surgical options. Since those early
operations, techniques have advanced and many
patients undergo primary and complete repair as a
neonate, including some patients who are premature.

Along with the advances in surgical technique
and cardiopulmonary bypass, perioperative care
has also advanced significantly, Advances include
prenatal diagnosis by ultrasound, prostaglandin
E, (PGL)), nitric oxide (NO), and cxtracorporcal
membrane oxygenation (ECMO). Total mortality
for infants with congenital hcart disease is currently
less than five percent. Extracorporeal support now
plays a vital role in the care of many children with
congenital and acquired heart disease. Discases
like hypoplastic left heart syndrome were once

considered contraindications to ECMO, but now
patients with this diagnosis are routinely placed on
ECMO in somc centers.! The use of ECMO support
of the pediatric cardiac patient will be explored in
this chapter. The manipulations and various appli-
cations in the use of ECMO will be related to the
nmuitiple physiologic manifestations of the cardiac
lesions discussed. The pathophysiologic states to be
discussed in this chapter include:

o Single ventricle physiology

e Total anomalous pulmonary venous drain-
age (TAPVD)

e Left sided obstructive discase (Pressurc

loaded LV)

Lcft to right shunts (Volume loadcd heart)

Myocarditis

Cardiomyopathy

Heart transplant

Single Ventricle Physiology

The group, “single ventricle lesion” inciudes a
diverse varicly of congenital cardiac defects where
there is only one ventricle capable of pumping
blood to the systemic and pulmonary circulation
(Sec Table 1). Additionally, unrepaired patients ci-
ther have obstructed pulmonary or systcmic blood
flow, or unobstructed flows to both circulations.
This physiotogy poses complex clinical challenges
beceause these patients often respond differently
to supplemental oxygen, mechanical ventilation,
medications and ECMO as compared to patients
with two nonmal ventricles. For cxample, paticnis
with univentricle parallel circulation often requirc
much higher ECMO flow to account for run off into
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pulmonary circulation. Finally, these patients are
palliated in a staged fashion, and the physiology
greatly changes after each stage of surgical repair.

Neonate With Univentricle, Parallel Circulation
(Unrepaired or Palliated)

The single ventricle patient with obstruction to
systemic blood flow usually has unobstructed blood
flow to the pulmonary vascular bed. The amount of
systemic biood flow is largely dependent on right
to left flow at the patent ductus arteriosus and, to
a lesser degree, by the amount of systemic outflow
obstruction. The degree of right to left shunting at
the ductus arteriosus is determined by the relative
resistances of the systemic and pulmonary vascular
beds. There is mixing of systcmic and pulmonary
venous return at the atrial level. Single ventricle
patients with severe systemic outflow obstruction
have “ductal dependent” systemic blood flow, With-
out prenatal diagnosis or rapid postnatal diagnosis
and the initiation of prostaglandin E1 (PGE)), these
patients often present in scvere cardiogenic shock
as the ductus artetiosus closes.

Converscly, patients with single ventricles and
obstruction to pulmonary blood flow usually have
unobstructed systemic blood flow. These paticnts
can have very heterogeneous presentations, de-
pendent upon the degree of obstruction to pulmo-
nary blood flow. If pulmonary blood flow is only
minimally obstructed, the child may actually have
overcirculation of the pulmonary vascular bed at the
cxpense of systemic perfusion. However, as in the
case with pulimonary atresia with intact ventricular
septum, there is total obstruction to pulmonary
blood flow and oblipate mixing at the atrial level.
Pulmonary blood flow is thus dependent on left to
right shunting at the level of the ductus arteriosus.
These paticnts have ductal dependent pulmonary
blood flow, and PGE, should be started immediately.

All forms of single ventricle physiology have
mixing of systemic and pulmonary venous blood at
the atrial level. In the immediate postnatal period
assessment of atrial communication is erucial. A re-
strictive atrial septal defect causes severe elevations
in pulmonary venous pressure and pulmonary hy-
pertension, Ultimately these patients are profoundly

Physiology Anatomy

Systemic cutflow obstruction

Hypoplastic left heart syndrome
Tricuspid atresia with discordant ventriculo-arterial connections.
Double inlet left ventricle

Double outlet right ventricle (some variations)

Pulmonary outflow obstruction

Tricuspid atresia with concordant ventriculo-arterial connections
Pulmonary atresia with intact ventricular septum

Critical pulmonary stenosis

Scvere Ebstein’s malformation of the tricuspid valve

Double outlet right ventricle (some variations)

Table 1. Anatomic features commonly associated with single ventricle hearls in the newborn
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hypoxemic and cyanotic, and cmergent balloon
atrial septostomy or surgical intervention is required.

Hypoplastic Left Heart Sydrome

Hypoplastic left heart syndrome (HLHS) is the
most severe form of single ventricle physiology with
obstructed systemic blood flow. The usual underly-
ing anatomy is mitral atresia with aortic atresia or
scvere aortic stenosis. Preoperatively, these patients
require prostaglandin to maintain the ductus arte-
riousus as a conduit for systemic blood flow. Since
distribution of blood flow between the systemic
and pulmonary circulation depends on the relative
resistances, careful attention to ventilation is crucial.
An arterial SpO, goal of 75-85% is used to prevent
excessive pulmonary blood flow which can lead to
pulimonary edeina or low systemic perfusion.

Surgical Palliation

Patients with HLHS usually undergo the first
stage of their palliation in the first week of life,
usually on day oflife five to seven. The most recent
surgical technique applied is the Norwood operation
with Sano modification. The surgery is performed
on full cardiopulmonary bypass (CPB), and involves
creation of a neoaorta using the native hypoplastic
aorta and native pulmonary artery. The ncoascend-
ing and transverse aorta is created by either a long
extended longitudinal augmentation of the native
aorta with the pulmonary artery, or an end-to-side
anastamosis of the native aorta to the native pul-
monary artery. The distal main pulmonary artery is
transected, and an atrial scptectomy is perforined to
ensure unrestrictive atrial mixing of systemic and
pulmonary venous return. Pulmonary blood flow is
cstablished by either a right ventricle to pulmonary
artery shunt (Sano modification) or a shunt from
the innominate artery to the right pulmonary artery
(modified Blalock-Taussig Shunt).

The Sano shunt conveys the hemodynamic ad-
vantage of having puhnonary blood flow only during
right ventricular systole whercas the MBT shunt has
continuous pulmonary blood flow during systole and
diastolc, As a result of pulmonary blood flow during
diastole, coronary perfusion can be compromised

duc to the reduction in diastolic blood pressurc
which decreases coronary perfusion pressure.

Postoperative Management

Care of the postoperative patient with a Nor-
wood must be well coordinated, meticulous, and
precise. The challenge of managing the Norwood
paticnt is dictated by the nature of the surgical
procedure and the resultant anatomy. Patients have
often undergonc a prolonged CPB and aortic cross
clamp time with decp hypothermic circulatory ar-
rest (DHCA) — the result is significant myocardial
dysfunction and end organ ischemia, Thus, the
challenge is maintaining adequatc cardiac output
in the sefting of a post-surgical myocardial dys-
function. Often paticnts require a small amount of
inofropy, and hematocrit should be maintained close
to 45. Patients should be ventilated to minimize
the pulmonary vasodilatory effects of oxygen and
respiratory alkalosis in order to maintain adequate
systemic perfusion. All patients should get ECGs
immediately on arrival to the intensive care unit,
and should be further monitored for any signs of
coronary ischemia. The single ventricle after the
Norwood operation is significantly volume loaded
as it is required to pump blood to the pulmonary
and systemic circulations. Low cardiac output due
to ventricular dysfunction or inadcquate central
venous volume is poorly tolerated. Systemic perfu-
sion should be followed closely by clinical cxam
and laboratory markers of perfusion (metabolic
acidosis, urine output, mixed venous saturation).
Quick response should be made to trends in in-
creasing metabolic acidosis. The postoperative
myocardium is exquisitcly sensitive to changes in
pH and oxygen delivery. Carcful attention must be
paid to dysrhythmias and filling pressures based on
monitored atrial wave forms.

ECMO: When and Wiy?

Extracorporeal support should be considered in
any single ventricle paticnt with refractory hypoten-
sion, circulatory collapse, rcfractory hypoxeniia,
dysrhythmia, or inability to wean from CPB. In a
study by Allan et al. there was a 48% survival to
discharge for patients placed on ECMO after single

19




Klugman D. and Berger J.

ventricle staged palliation. Of significance, patients
placed on ECMO for refractory hypoxemia had
significantly greater survival to discharge compared
to those cannulated for hypotension (81% vs 29%).2
Hoskote et al. studied ECMO survival in functional
single ventricle patients and showed that patients
with arrhythimias prior to ECLS had significantly
lower survival to hospital discharge compared to
thosc without arthythmias (0% vs 50%).? This find-
ing highlights the unforgiving postoperative single
ventricle myocardium and the required vigilance
of thythm management. Both of the above studics
demonstrate that when used in the correct clinical
scenario, ECMO is a valuablc support strategy.

Bidirectional Glenn Circulation & Fontan Cir-
culations

The 2" and 3" stages of palliation in the patient
with a single ventricle moves the source of pulmo-
nary blood flow from the systemic arterjal circula-
tion to the superior vena cava (SVC) and inferior
vena cava (IVC) respectively. The success of these
procedures relies on the patient having low pulino-
nary vaseular resistance since pulmonary blood flow
is driven by systemic venous pressure rather than
myocardial contraction. The bidirectional Glenn
(BD@G) circulation is the sccond stage of a staged
palliation for children with a single systemic ven-
tricle. The BDG, usually done between four and six
months of age, establishes pulmonary blood flow
via gonnection of the SVC to the pulmonary artery.
In the setting of heterotaxy syndroimes or other
congenital heart diseasc with bilateral SVC’s, a con-
neetion is established between both ipsilateral cavae
and the pulmonary artery. The establishment of the
BDG circulation results in passive pulmonary blood
flow. The final stage, the modified Fontan procedure
connects the IVC to the pulmonary circulation and
eompletes the scparation of the pulmonary and
systemic circulations.

Surgical Management
Pre-Glenn cardiac catheterization should be
done in all patients to assess PVR, ventricular func-

tion, degree of systemic outflow obstruction, and
degree of atrioventricular valve regurgitation. The
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single systemic ventricle is volume unloaded, and
the maintenance of its function is essential for the
proper functioning of the circulation, Any insult that
leads to increased afterioad, atrioventricular valve
leak, or increased central venous pressures will
impede flow through the BDG. Patients arc often an-
ticoagulated to limit clots in the passive low circuit
and many are placed on afterload reduction, such
as ACE inhibitors, to minimize veniricular work.
Following the BDG, the pulmonary and system-
ic circulations arc completely scparated during the
Fontan operation or total cavopulmonary connec-
tion (TCPC), usually performed at approximatcly 2
years of age. This procedure introduces the systemic
venous rcturn from the IVC to the pulmonary cir-
culation. The connection is created with cither an
extra-cardiac tube homograft or with an intracardiac
baffle using the right atrial free wall. Commonly a
fenestration is created between the systeniic venous
return and the conumon atria which allows for right
to left shunting and maintenance of cardiac output
in the setting of elevated central venous pressurcs.
The systemic ventricle now handles only putmonary
venous return, and all pulmonary blood flow is a re-
sult of passive flow from the systemic venous return,

Postoperative Management

The postoperative management of the patient
with a BDG eircuit or Fontan circulation requires
particular attention to intrathoracic and eentral
venous pressures. In the setting of passive pulmo-
nary blood flow, the maintenance of low/normal
intrathoracie pressure is essential to insurc adequate
systemic venous return and as a result adequate car-
diac output. Typically, postoperative management
goals should include carly extubation becausc physi-
ologic breathing patterns are more likely to augment
venous return. Positive pressure ventilation on the
other hand will increasc central venous pressurcs,
PVR, and intrathoracic pressures thus limiting pas-
sive pulmonary blood flow. Care should be taken to
maintain adequate filling pressures despite attempts
at diuresis in the postoperative period. In BDG
patients, care should be taken to avoid respiratory
alkalosis as it will decrease ecrebral blood flow and
consequently puhmonary blood flow, as the cerebral
circulation represents the majority of SVC flow in
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the young paticnt, In the setting of postoperative
signs of low cardiac output, particularly in the Fon-
tan patient, clinicians should consider mechanical
obstruction to pulmonary blood flow, and prompt
investigation with cchocardiography should be
considered. Patients with a patent Fontan fenestra-
tion and low pulmonary blood flow will often be
profoundly eyanotic despite maintaining normal
pH. Progressive and sustained low postoperative
cardiac output requiring massive fiuid replacement
and inotropy therapy is concerning, Any question
of significant mechanical obstruction to pulmonary
blood flow should be investigated in the cardiac
catheterization laboratory.

ECMO: When and Why?

ECMO should be considered in any postopera-
tive patient with a BDG or Fontan circulation with
profound low cardiac output in whom a source of
obstruction is nof found. In a lasge single institution
cxperience, Booth et al demonstrated successful
support of both BDG and Fontan-type circulations
in the immediate post-op setting.’ However, the
support of patients with BDG and Fontan remains a
challenge with suboptimal outcome when compared
with other cardiac lesions supported with ECMO.2
Furthermore, patients with Fontan circulation sup-
ported with ECMO or ECLS have better outcoimes
when used for postoperative L.LCOS rather than for
progressive myocardial failure. Patients with Fontan
circulation who were at increased risk of death were
older patients and thosc with progressive cardiac
failure leading to arrest.’

Cannulation of the patient with a BDG or Fon-
tan circulation requires particular attcntion. When
cannulating paticnts with either BDG or Fontan cir-
culations, initial goal flows should be 100cc/kg/min,
This is often challenging, and initial troubleshooting
is important. Patients undergoing BDG are usually
4— 6 months of age, and cannula size is often limited
by patient size. Additionally, patients with a BDG
circulation have 2 separate systcmic venous returns
(i.c. the SVC returns to the pulmonary artery and
the TVC to the right atrium). As a result, it is often
necessary to include an additional venous cannula
for further venous drainage. Furthermore, Booth ct
al demonstrated a number neurologic complications

in BDG/Fontan patients with the use of ECMO.* The
authors theorize that patients with heart failure and a
BDG/Fontan have high central venous pressures and
poor cercbral venous drainage. CPR further exae-
erbates this compromised cireulatory state and onc
should first cannulate the SVC to decompress the
cercbral vault and add additiona) venous cannulas
as neccssary in order to minimize cerebral venous
congestion and bleeding.’ Despitc advances in our
understanding and technologic advances long term
survival is low.*?

Right Ventricular Qutflow Obstruction

The physiology of patients with right ventricular
outflow obstruction or inadequate right ventricular
size is highly variable depending on the degree of
right ventricular outflow obstruction. Some neonates
may have only minimal obstruction to pulmonary
blood flow, and thus will be virtually asymptomatic
or cven develop congestive heart failure (mild Te-
tralogy of Fallot — “pink TET"), while others will
have total obstruction to pulmonary blood flow
(pulmonary atresia) and be dependent on left to right
flow at the level of the ductus arteriosus for pulmo-
nary blood flow. The systemic arterial saturation is
dependent on the degree of obstruction to pulmonary
blood flow. In the patient with “minimal” obstrue-
tion, the newborn may be fully saturated; however,
cyanosis can be progressive, and the nconate should
be monitored closely.

Neonates with a severely hypoplastic right
ventricle or pulmonary atresia should be started on
PGE, and then have an echocardiogram to clearly
clucidate sources of pulmonary blood flow. Often in
addition to the ductus arteriosus there are multiple
aortopulmonary collaterals supplying the pulmonary
vascular bed. While on PGE closc attention should
be paid to systemic perfusion as the pulmonary
vascular resistance begins to drop in the days after
birth. Careful manipulations of FiO, and volume
should be made in order to maximize the balance
between Qp and Qs.

Surgical Palliation

Neonates with hypoplastic right ventricle or
complete obstruction to pulmonary blood flow usu-
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ally undergo a right modified Blalock Tausig shunt
(RMBTS). As with thc Norwood operation, this
shunt is conventionally a Gore Tex shunt measuring
3.5mm from the right subclavian artery to the right
pulmonary artery. The procedure can be performed
without cardiopulmonary bypass.

Postoperative Management

As with all single ventricle patients the postop-
crative challenge with a MBS is the delicatc bal-
ance of Qp:Qs. Although the coronary circulation is
significantly more stable than in the postoperative
Notrwood patient, the MBTS still allows for diastolic
run off and potential decreased coronary perfusion
due to low diastolic blood pressures. Thus, close
attention should be paid to ECG changes. Patients
should be maintained on an Fi0, that maintains
arterial SpO, between 75% and 85%. The MBTS
is a small caliber shunt which is at risk for throm-
bosis should the postoperative patient become
intravascularly deplcted. Physical examination as
well as laboratory and clinical markers of systemic
perfusion should be monitored closcly. Immediate
attention should be paid to decrcasing saturations
— a potential early sign of shunt occlusion, Signifi-
cantly decreased shunt flow usually presents with
increasing cyanosis followed by hypotension and
metabolic acidosis.

ECMO: When and Why?

Extracorporeal support of the patient with the
modified Blalock Tausig shunt can be performed
with success and good survival to hospital dis-
charge.? ECMO should be considered carly in cases
of refractory hypotension unresolved with volume
and ventilator manipulations, and in refractory/pro-
gressive cyanosis. Shunt occlusion or thrombosis is
often the precipitating event in postoperative shunt
patient, Cannulation should be performed through
the chest if the patient has had a sternotomy or
through the right neck if the patient had a thora-
cotomy. Neck cannulation should be performed with
venous cannulation of the intcrnal jugular vein and
arterial cannulation of the carotid artery.

Once the patient is stable on ECMO, invcestiga-
tion of the shunt should be undertaken with echo-
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cardiography. If there is concern for shunt occlusion
or thrombosis, the patient should undergo cardiac
catheterization to further evaluate and potentially
treat for shunt occlusion. Once going on ECMO, a
number of paticnts with a MBTS often have para-
doxical overcireulation of their pulmonary vascular
bed. The chest x-ray imay have diffuse opacifieation,
and often a metabolic acidosis persists. In this set-
ting it is somctimes necessary to -have the cardio-
vascular surgcons clip the shunt to limit pulmonary
overcirculation, Saturations should be maintained in
the 70’s and PaO2 should be maintained from 40-50.

Left Ventricular Qutflow Tract Obstruction

Clinical presentation of neonates with obstruc-
tion to Icft ventricular (LV) outflow depends on the
severity of the obstruction, whether the obstruction
occurs rapidly or slowly, and the growth of the left
ventricle. On one end of the spectiiun is the child
with mild coarctaiion which will likely be progres-
sive as the child grows, at the other end of the
spectrum is the child with critical aortic stenosis,
critical coarctation, or intcrrupted aortic arch. The
LV is severely pressure loaded. These patients all
have ductal dependent systemic blood flow, and
without immediate initiation of PGE, will present
with cardiogenic shock as the ductus arteriosus
closcs following birth. In many paticnts the lincs are
not elearly delineated, and careful evaluation of the
degree and levels of obstruction are required. In this
setting the infant or neonate should be closely moni-
torced for signs and symptoms of decrcased cardiac
output. Often the systemic arterial saturation might
increase in the face of decreasing pH and PCO, —the
scenario reflective of decreasing systemic perfusion,
lactic acidosis and in¢reasing Qp:Qs.

Surgical Repair

Obstruction to LV outflow at the level of the aor-
tic arch {coarctation of the aorta, intcrrupted aortic
arch) is relieved by surgical repair of the aortic arch.
Coarctation of the aorta is repaircd through a lateral
thoracotomy without cardiopuhmonary bypass. In-
terrupted aortic arch lesions require cxtensive arch
reconstruction and surgery is performed through a
sternotoniy. The child is placed on cardiopubmonary
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bypass with cardioplegia and deep hypothermic eir-
culatory arrest, The arch is usually repaired with an
extended end-to-end anastamosis, often augmented
with Gore Tex or pericardium.

Postoperative Management

Carc of the postoperative patient following
aortic arch repair is often challenging, The left ven-
tricle has been scverely pressure loaded and is often
hypertrophied and is now edematous and inflamed
following CPB and DHCA. As a result, these pa-
tients arc at great risk for dysrhythimias and coronary
ischemia. Closc attention must be paid to the ECG
and aggressive arrhythmia management should
be standard. Many paticnts are also paradoxically
hypertensive postoperatively due to a prolonged
state of hyper-reninemia, and may require nipride
.and other agents to control blood pressure. Filling
pressures, markers of end-organ perfusion, and
physical examination should be closcly monitored
for signs of decreased cardiac output. Low cardiac
output should be worked up thoroughly for the un-
derlying causc, and treated aggressively with fluid,
packed red blood cclls, gentle inotropy, and pacing
if nceessary.

ECMO: When and Why?

In the postopcrative period, nconates with a
severcly pressure-loaded left ventricle arc at high
risk for arrhythmias, ventricular dysfunction, and
coronary ischemia. If signs and symptoms of low
cardiac output state are evident, and correctablce
causes have been trcated and/or ruled out (i.e. in-
travascular depletion, JET), extracorporcal suppoit
should be considered early. The myocardium will
not tolerate significant inotropy and beta adrencrgic
receptor stimulation. Rather than increase cardiac
output, excessive inofropy will increasc myocardial
oxygen demand and consumption and incrcase the
likelihood of arrhythinias, In a study of 35 post-
cardiotomy patients, Jaggers et al demonstrated no
significant difference between those patients placed
on ECMO in the OR for failure to wean from CPB
versus those patients placed on ECMO in the ICU
for low cardiac output. Overall survival to hospital
discharge was 60%, and although the data were

not statistically significant, those patients placed
on ECMO for cardiac arrest had a lower survival to
hospital discharge.*

During arterial cannulation, care should be
taken to avoid fresh suture lines, and minimize
the risk of bleeding following cannulation. Ideally
the arterial cannula should be placed just proximal
to the takeofl of the innominate artery and should
not be angled dircetly at the aortic valve. Position
of the arterial cannula toward the aortic valve can
cause significant aortic insufficiency and potentially |
increase LV afterload in an already compromised
ventricle. Venous cannula should be in the right
atrium just above the tricuspid valve annulus. If radi-
ography does not clearly delineate cannula position,
cchocardiography should be performed te confirm
cannula positioning. Arrhythmias should be treated
in order to minimize further myocardial stress and
oxygen consumption, In addition close attention
should be paid to the quantity and quality of chest
tube output and bulging of the sternotomy patch,
which can be further signs of excessive blceding.
Frankly bloody and increasing chest tube output
with a bulging sternotomy patch arc ominous signs
for ongoing post-ECMO bleeding,.

Left to Right Shunts (Volume Loaded LV)

Left to right shunts which placc the LV under
volume loaded conditions include ventricular septal
defect (VSD), large patent ductus arteriosus (PDA),
and aorto-pulmonary (Al") window. The degree of
shunting, and thus volume load on the left ventricle,
is depcendent upon the size of the defect and most
importantly the down-stream resistance in the
pulmonary and systemic vascular beds. In the first
few days of life, there is often little hemmodynamic
conscquence of a large VSD or PDA due to high pul-
monary vascular resistance (PVR) in utero and in the
days following birth. As PVR drops in the first days
and weeks of life, the degrec of left to right shunt-
ing increases significantly. Long-standing large left
to right shunts cause significant LV dilatation, left
atrial hypertension, and ultimately pulmonary artery
hypertension.,
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Surgical Repair

Surgical repair of left to right shunts is straight-
forward. A large PDA in a premature infant which is
causing hemodynamic and respiratory compromise
should be surgically ligated it medical therapy such
as indomethacin has failed, or is contraindicated. A
farge PDA noted on cxam of an older child can be
closed in the cardiac catheterization laboratory with
an intravascular device. When diagnosed, AP win-
dows should be closed. Once pulmonary vascular
resistance falls after birth, an AP window exposcs
the pulmonary vascular bed to high systemic level
pressures and very high flow. Untreated, thesc pa-
tients arc at high risk for irreversible, fixed pulmo-
nary hypertension.

Large ventricular scptal defeets should be closed
in the newborn period if they cause significant heart
failure, cause an inability to wean from mechanical
ventilation, or there are signs of carly pulmonary
hypertension. Smaller ventricular septal defects
should be closed in patients who devclop aortic
insufficiency or recurrent endocarditis,

ECMO: When and Why

It is uncommon for a postoperative VSD repair
to need extracorporcal support. ECMO support of
the postoperative VSD patient is required most of-
ten for refractory arrhythmias or severe ventricular
dysfunction. When severe arrhythmias or ventricular
dysfunction occur following VSD repair, coronary
injury or ischemia should always be considered if
all treatable causcs have been ruled out.

Total Anomalous Pulmonary Venous Drainage
(TAPVD)

Total anomalous pulmonary venous drainage is
a group of congenital heart defects where the pulmo-
nary veins connect to a residual embryologic vein
rather than to the left atrium. Anomalous pulmonary
venous drainage can involve some or all of the pul-
monary veins. The physiology of partial anamolous
pulmonary venous drainage (PAPVD) with one or
two veins joining to a systemic vein, such as the
superior vena cava, is akin to the physiology of an
atrial septal defect. Patients with PAPVD are unlike
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to require ECMO. Tn patients with total anomalous
pulmonary venous drainage (TAPVD), the anatonty
and physiology varies widely including where the
anomalous vein conneets, the presence of other
intracardiac defects, and the degree of pulmonary
venous obstruction. Approximately one third of pa-
tients with TAPVD havc associated cardiac defects
such as single ventricle physiology, atrioventricular
canal defects, or transposition of the great vessels,

A brief review of normal fetal devclopment
is helpful in order to understand the anatomy of
TAPVD, During ecarly development the lungs do
not drain directly to the heart but instecad pulmonary
venous blood flows through the common cardinal
and umbilicovitelline veins, Thesc fetal veins form
many parts of the systemic venous system such as
the SVC and IVC. As development proceeds an
outgrowth from the left atrium forms and connects
to the pulmonary veins, after which the pulmonary
veins gradually losc connections with the cardinal
and umbilicovitelline veins. Any interruption in this
process leads to variable abnormalitics in the pul-
monary venous connections, There are four major
types of TAPVD depending on the location of the
anomalous connection:

e Supracardiac: The pulmonary veins join in
a confluence which is drained by an ascend-
ing vertical vein o join the innominate vein.

e Cardiac; The pulmonary veins connect ci-
ther to the coronary sinus or the right atrium.

e Infracardiac: The pulmonary veins drain
via a descending vein to a variety of infra-
diaphragmatic veins. Frequently, there is
pulmonary venous obstruction,

= Mixed: Any combination of the 3 previous

types.

Cardiac output in all patients with TAPVD is
dependent upon an atrial right to left shunt. The
combination of left to ripht shunt and a variable
degree of pulmonary venous obstruction (PVQO)
results in a wide clinical spectrum. The pathophysi-
ology of TAPVD depends most importantly on the
degrec of pulmonary venous obstruction. The site
of pulmonary venous obstruction can occur by
several mechanisms. In supracardiac TAPVD, the
vertical vein can be compressed between the pul-
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monary artery and the bronchus, In the infracardiac
type, pulmonary venous obstruction can occur at
multiple sites including the diaphragm or where
the anomalous vein joins the portal system. The
degree of pulmonary venous obstruction can vary
between patients and is the primary determinant of
the urgency of surgical repair. Pulmonary venous
obstruction results in pulmonary venous hyperten-
sion, sccondary pulmonary arterial hypertension,
and severe pulmonary edema. In addition to the
scvere hypoxemia and respiratory failure produced,
cardiac output may also be limited by the anatomic
obstruction or a restrictive afrial communication.
The clinical presentation of extreme obstruction
often mimics persistent pulmonary hypertension of
the newborn with mecconium aspiration syndrome
or scvere nconatal sepsis. Severce pulmonary venous
obstruction is refractory to medical management and
either requircs emcrgent cardiac surgery or preop-
erative ECMO to maintain hemodynamic stability
and organ perfusion.

A small percentage of nconates with TAPVD
have no venous obstruction. The anomalous pul-
monary venous connection is often to the coronary
sinus, and paticnts are largely asymptomatic in the
newborn period. There is a mild degree of arterial
desaturation and a large volume load on the right
ventricle. Children present later in childhood with
signs and symptoms of congestive heart faiturc from
the chronic RV volume overload.

The preopcrative management of the critically
ill neonate with obstructed TAPVD is dirccted at
carcful delineation of the anatomy and maintaining
adequate systemic oxygen delivery. Echocardiog-
raphy is the diagnostic modality of choice, and is
helpful in identifying the nconate with TAPVD
rather than neonata) sepsis or PPHN. Initial cchocar-
diogram must not only delineate all four pulmonary
veins, but must also clearly show the pathway for
return of pulmonary blood to the heart. Intracardiac
anatomy is also important to delincate, given the
variability in the underlying anatomy. Preopcrative
treatment includes mechanical ventilation, iono-
tropic agents, and PGE, to managc the pulmonary
arlery hypertension and cardiogenic shock. An
important factor to remember is the rccognition of
the failure of medical management and when the

patient should undergo urgent cardiac surgery or be
placed on ECMO.

Surgical Correction

Despite widespread advances in nconatal car-
diac surgery, correction of TAPVD remains chal-
lenging with most mortality within the first year of
repair.[5] Neonates with TAPVD most commonly
require repair in the newborn period. The degree
of pulmonary venous obstruction (PVO) usually
dictates the urgency with which repair is undertaken.
Patients with scverc PVO require emergent surgery
or preoperative ECMO if medical therapy can not
stabilize the pafient. Surgical repair involves liga-
tion of the vertical vein connccting the pulmonary
venous confluence to the systemic venous drainage.
The pulmonary venous confluence is then sutured
to the posterior wail of the left atrium with closure
of the atrial septal defect,

Postoperative Pathophysiology

During the postoperative period, the major con-
cerns are low cardiac output syndrome and pulmo-
nary hypertensive crises. Pulmonary hyperiensive
(PH) crises (cpisodces of acutely elevated PA pres-
sure resulting in low cardiac output or severe cyano-
sis) are common after repair of TAPVD, particularly
in patients with significant preoperative pulmonary
ventous obstruction. Cardiopuhnonary bypass further
injures the pulmonary endothelium and is a potent
stimutus for pulmonary hypertension. Low cardiac
output syndrome can occur from pulmonary artery
hypertension and RV failure and more rarely from
LV dysfunction. LV dysfunction occurs from the
acutely increased volume load and increased af-
terload. Pulmonary artery hypertension can also
compromise LV function when the intraventricular
septum shifis leftward and interfercs with LV filling.
One major goal of postoperative management is to
prevent PH crises by minimizing noxious stimuli
and hypoxia, providing adequate sedation, and
optimizing mechanical ventilation, Often judicious
use of catecholamines is also necessary to maintain
and augment cardiac output. Inhaled nitric oxide is
a useful therapeutic adjunct for severe, refractory,
or recurrent pulmonary hypertensive crises after
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TAPVD repair.® Patients with refractory pulmo-
nary hypertension despite use of inhaled NO may
require postoperative ECMO support. In a single
institution series of one hundred and twenty-three
patients, single ventricle physiology was the only
independent risk factor for postoperative death.’

A late complication of TAPVD is pulmonary
vein stenosis. Pulmonary vein stenosis can oceur
at the site of surgical anastomosis or as progres-
sive fibrosis of the pulmonary veins. unrelated to
the surgical procedure. Stenosis at the surgical site
results from tension on the suture line or an under-
estimation of the degree of stcnosis when ercating
the baftle. Postoperative restenosis occurs over time,
usually days to wecks. The ctiology of progressive
pulmonary vein stenosis has not been clearly cluci-
dated; however, it is believed that many of patients
with TAPVD have inirinsically abnormal pulmonary
vasculature which is often diffuscly hypoplastic.

ECMO: When and Wihy?

Extracorporcal support for the nconate with
TAPVD should be considered in any paticnt with
preoperative or postoperative refractory hypoxemia.
Patients with severely obstructed TAPVD are often
severely hypoxemic and cyanotic preoperatively
due to decrcased pulmonary venous return and resul-
tant clevated PA pressurcs. As previously described,
these paticnts may develop low cardiac output and
symptoms of cardiogenic shock with poor end-organ
perfusion and metabolic acidosis. While inhaled NO
is useful in the postoperative patient with pulmo-
nary hypertension, in the preoperative patient with
severe PYVO, inhaled NO will worsen an already
challenging situation. Ideal management is urgent
surgical repair; however, in critically ili infants,
ECMO is a means by which cardiac output and end-
organ perfusion can be maintained. The morbidity
and mortality for neonatal cardiac surgery is even
greater when patients are in extremis with scvere
metabolic acidosis, fow cardiac output, and severe
hypoxemia. Thus, ECMO allows for stabilization
prior to surgical repair

The use of ECMO in the postoperative patient
following TAPVD repair is usually due to severe
refractory pulmonary hypertension Patients with
severely obstructed TAPVD and premature infants
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have the greatest risk postoperatively. One should
have a low clinical threshold for the use of ECMO
with these patient populations, It is, however, im-
portant to use all of the clinical data in the context
of the patient’s underlying preoperative and postop-
crative anatomy. Neonates with severely obstructed
TAPVD preoperatively often have suprasystemic
PA pressure, and in the postoperative period often
have a PA linc in plaec. Care must be taken to ac-
curately interpret the available postoperative data.
The postoperative patient may have brief, transient
self-timited clevation in PA pressure without signifi-
cant hemodynamic consequence while others may
have PA pressures that are persistently % systemic
without hemodynamic effects. These patients do
not require ECMO support. Those patients that do
require cxtracorporcal support will bencfit from
the early institution of ECMO and avoidance of
cardiopulmonary resuscitation

Myocardifis

Myocarditis is classically defined as an acute
inflammatory disease of the myocardium, wsually
caused by a viral infection. In clinical practice
myocarditis and dilated cardiomyopathy are oppo-
site ends of a spectrum of myocardial discase. The
diagnosis of myocarditis is challenging and often
missed due to the nonspecific symptoms. Children
can present at any age, and therc is no predisposition
for males or females, Myocarditis should be con-
sidered in any patient who presents with congestive
heart failure or cardiogcenic shock and a structurally
normal heart. The presentation can vary from mild
myocardial dysfunction and indolent illness to acute
fulminant myoecarditis presenting with scverc ar-
rhythniias and cardiogenic shock.

Patients with fulminant myocarditis usually
present with one or more of the following: a short
viral prodroine, cardiogenic shock, ventricular
arrhythmias, heart block, or sudden death. The ar-
rhythmias are due to diffusc myocardial inflamyma-
tion and infiltrative processcs. Children at the other
end of the speetrum present with a longer viral pro-
drome and congestive heart failure instead of shock.
The treatment for myocarditis should be aggressive,
and is largely supportive with the goals of reducing
myocardial oxygen demand and maintaining end or-
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gan perfusion.. Medical management often requires

the use of anti-arrhythmics, mechanical ventilation,
and inotropic support. Despite significant morbidity

and mortality early in the course of illness, patients

with acute fulminant myocarditis have good prog-
nosis for recovery of myocardial function.®

ECMO: When and Why?

When treating patients with myocarditis, ex-
tracorporeal support should be considered when
routine medical therapies are failing and it can be
life saving in patients with cardiogenic shock or
cardiac arrest. Initially, ECMO was vicwed as a
bridge to heart transplantation but now is often a
bridge to recovery cspecially in patients with ful-
minant myocarditis. The main objective of ECMO
in myocarditis is myocardial rest and rccovery. Left
ventricular distention resulting from either inad-
equate unloading of the LV with ECMO or inability
of the LV to gject will impair myocardial recovery
and worsen pulmonary edema. LV distension can
be diagnoscd by echocardiogram and LA pressure
monitoring, If LV distension occurs, decompression
by placement of lcft atrial cannula or catheter-based
atrial septostomy should be considered, Adequate
coronary oxygen supply should be provided by
maintaining adequate although not cxcessive
mechanical ventilation. If myocardial recovery is
not evident by day 7-10 of ECLS support, then
cvaluation for heart transplant should be considered.
Survival with ECLS and ECMO for myocarditis is
generally good, and multiple studies have reported
success. 1° Tsai ot al report success specifically
with arthythmia management, and suggest early
consideration and prompt initiation when ECMO
is considered.
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Chapter 3 Questions

1. Whatis the most common immediate postopera-
tive complication following repair of TAPVD
which necessitates the use of ECMO?

a) Arrhythmias

b) Incomplete repair

c) Pulmonary venous obstruction

d) Refractory pulmonary hypertension and
hypoxemia

2. When placing a single ventricle patient with
a modificd Blalock-Taussig shunt on ECMO,
signs of pulmonary overcirculation include:

a) Hypoxia

b) Metabolic acidosis

c) Diffuse opacification on chest x-ray

c) Persistently elevated oxygen saturations
¢) All of the above

f) B,C,and D only

3. Which of the following are anticipated postop-
erative complications of patients with repaircd
feft ventricular outflow tract obstruction?

a) Arrhythmia
b) Coronary ischemia
¢) Severe myocardial depression
d) All of thc abave
Chapter 3 Answers
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Pediatric Pulmonary Physiology and Pathophysiology

Curt L. Shelley, BS RRT-NPS AE-C and Nancy J. Rees, RN BSN

Objectives

After completion of this chapter, the participant
will be able to:

e List the common diagnoses that necessitatc
ECMO.

o  Explain the mechanisin which viral pneu-
monias causcs gas exchange mismatch.

o List the most common bacterial pncumo-
nias.

e List common bacteria that may cause aspi-
ration pncumonia.

o List objective observations that define
ARDS.

Introduction

Pediatric ECMO is defined as an age group >30
days of lifc to <18 years. This patient population is
characterized by conditions which were acquired
after birth. Discounting “other,” viral pneumonia,
bacterial pneumonia and aspiration pncumonia are
the three most common reasons that requirc ECLS.

The clinical experience of pediatric paticnts on
ECMO is less than that of neonatal patients. Accord-
ing to the July 2009 ECLS Registry Report, there
have been 9660 pediatric patients, with 27432 neo-
natal patients. These numbers represent respiratory,
cardiac and ECPR patients. As it has been for years
past, the most common diagnoses for the pediatric
pulinonary group rcmains viral pncumonia, fol-
lowed by acute respiratory failure, non-ARDS. The

Figure 1: Annual respiratory pediatric runs as reported by ELSO, July 2009"
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Total Runs Percent of Total  Percent Survived

Viral Pneumonia 926 22%
Bacterial Pneumonia 478 11%
Pncumocystis Pneumonia 30 1%
Aspiration Pncumonia 200 5%
ARDS, post-op/trauma 102 204
ARDS, not post-op/trauma 373 9%

741 17%

Acute respiratory failure, non-ARDS
Otler 1413 33%

Figure 2: Pediatric Respiratory Runs by Diagnosis'
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cumulative survival rate for all pediatric pulmonary
diagnoses is 55%."

Inclusion and Execlusion Guidelines

Due to advances in expcricnee with pediatric
ECMO, most cases are evaluated on a case-by-casc
basis as no universally agreed upon criteria have
been identified.

Inclusion criteria for pediatric ECMO are:

= Potentially reversible respiratory failure associ-
ated with high risk of mortality without ECMO

= Acute hypoxemia unresponsive to maximal
medical management

= Oxygenation index >40 for greater than 2 hours

»  Hypercarbic respiratory failure with pH <7.2

»  Persistentair leak on maximal ventilator support

Exclusion Criteria

v Non-pulmonary disease associated with high
risk of mortality

»  Pulmonary and/or cardiac failure unlikely to be
reversible in fourteen days

*  Ongoing multisystem failurc defined as pul-
monary or cardiac failure associated with two
additional major organ systems

v Fixed elevated pulmonary vascular resistance

a  Evidenee of severe or irreversible brain damage

»  Hemorrhagic condition that would be uncontrol-
lable with heparin therapy necessary to prevent
clotting i the ECMO circuit

Relative Contraindications

= High morbidity disease condition

= Recent CNS hemorrhage

= Rccent invasive procedure or trauma

= Creatinine >3.0

v Profound shock refractory to medical manage-
ment

= Qverwhelming sepsis with capillary leak

= Prolonged ventilatory therapy >14 days

v Prolonged pre-ECMO CPR

= Immunosuppression?

All paticnts who are considered for ECLS are,
by definition, in critical condition. The probability
of profound morbidity and mortality is high. “Con-

ventional” medical management, af this point is
usually considered non-productive. At this point in
the patient’s management, the airways have been
subjected to high airway pressurcs and oxygen
concentrations. Most are fluid overloaded with a
conecurrent low urinary outpuf. Multi-organ failure
can be present along with coagulopathy duc o de-
ficient clotting factors and liver insufficiency.

In light of this cascading organ failure and
undesirable patient trajectory, it is important to
remember that VV ECMO will only provide gas ex-
change. While VA ECMO will augment the cardiac
output, Complete cardiac support will be limited by
the upper limit of pump flow, which is limited by
the venous rcturn and the venous cannula(s) inner
diameter as wcll as arterial resistance by the arte-
rial cannula size, The ultimate goal, once ECLS has
been initiated, is to prescrve remaining lung function
by limiting barotrauma and hyperoxic/reperfusion
insuit, whilc meeting oxygen demand.?

Pathophysiclogy

Viral Prenmonia

Viral pneumonia is the most common listed
reason for pediatric ECMO on the ELSO Interna-
tional Summary.! Viruses invade the cells lining the
airways and the alveoli. This infcetion often results
in ccll destruction cither through direct killing by
the virus or by self-destruction through apoptosis,
Further damage to the lungs occurs when the im-
mune system responds to the infection. White blood
cells, in particular lymphocytes, are responsible
for activating a varicty of cytokines, which causc
leaking of fluid into the alveoli. The combination of
cellular destruction and fluid-filled alveoli interrupts
the gas exchange capability of the lungs.

Viral pncumonia is an acute infectious
diseasc of the lungs that causes thc parenchymal
tissue to be come inflamed and fill with fluid, Most
viral pneumonia cases result from exposure to
infectious aerosolized secretions. Although half of
all pneumonias are belicved to have a viral etiology,
mixed viral and bacterial infections are common.
Viral pneumonias may be caused by influenza types
A, B or C (most common in adults); respiratory
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syncytial virus (RSV) (most common in infants
and young children); parainfluenza 1, 2, 3, or 4;
adenovirus; cytomegalovirus (CMV) (particularly
in the immunocompromised); varicella zoster virus
{chicken pox); herpes simplex virus (HSV); rubelia
(measles); enterovirus; coronavirus; Epstein-Barr
virus; and hantavirus.” Complications of viral pncu-
monia include superimposed bacterial infections,
respiratory faikure, pulmonary fibrosis, acute respi-
ratory distress syndrome, noncardiogenic pulimonary
edema and Reyc’s syndrome. Viral pneurnonia is
usually self-limiting (lasting several days to a week)
and usually has a4 good prognosis, but death can
occur, particularly with adenovirus and influenza
infcctions in pediatric or elderly populations *
Risk factors include newborns, infants, elderly,
simokers, immunocompromised, pregnant, history of
recent upper viral infections, asthma, COPD, cardiac
discase and those living in crowded conditions.
While viral pncumonia accounts for approxi-
mately 4 to 39% of pneumonia cases in adults, viral
pneumonia is the most common pncumonia in chil-
dren, accounting for approximately 90% of cascs.*
While most episodes of viral pneumonia im-
prove without treatment within a few days to three
weeks, some episodes may last longer and, if lung
impairment becomes so scvere that the ability to
support the paticnt’s oxygen demand is severcly
compromised, ECMO may be nceded.

Buacterial Preumonia

Bacterial pncumonia is an acute infection within
the lung parenchyma that causcs a severe inflam-
matory response that fills alveoli and prevents them
from exchanging gas normally.® It is the third most
common diagnosis for pediatric ECMO.! Acute re-
spiratory distress syndrome and bacterial pneumonia
are the most common conditions in sepsis that may
require ECMO.® Two of the most comumon bacteria
that could nccessitate ECMO arc staphylococcus
aureus and beta-hemolytic streptococci (GIBS).
Fortunately, venovenous ECMO can effectively
provide adequate oxygenation for the majority of
this paticnt population.”® In addition to maintaining
the normal flow of blood through the body, another
benefit ol venovenous ECMO is that particulate
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matter or emboli returning from the ECMO circuit
to the patient will be trapped in the vascular system
of the lungs.

The use of VV ECMO, while preferable for
multiple reasons, may not be able to support the
profoundly compromiscd patient who has scvere
lung injury and cardiac dyslunction as well. Al-
though the prognosis for paticnts with previously
normal lungs and adequate host defenscs is gencrally
good, the mortality ratc is higher in the setting of
advanced age, multilobar disease, scvere hypoxemia,
extrapulmonary complications and bacteremia.
Severe pneumonia with destruction of lung tissuc
may resubt in scvere hemorrhage. Soime centers
have reported use of activated factor VII to control
severe blecding without having thrombosis within
thc ECMO circuit.® Other anecdotal and case reports
have noted clotting with administration of factor VI1
and this therapy should be used with caution and
always with a back-up cirenit available.

Streptococcus pneumonia is the most common
bacterial pncumonia. Other causes of bacterial
pneumonia are hacmophilus influenza, chlamydia,
moraxclla catarrhalis, legionella, pseudomonas and
klebsiclla." Similar to viral pneumonia, infection is
via infectious aerosolized secretions. Allernatively,
it may be distributed through hematogenous (blood
borne) or lymphatic dissemination. Complications
may include septic shock, hypoxemia, respiratory
failure, empycma, bacteremia, endocarditis, pericar-
ditis, meningitis, lung abscess and pleural cffusion."!

Streptococcus pneumonia generally resides in
the nasopharynx and is carried asymptomatically
in approximatcly 50% of healthy individuals., A
strong association exists with viral illnesses, such
as influenza, Viral infections increase pncumococcal
attachment to the receptors on activated respiratory
epithclium. Once aerosolized from the nasopharynx
to the alveolus, pneumococei infect type 11 alveolar
cells. The pneumonic lesion progresses as pneumo-
cocci multiply in the alveolus and invade alveolar
¢pitheliunm. Pncumococci spread from alveolus to
alvcolus through the pores of Kohn, thercby pro-
ducing inflammation and consolidation along tobar
compartments.'”

Aspiration plays a central rolc in the patho-
genesis of nosocomial pneumonia. Approximately
45% of healthy subjects aspirate during sleep, and
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an cven higher proportion of severely ill patients
aspirate routinely. Depending on the number and
virulence of the pathogenic organisms reaching
the lower respiratory tract and on the host defense
factors, pneumonia may develop. The oropharynx
of hospitalized patients may become colonized with
aerobic gram-negative bacteria within a few days
of admission. Thercfore, nosocomial pncumonia is
often caused by gram-negative bacilli. In the current
era, the incidence of staphylococcus aureus lower
respiratory tract infection is increasingly common
in the hospitalized and institutionalized patients and
must now be considered a possible pathogen for
nosocomial pneumonia.” Fungal pneumonia can
also occur as a nosocoimial pathogen.

Aspiration Pneumonia

Aspiration pneumonia, also known as anacrobic
or necrotizing pneumoila, is an inflammation or
infection of the lungs and bronchial tubes caused by
inhaling foreign material, usually food, drink, vomit,
or secrctions, info the lungs. Aspiration of these sub-
stances usually causes impaircd airway protections,
particularty in those patients with an altered level of
consciousness and/or abnormal swatlowing reflexes.
Becausc of aspiration, the injured lungs may become
infected with such anaerobic bacteria as prevotella
melaninogenica, fusobacterium necleutum, porphy-
romonas gingivalis, norcardia asteroids, klebsiclla
pneumeonia, and bacteroids fragilis or with such
mixed oropharyngeal flora organisins as peptostrep-
tococeus magnus or inicroacrophilic streptococci
(S. pneumontac or S. pyogencs). The infection can
cause pus to collect in the lungs (cmpyema) or if
surrounded by a protective membranc, form a lung
abscess.!t 12

Aspiration of gastrie liquid may also result
in a chemical pneumonitis, which the patient may
cither recover rapidly, progress to acute respiratory
distress syndrome (ARDS) or develop a bacterial
infection. The patient’s response depends upon the
characteristics and amount of the aspirated sub-
stance, and/or the level of acidity ol the aspirate,
the severity of the resulting pneumonia, the type of
organism and the extent of the tung involvement,'

Aspiration pneumonia represents less than
15% of afl community-acquired pneumonia, and

5% of respiratory diagnoses by year as reported by
ELSO.*%!

Treatment should include maintenance of
airways and clcarance of secretions with fracheal
suctioning, oxygen supplementation, mechani-
cal ventilation if the patient is unablc to maintain
adequate oxygenation, carly use of positive end-
cxpiratory pressure (PEEP), and administration of
intravenous fluids. Routine use of corticosteroids is
not indicated." Eatly prophylactic use of anfibiotics
is confroversial because no evidence indicates that
bacterial infection plays a role in the initial events.
Bacterial pneumonia that may occur later (cg, days
after the aspiration cvent) as a complication of
chemical pnewmonia and should be treated with
appropriate antibiotics.”

Acute Respiratory Distress Syndrome

Acute Respiratory Distress Syndrome (ARDS)
is defined as an acute condition characterized by
bilateral pulmonary infiltratcs and severe hypox-
emia in the abscnce of evidence for cardiogenic
pulmonary edema. By these critcria, the severity
of hypoxcmia necessary to make the diagnosis of
ARDS is defined by the PaO,/FiO, ratio less than
200, and in acute lung injury {ALI), this ratio is
less than 300. In addition, cardiogenic pulmonary
edema must be excluded either by clinical critcria
or pulmonary capillary wedge pressure of less than
18 mm Hg." '

Early ARDS is characterized by an increase in
the permeability of the alveolar-capillary barrier
leading to an influx of fluid into the alveoli. The
alveolar-capillary barrier is formed by the micro-
vascular endothelium and the epithelial lining of
the alveoli. Hence, a variety of insulis resulting in
damage either to the vascular endothelium or to the
alveolar cpithelium could result in ARDS. The main
site of injury may be focused on either the vascular
cndothelium (eg, sepsis) or the alveolar cpithelium
(eg, aspiration of gastric contents).

Injury to the endothelium results in increased
capillary permeability and the influx of protein-rich
fluid into the alveolar space. Injury to the alveolar
lining cells also promotes pulmonary edema for-
mation. Two types of alveolar epithelial cells exist.
Type I cells, comprising 90% of the alveolar epi-
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thelium, are injured easily. Damage to type I cells
allows both increased entry of fluid into the alveoli
and decreased clearance of fluid from the alveolar
space. Type IT cells are relatively more resistant to
injury. However, type 11 cells have several important
functions, including the production of surfactant, ion
transport, and proliferation and differentiation into
type 1 cells after cellular injury. Damage to type 11
cells results in decreased production of surfactant
with resultant decreased compliance and alvcolar
collapse. Interference with the normal repair pro-
cesses in the Jung may lead to the development of
fibrosis,**

ARDS is an inhomogeneous process. Relatively
normal alveoli, morc compliant than affected alveol,
may become overdistended by the deliverced tidal
volume, resulting in barotrauma (pneumothorax and
interstitial air). Alveoli aheady damaged by ARDS
may experience further injury via volutrauma, In
addition to the mechanical cffects on alveoli, these
forces promote the secrction of proinflammatory
cytokines with resultant worsening inflammation
and pulmonary edema. The use of positive end-
expiratory pressure (PEEP) to diminish alvcolar
collapse and the usc of low tidal volumes (4 to 6
mbkg)'® and limited fevels of inspiratory filling
pressures appear to be beneficial in diminishing the
observed ventilator-associated lung injury.

ARDS often occurs along with failure of other
organ systems, such as the kidneys or liver, This
resultant end-organ damage appears to be ultimately
responsible for the mortality rate of 30 to 40%. If
associated with sepsis, the mortality rate may rcach
90%. The most common causes of ARDS include
pneumonia, septic shock, trauma, aspiration of
gastric contents, near drowning, pancreatitis, mas-
sive blood transfusion, pulmonary emboli, drug
ovcrdose, and toxic chemical inhalation.'®

ARDS is often associated with pulmonary
hypertension resulting from elevated pulmonary
vagcular resistance. Pulmonary artery vasoconstric-
tion likely contributes to ventilation-perfusion mis-
match and is one of the mechanisms of hypoxcmia
in ARDS. Normalization of pulmonary vaseular
resistance and clevated pulmonary artery pressurcs
occurs as the syndrome resolves. The development
of progressive and sustained pulmonary hyperten-
sion is associated with a poor prognosis.
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Many processes can combine to cause lung
injury of such severity that gas cxchange is lim-
ited. Viral and bacterial pneumonias arc often the
precipitating cvents which lead to hypoxemia and
respiratory failure. Secondary lung injury by ARDS
can occur from sepsis, trauma or many other factors,
ECMO can help optimize oxygen delivery and al-
low reduction of toxic ventilator and oxygen levels
to Hmit barotrauma to the already injured lung.
Support of the patient can often be adequate with
venovenous ECMO, although patients with con-
comitant hemodynamic compromise may requirc
venoarterial support.
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Chapter 4 Questions

The combination of cellular destruction and
fluid-filled alveoli is what interrupts gas ex-
change during viral pneumonia.

a) True

b) False

The ultimate goal of ECLS is?

a) Tomaximize oxygen delivery.

by To hyperoxygenate the brain.

c) To preserve remaining lung function by
limiting barotrauma.

d) To minimize oxygen consumption.

The most commion bacterial pneumonia is
caused by:

a) Streptococcus

b) Staphylococcus aurcus

c) Klebsiclla

d) TPseudomonas acruginosa

Chapter 4 Answers
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Extracorporeal Life Support (ECLS) Physiology

Nancy J. Rees, RN BSN and John Waldvogel, RRT

Objectives

After completion of this chapter, the participant
should be able to:

e  Present the physiology of oxygen exchange
and how it relatcs to ECMO

e  Present the function of the membrane lung
used in ECMO and the mechanisms for
improving oxygenation on ECMO

o Revicw the blood gas management on VA
and VV ECMO

Introduction

Though conventional patient inanagement con-
tinues to improve with ncw technology and rescarch,
there remains a need for ECLS, The use of ECLS
has broadened to support a wide range of patho-
physiology in the critically ill neonatal, pediatric and

adult populations. The physiclogic goal of ECLS
is to sufficiently supply oxygenated blood to meet
metabolic requircments and facilitate the removal
of metabolic waste. Understanding the physiology
of ECLS is paramount to the comprehensive and
safe manageincnt of the paticnt on extracorporeal
life support.

Native Gas Exchange

In the native state, oxygen and carbon dioxide
are exchanged at two lcvels, the alveolar level in
the fungs, and at the tissuc level. Pulmonary respira-
tion is the exchange of oxygen and carbon dioxide
between blood and inspired gas in the lungs. Tissuc
respiration is the exchange of gas at the cellular level.
The exchange of oxygen and carbon dioxide on both
levels is driven by diffusion gradients, caused by
the difference in partial pressures of gasces between
environments. The nct movement of gas is from a

Body's Transport Chain for Oxygen
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higher to a lower partial pressure. The partial pres-
surc of gas 18 measured in Torr or mmHg,

Figure 1 demonstrates the pathway of oxygen
transport from atmospheric air to the cellular level.
The PO, of ambient air is roughly 158 mmHg. Once
it has reached the cellular level the PO, is 6-10
mmHg,

Carbon dioxide is driven by the partial pressure
from plasma to be excreted by the lunpgs. As with
oxygen, this is achicved with its diffusion gradients,
similar to those of oxygen. Carbon dioxide builds
up in the peripheral tissues and diffuses out, across
the capillary wall into the blood. The blood carrics
the CO, back to the lungs for elimination. Carbon
dioxide is carried in the blood in 3 ways. A small
amount, only about 5%, is dissolved in the blood
plasma, A small amount (~10%) is carried chemi-
cally combined with hemoglobin (carbaminohe-
moglobin). Most of the CO, is carricd in the form
of HCO,.

Membrane Lung Gas Exchange

The Avecor membrane is described in depth in
chapter 8. This oxygenator was used widely in the
United States until recent years when hollow fiber
technology became comunercially available. Briefly,
a thin silicon rubber shect with a plastic screen
spaccr inside is wound around a polycarbonate core
and encased in a silicon rubber sheath. This design
allows blood to flow on one side of the sheet and
gas to flow on the other. The partial pressures of
oxygen and carbon dioxide are the driving forces
of diffusion across the screen spacer.

An important factor of this membrane is the
concentrations of CO, on cither side of the mem-
brane. Carbon dioxide transfers at a rate six times
that of oxygen. This can necessitate the usc of a
carbon dioxide enriched gas to be blended in. A
flow mcter and blender arc uscd to regulate gas
flow to the membrane. The characteristics of this
membrane limit the gas flow so if the gas phasc
pressure exceeds the blood phase, air emboli can
occur. Another imiportant factor is that the transfer
of carbon dioxidc is independent of blood fiow but
dependent on the membrane’s surface area, Loss
of surface area will affect carbon dioxide transfer.
The third important factor of CO, exchange is the
gas flow rate. Increasing the total gas flow rate by
increasing the oxygen gas flow will result in a de-
creasc of the concentration of CO, gas in the sweep
gas across the membrane, and thus decreasing the
CO, content in the blood. The opposite will increasc
the CO, content in the blood.

The partial pressure of oxygen is high in the
sweep gas causing a larger driving force for oxygen
to cross the silicone membrane quickly. The red
blood cells entering the oxygenator in proximity to
the membrane become saturated with oxygen. The
oxygen diffuses further into the blood flow, increas-
ing the pO,. The blood path thickness is an important
factor to consider in oxygen exchange. The pattern
of blood flow through the silicon membrane is
laminar, which decreases the exposure of blood to
the membrane. The blood flow in the center of the
blood phase is less saturated. Increasing the flow
rate will drive more blood across the surface of the
membrane and improve oxygenation, to a certain
point, then it will become too short of a time period

CO2 Exchange (air flow variable)

02 Exchange (blood flow variable)

Independent of blood flow

Independent of sweep gas flow rate

Dependent on gas diffusion gradient

Dependent on blood flow rate

Dependent on sweep gas flow rate

Dependent on blood path thickness

Dependent on membrane surface area

Dependent on membranc diffosion thickness

Dependent on O2 concentrations

Dependent on membrane surface area
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for the oxygen to reach the flow center. The larger
the surface area of an oxygenator means more blood
is exposed to oxygen. The flow rate of the swecep
gas will not affect the oxygen content of the blood
since the oxygen content of the sweep gas is greater
than that of the blood.

Oxygenators arc flow rated. This is the highest
blood flow rate recommendced for maximal oxygen
delivery by each specific device. (See Figurc 2)

Now that it is commercially available, use of the
polymecthylpentene hollow fiber non-microporous
membranc is increasing. Even though the surface
area is decrcascd, the design of this oxygenator opti-
mizes the blood flow path. The principles of oxygen
and carbon dioxide transfer are the same. As with
the silastic membrane, the hollow fiber membranes
are given ratcd gas and blood flow limits by the
manufacturers. The low resistance of this membrane
makes it easy to prime and blood flow through it is
cfficiently distributed.

Pathophysiology of Membrane Lungs

Understanding the gas exchange characteristics
of the membrane oxygenator are an important factor
in diagnosing its potential malfunctions. Membrane
oxygenators can develop pulmonary edema, venti-
lation/perfusion mismatch, pulmonary emboli, and
other functioning abnormalities.

Pertusion of the membranc can be affected by
thrombosis of the inlets, distribution ports, mem-
brane cells, or blood lcakage into the gas phase.
This not only deereases the diffusion of oxygen and
carbon dioxide, but increases the blood flow resis-
tance, Mcasurement of the pre-oxygenator pressure
can give some indication of changes in resistance
to blood flow which may corrclate with thrombus
or improper functioning of thc membrane. Elcva-
tions in the patients arterial resistance or increascs
in post-oxygenator pressure can also be reflected
in changes in the pre-oxygenator pressures as well,
Prc-oxygenator (and often post-oxygenator) pres-
surcs are transduced to help follow the resistance
to blood flow. Water vapor buildup within the oxy-
genator from warm blood interacting with the cooler
sweep gas can result in a decrcase in performance of
the oxygenator in both ventilation and oxygenation.
The sweep gas flow rate can be incrcased to help
clear the fluid and blow off more carbon dioxide,
similar to native increascs in minute ventilation
which increases carbon dioxide clearance. Men-
brancs are gas flow rated to reduce the risk of air
emboli from the gas phase into the blood phase. If
gas is diverted to areas of the membrane that are
not well perfused or blood flow is through areas
that arc not well ventilated, ventilation/perfusion
mismatch occurs.

The Concept of Rated Flow
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Figure 2

39




Rees N, and Waldvogel J.

Figure 3 illustrates potential problems of the
membrane lung. Pre and post membrane gases and
membrane pressure transducing can indicate and
diagnose abnormalities in function. The design of
the hollow-fiber nonmicroporous iembrane allows
for blood to flow in a low-resistance manncr and this
may decreasc the potential for thrombus formation
within the oxygenator as compared to the silicone
lung. Thrombus at stagnant arcas of blood flow

within microporous oxygenators can occur, however,

especially at very low blood flow rates,

Oxygen Kinetics and Tissue Respiration

In normal cardiopulmonary physiology, dis-
tribution of cardiac output varies among organ
systems. Metabolic rate diives oxygen consumption
and as such determines blood flow to organs such
as the brain, heart, skeletal muscle, kidneys, and
splanchnic area; blood flow to the skin is thermally
mediated. Venous blood flows from the vascular
beds of these organ systems through central ve-
nous conduits (inferior and superior vena cavae)

pooood Blood

Water

Blood Flow Obstruction AQ, AP ACO,
1} Inlet or Outlet Thrombosis 1 T 11l
2} Complete Thrombosis of cells 1 t 1
3) Partial Thrombosis of cells - - -
4) Blood Leak (may causc 5 or 6)

Gas Flow Obstruction
5) Complete Obstruction of Cell (Water or Blood) } - LI
6) Partial Ventilation/Obstruction of Cell (Water) J - 1
7) Gas Leak (may cause 6)

Ventijiation Perfusion Mismatch
8) Poor Ventilation (6 7) in area of High Flow duc to (1 ! - )
2 3 4) or Design

Figure 3
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to the right heart. In the pulmonary artery, oxygen

saturation of mixed venous hemoglobin represents

a balance of oxygen after total systemic perfusion.
The variable relationships of blood flow {oxygen

delivery) and oxygen extraction (consumption} in

each organ are microcosms of the relationships that

are measurable at the bedside (i.e., cardiac output

and SVO,). Although it is currcntly beyond our
control to regulate individual organ perfusion in the

intensive carc sctling, an awareness of this diversity
lends itself to a better understanding of some of the

infricacies of extracorporcal support and manage-
ment, That said, we are driven to monitor and react
to thosc things that reftect global support of oxygen

delivery and consumption.

Within the limits of normal physiology, the car-
diopulmonary system maintains an oxygen delivery
to consumption ratio of 4: 1. This equates to a mixed
venous saturation of 75%. Since oxygen content in
arterial blood is generally “fixed” cardiac output
becomes the “first rcsponder” {o increase when
systemic oxygen demand increases.

Oxygen Consumption

Oxygen consumption (VO,) is the amount of
oxygen utilized by tissue in acrobic mctabolism.
Normal resting rates for newbotn infants — 5-8 ml/
kg/min, chitdren — 4-6 ml/kg/min, and adults — 3-5
ml/kp/min. These areinercased by muscular activity,
infection, hyperthermia, and high levels of catechol-
amine and thyroid hormones.

Regardless of pulmonary function, in steady
state conditions, the amount of oxygen absorbed
across the lung in gas cxchange is equal to the
amount consumed by peripheral tissvue during me-
tabolism (The Fick Principle). Oxygen consumption
(VO,) can be caleulated as the product of Stroke
Volume x Heart Rate x A-V O, difference.

Oxygen Delivery

Whereas oxyhemoglobin is the primary detcrmi-
nant of oxygen content in whole blood, blood flow
is of equal importance in delivering oxygen to the
tissues. Recall that oxygen delivery is determined by
multiplying cardiac output times oxygen content, In
terms of oxygen demand, cardiac output is variable
so that the oxygen delivery to consumption ratio is
maintained at 4:1. Thus the physiology of oxygen
delivery to the tissues is such that at “fixcd” oxy-
gen content (stable Hgb, O, saturation) blood flow
incrcases or decreases bascd on metabolic demand.
SVO, serves as a marker of this supply demand
relationship. Sce figure 4.

Monitoring venous saturation (SVO,) in the
management of ECMO palients is very important.
The arterial blood may be fully saturated, but if
the SVO, is low, it is obvious that consumption is
disproportionate to delivery.

Oxygen Delivery / Consumption Relationship

Venous Sat
5% Venous

80%

~ Hypemetabolism

10 20 40
DO, eefKg/min
Figure 4
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Oxygen Content

Oxygen content is not usuaily measured in the
clinical applications, but is a vital consideration in

saturation of hemoglobin is 100%. Consider the
following oxygen content equation:

O, content = [(Hgb x 1.34) x O, saturation] +
{Pa0,x .003), where Hgb = 15 gin/dl, O, saturation

the ECMO setting. In bedside assessment and man- = 1.0 and PaO, = 90 mmbhg. The equation sets up as:

agement of oxygenation, focus is generally directed
at PO, since it is a universally aceepted parameter
that reflects lung ventilation/perfusion matching,
In addition, it serves as a “lab report” that cnables
the clinician to make adjustments in supplemental
oxygen therapy and correlate patient response to the
severity of lung dysfunction. Aside from this, PO,
is of limited value when asscssing oxygen content,
since it represents oxygen dissolved in plasma, or
approximately 2% of all oxygen in wholc blood. The
content of oxygen dissolved in plasma is calculated
by multiplying PO, times the solubility coefficicnt
of oxygen in plasma (.003).

The advent of commecrcially available pulse
oximeters in the 1980s provided instantaneous,
non~-invasive assessment of oxygenation in the
form of saturation of hemoglobin in arterial blood.
Thus, SPO, and “sat” beccame common language
and pulse oximetry became another vital sign. Yet,
arterial oxygen saturation represents saturation
of available hemoglobin only, and as such yields
limited information related to oxygen content if
hemoglobin concentration is unknown.

Hemoglobin is the pack mule in whole blood,
accounting for 98% of transported oxygen. Each
gram of hemoglobin is capable of binding 1.34cc
of oxygen when all four heme sites are loaded. See
Figure 5. When this state of oxygen binding occurs,

Arterial O, content = [(15x 1.34)x 1.0] + (90

x.003)

=20.1+0.27

= 20.37 cc of oxygen/dl
arferial blood, also expressed as 20.37 cc volume
%. In this example, 98.6 % of oxygen is transported
bound to hemoglobin.

Substituting different values for the variables
(Hgb, O, saturation, and PO,) in this equation allows
for comparison of oxygen content in whole blood
over a wide range of possibilitics, For example,
calculate the oxygen content in whole blood using
the following 2 sets of variables:

Hgb 10, O, saturation 98%, PO, 100

Hgb 15, O, saturation 70%, PO, 40

Variable sct “a” with an impressive PO, and O,
saturalion yields an O, content of 13.43 ¢cc of oxygen
per deciliter of whole blood.

Variable set “b” with a much lower PO, and O,
saturation yiclds an O, content of 14.19 cc of oxygen
per deciliter of whole blood.

By comparison, variable set “b”, becausc of a
higher hemoglobin concentration, has higher oxy-
gen content than variable set “a”, Therc are some
take home messages. When it comes to oxygen
content, blood gas reports can be misleading, but
hemoglobin matters!

Reduced
Hemoglobin

Figure 5
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Figure 6. The oxyhemoglobin dissociation
curve demonsirates oxygen saturation (S02)
and partial pressure of oxygen in the blood
(PO2), and is determined by how readily
hemoglobin acquires and releases oxygen
molecules from its surrounding tissue. See
Figure 6.

Figure 7. The curve shifting to the left results
in decreased oxygen delivery to the tissue,
regardless of the PO2. See Figure 7

Figure B. The curve shifting to the right
results in increased oxygen lo the tissues
regardless of the PO2, Driving the PO2 to
extreme highs has little effect on oxygen
delivery if the available hemoglobin is fully
saturated.
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Hemodynamics

ECLS

Extracorporeal life support is indicated when
cardiac and/or pulmonary failure is not amendablc
to conventional support. The mode of extracor-
porcal support is in large part driven by specific
organ failure (ungs or heart). Respiratory failure
with hemodynamic stability can be supported with
venovenous (VV) ECLS. Hemodynamic collapse
secondary to cardiac failure is an indication for the
circulatory support found in the venoarterial (VA)
made of ECLS.

The concept of ECLS, whether venovenous or
venoarterial, is refatively simple. Blood is drained
from central venous circulation into the ECLS
circuit, pumped through an extracorporcal lung,
and returncd to the paticnt. However, a thorough
understanding of cxtracorporeal physiology in-
cluding flow, circuit pressurcs, and gas transfer is
essential to safe, effective management in addition
to troubleshooting endeavors.

With extracorporeal support, flow gocth as flow
comcth. Said another way, you can’t make flow,
you get flow. To understand this is to appreciate the
importance of right heart filling pressure, venous
cannula size, pump preload, and pump speed, since
these are the primary detcrminants of flow. As Mick
Jagger and the Rolling Stones once chorused, “You
can’t always get what you want...” In ECLS, the
challenge is to find out why.

In human physiology, arterial blood pressure
is a product of heart preload, rate, contractile force
of the left ventricle, and resistance to flow (SVR).
By comparison, central venous blood pressure is
much lower, and is determined by venous blood
volume and venous vascular tone. This arterial/
venous pressure relationship is mimicked by extra-
corporeal circuit physiology. Pressurc in the arterial
limb of the circuit is determined by pump pre-load,
punip flow, and resistance to flow (tubing, circuit
components, cannula, pt. blood pressure). As flow
inereascs, arterial imb pressure increases, Pressures
as high as 300 mmbhg are considered safe, although
the risk of blood leaks and circuit rupture increascs
as pressure rises. Pressure in the venous limb is low,
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since flow is gencrated via passive siphon or pump
generated negative pressure. When pressure in the
venous limb becomes sub-atmospheric, the risk for
air entrainment (e.g., through a stop cock) increases.
With cxcessive ncgative pressure, blood cavitation
and red blood cell damage can occur.

Blood draining from central venous circulation
determines pump pre-load and as such, fimits pump
flow, regardless of the type of perfusion system used.

Placement of the return cannula determines the
modc of ECLS. The cannula should be large cnough
to accomunodate the flow expected to support the
patient so that cxcessively high circuit pressures
are avoided. Extracorporeal blood returning to
a cannula in a vein denoctes venovenous support.
Converscly, blood returning to a cannula in an
arfery denotes venoarterial bypass. Depending on
the mode of ECLS, the extracorporcal physiology
is said to be “in serics” (VV) or “in parallel” (VA)
with native cardiopuhnonary physiology. Each will
be covered scparately.

Venovenous ECLS

VV ECLS provides respiratory gas exchange
{oxygen loading, CO, removal) in venous blood
before it reaches the right ventricle, and is indicated
in thc management of severc respiratory failurc
when conventional support methods are unsuc-
cessful. Since blood is drained from and returned
to central venous circulation, no hemodynamic
support is derived from this mode of ECLS. Criti-
cal to the delivery of venovenous extracorporcal
support is the ability to pump a sufficient amount of
blood through the ECLS circuit so that “total” gas
cxchange support is provided. This is accomplished
by placing a venous drainage cannula that allows
for blood flow rates of 120 ml/kg/min. for nconates,
90 ml/kg/min. for pediatrics, and 60 ml/kg/min. for
adults. To this cnd, it is common practice to sclect
a venous drainage cannula with the shortest length
and largest internal diameter so that resistance to
bleod flow is minimized.

The circuit components should be configured
with thesc flow rates in mind. For instance, the
extracorporeal lung should be capable of gas trans-
fer (oxygen and carbon dioxide) well beyond the
maximwm anticipated metabolic requirements of the



Chapter 5 - Extracorporeal Life Support (ECLS) Physiology

patient. This is best determined by comparing the
“rated flow” capacity of the lung to the flow rates
intended for the patient. The arterial cannula should
be large enough to accommmodate anticipated ECLS
flow so that complications seen with high circuit
pressures and blood shear are minimized.

Although the term “bypass” is used interchange-
ably with ECLS, it is in fact a misnomer when used
in the context of VV ECLS, since the system func-
tions in series with the native cardiopubmonary sys-
tem. Said another way, blood is drained, oxygenated,
ventilated, and returned to central venous circulation
before leaving the right side of the heart, This is ac-
complished in onc of several ways. In nconates and
small pediatric patients, VV ECLS support is pro-
vided via a double lumen cannula. With placement
in the right internal jugular vein (R1F) advanced to
the right afrium, blood drains through the venous
lumen into the ECLS circuit and returns through
the venous lumen into the ECLS circuit and returns
through the arterial lumen side hole ports directed
at the tricuspid valve. Having passed through the
extracorporeal lung, the returning blood is oxygen
enriched and ventilatcd to desired PaCO,. As this
blood exits the arterial sidc ports of the canmula, it
mixes with native venous return in the right heart,
Mixing is complete as blood exits the right ventricle.
The net effect of this is improvement in oxygen con-
tent per deciliter of blood and restoration of PaCO,
and pH. A newer design of venovenous cannula
{Avalon, Inc), consists of 2 drainage lumens, one
placed in the inferior vena cava and one in the su-
perior vena cava, and a single retarn lumen which is
directed at the tricuspid valve. While excellent flow
and minimal recirculation can be obtained with this
catheter, optimal placement requircs echocardiog-
raphy or fluoroscopy at the bedside. Cannulas are
available in sizes from neonate to adult,

In the late stages of respiratory failure, the
blood gas values in the pulmonary artery approxi-
mate systemic arterial blood gas values since na-
tive pulmonary function is severely compromised.
Although VV ECLS offers no direct hemodynamic
support, arterial admixture of mixed venous blood
in this mode of extracorporeal support increases
availability of oxygen to the coronary circulation
as it ¢jects from the left ventricle.

In larger patients, traditional VV ECLS may
involve 2-site cannulation. Cannulae are placed into
the RIT and cither the right or Ieft femoral vein, Di-
rection of flow (venous outflow and arterial return)
is at the discretion of the ECMO physiciani, being
influenced by anatomical factors (e.g., vessel size,
obesity) that would impact on the ability to siphon
sufficient blood to provide full support to the patient.

“Recirculation” is an aspect that is common onty
to venovenous ECLS and is scen with either method
of cannulation (1 or 2 cannulac), as some oxygen-
ated blood is inadvertently siphoned into venous
drainage. This occurs because blood is drained from
and returned to the same blood path. The end result
of this is artcrial “contamination” of venous blood
which invalidatcs circuit SVO, as a true marker of
oxygenation support. More importantly, recircula-
tion limits the efficacy of VV support since that
portion of blood never reaches native circulation.
To compensatc for this, higher ECLS blood flow is
required, but flows >400-500 mL/min will result
in higher recirculation and my in fact reduce oxy-
genation.” As a result, arterial oxygen saturations
of 80-95% are seen at maximum flow. To the ECLS
specialist, increasing recirculation is recognized as
falling arterial oxygen saturation (SPQ,) simultanc-
ous with an increasing circuit mixed venous oxygen
saturation (SVO,). This is amendable with head/
neck repositioning in the paticnt cannulated with a
dual [lumen neck cannula. Recirculation with 2-site
cannulation is seen when the tips of the drainage and
reinfusion cannulae arc in close proximity, and may
be amendable with cannula repositioning Direction
of 2-site VV blood flow may influence the extent of
recivculation, with a decrease in recirculation often
obtained by drainage from the femoral cannula and
return into the IT site,

Venoarterial ECLS

Unlike VV ECLS, venoarterial (VA) ECLS of-
fers hemodynamic support (in addition to respiratory
gas exchangce). As with VV support, central venous
circulation serves as the source for ECLS pump
pre-load. The return cannula however, is placed
into an artcry, thus creating a cardio-pulmonary by-
pass system that parallels native cardio-pulmonary
physiology. By design, VA ECLS docs not capture
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all venous return to the right heart as is seen with
CPB in the OR. Thus, only a portion of the blood,
determined by pump speed, is drained into the ECLS
circuit, routed through an extracorporeal lung, and
returned to arterial circulation. The remainder of
venous return to the right heart follows the physi-
ologic pathway across native lungs to the left heart
where it is pumped into the aorta. Gas exchange
across the native lungs is a function of ventilation to
perfusion relationship and the extent of any pulmo-
nary impairment. The net change in artcrial oxygen
content and PaCO, depends on native cardiac ontput,
native pulmonary funection, ECLS sweep, ECLS
flow, oxyhemoglobin, and sitc of convergence of
ECLS perfusate and native circulation. Site place-
ment of the arterial cannula affects how, and to
what extent, the 2 circulations mix, Cannulation of
the right common carotid artery (RCCA) or trans-
thoracic cannulation of the aorta ensures adequate
mixing of both circulations, resulting in improved
systemic oxygen delivery and pH balance. Sclec-
tive perfusion of the right arm {rom streaming of
arterialized blood down the RCCA and subclavian
vessel invalidates arterial blood gas sampling from
the right radial artery as a marker of total body gas
exchange suppoit.

In large pediatric and adult patients, cannulation
of the femoral artery provides hemodynamic support,
but delivery of oxygenated petfusate to the aortic
arch and coronary arteries can be compromised in the
presence of respiratory failure with significant native
cardiac output, In this configuration, cardiac output

“competes” with retrograde flow of ECLS perfusate
in the descending aorta and may prevent perfusion
of the arch vesscls and aortic root with oxygenated
blood. In this situation, pulmonary capiliary blood,
with poor ventilation/perfusion matching in the lungs,
returns essentially as mixed venous blood to the left
heart where it is ejected into the aorta, As aresul, the
coronary and cerebral circulations arc perfused with
hypoxemic blood. This relationship should be sus-
pected when hypoxemia exists, as evidenced by right
radial arterial blood gas analysis (site of choice with
femoral arterial cannulation), or by disparity in SPO,
obtained from different sites (left hand SPO, > right
hand SPO,). This may be amendable to increased
extracorporeal flow, or may require placement of a
cannula into a large vein (R1J), thus changing the
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mode of support to venoarterial venous (V-AV). In
this configuration, a split in the arterial limb of the
cireuit is created so that a portion of this oxygenated
perfusate is delivered to the right heart, mimicking
VV ECLS. This allows for oxygen enrichiment of
nixed venous blood with improvement in oxygen
delivery to the coronary and cerebral circulations. The
hemodynamic support of this configuration remains
intaet, since the balance of ECLS flow is delivered
to arterial circulation. Distribution of V-AV flow is
determined by assessment of oxygenation and he-
modynamic support. Left unchecked, extracorporeal
perfusate would take the path of least vesistance, flow-
ing to central venous circulation, and robbing arterial
circulation of blood flow intended for hemodynamic
support. Taken to the extreme, the potential for left-
to-right shunting through the ECLS circuit would oc-
cur if aortic antegrade flow exceeded extracorporeal
flow, thus creating an “A-V” loop, resulting in severe
hypotension. For this reason, distribution of flow is
controlled by application of an external clamp to the
venous “return” ling to the patient. Adjusting tension
on the clamp controls blood flow to this limb of the
cireuif, enabling the specialist to affect the desired
oxygen saturation and hemodynamic support. Inotro-
pes or pressors may be required to maintain desired
mean arterial blood pressure (MAP) if this strategy
compromises hemodynamic support.

Extracorporeal blood flow is non-pulsatile. In the
VA mode of suppont, this characteristic affects arte-
rial pulse pressurc contour. Increasing pump speed
obligates more venous blood to drain into the circuit,
thus decreasing right and left heart preload. As a con-
sequence, left ventricular stroke volumc decrcases,
as evidenced by a dampencd contour of the arterial
blood pressure tracing, With inercasing extracorpo-
real flow, the arterial pressure tracing dampens further,
and pulse pressure narrows, although MATP remains
fairly constant, For this reason, MAP, rather than
systemic blood pressure, is assessed as a marker of
hemodynamic support. A flat pressure tracing with no
pulsc pressure is indicative of total bypass, although
lower ECLS flow with residual pulsatility is desir-
able in most instances. Typically, extracorporcal flow
is managed betwecen 60%-80% of predicted resting
cardiac output,

Absence of pulsatility as scen with cardiomyopa-
thy or cardiac stun may be a harbinger of pulmonary
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hemorrhage despite right heart preload reduction with
VA ECLS, since any filling of the left atrium (the-
besian and bronchial venous drainage) clevates left
heart filling pressure in the absence of left ventricular
contractility. In this setting, an atrial septostomy
allows high left atrial pressures to vent to the right
atrivim, which has been cannulated for venous drain-
age to the ECLS circuit. Alternatively, cannulation of
the left atrium with connection to the venous limb of
the ECLS circuit effectively reduccs left heart pres-
sures. Either method introduces left heart blood to the
venous ¢irculation of the ECLS circuit, and circuit
SVO, may be skewed if native pulmonary function
oxygenates any blood that traverscs the pulmonary
capillary circuit. This is more likely to occur with
atrial septostoinics since mixing occurs in the right
atrium, With left atrial cannulation, placement of an
cxternal SVO, probe proximal to the convergence of
right and lcft heart circuit drainage cnsures that SVO,
is not contaminated by left heart blood.

Summary

A thorough understanding of cardio-pulmonary
physiology is cssential to management of cardio-
pulmonary failure. Advancements in medicine
and medical technology cnable care providers to
successfully treat heart and lung failure that would
otherwise carry high mortality rates. Extracorporeal
Life Support is among those technologies, although
not necessarily on the front line. The management
arsenal for treatment of pulmonary failure includes
tow stretch mechanical ventilation with permissive
hypercapnea, high frequency oscillatory ventilation
(HEOVY), synthetic surfactants, and inhaled nitric
oxide. Each (or any combination) of these treatment
options are likely to be sclected before considering
extracorporeal life support, Thosc patients who have
refractory failure thus present a scrious challenge to
management with ECLS, since time, discasc pro-
gression, and organ damage begin closing a window
of opportunity for healing and meaningful recovery.
Management of cardiac failure takes on a different
look, typically relying on inotropes, vasoactive
agents, and fluids to affect end organ perfusion.
Trcatment options for cardiac failure not amendable
to thesc strategics include several extracorporeal
support options such as fandem hearts, ventricular

assist devices, and ECLS. As with pulmonary fail-
ure, stccessful management of cardiac failure with
extracorporeal support is predicated on timeliness
and appropriatencss of intervention,

Editorial
Heidi J. Dalton, MD, FCCM

Understanding the physiology of the ECMO
circuit is paramount to proper assessment of the
adequacy of ECLS support and to identify problems,
The goal of support is to improve oxygen delivery,
providc ventilation by carbon dioxide removal and
allow reduction of toxic ventilator settings to pro-
mote lung hcaling. Provision of cnhanced oxygen
delivery by the ECLS system can help “rest” the
heart, the lungs and give needed oxygen nourish-
ment to secondary organs, Understanding of the role
of hemoglobin, oxygen tension and factors that af-
fect oxygen delivery will help the specialist provide
better care at the bedside to the patient. Identifying
changes between venovenous and venoarterial
cannulation setups is also important to accurate
interpretation of parameters asscssed during ECMO
such as blood gas information, venous saturation
data and blood pressure.
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Chapter 5 Questions

Oxygenation exchange in a membrane lung is
effected by all except the following:

a. Blood flow rate

b, Blood path thickness

c. Sweep gas flow

d. Oxygen concentration

Mcmbrane failure can be characterized by a
raising pump CO, levcl because of the follow-
ing

a. changes in blood flow patterns caused by
clot forination

b. changes in sweep gas flow patferns caused
by clot formation

c. alteration in membrane surface area eaused
by fibrin formation

¢. changes in oxygen concentrations due to
fibrin formation

ECMO improves oxygen delivery by which
mechanisn:

a. improving oxygen content through stabili-
zation of hemoglobin saturations

b. improving oxygen content by taking over at
least 60% of the blood flow through a func-
tioning membrane lung, away trom the sick
native lung

c. stabilizing oxygen detivery by taking over
at least 60% of the cardiac output through the
ECMO pump

d. all of the above

Chapter 5 Answers
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Extracorporeal Membrane Oxygenation Cannulation and Decannulation

K. Rais-Bahrami, MD. and David M. Powell, MD.

Objectives

After completion of this chapter, the participant
should be able to:

¢  Qutline the cquipment, personnel, medica-
tions necded for an ECMO cannulation and
decannulation

= Discuss risks associated with cannulation
and decannulation

e Discuss Pro/Con of VA vs VV ECMO

Venoarterial Extracorporeal Meminane Oxygen-
ation—Cannulation

Indications:

Placciment of carofid arterial and internal jugu-
lar venous catheters for use in venoarterial ECMO.
Venoarterial ECMO should be used in patients with
significant cardiovascular instability.

Precaufions:

1. Ensure that the patient is paralyzed and
sedated before placemcnt of the venous
catheter, to prevent air embolus.

2. Recognize that:

a. Internal jugular lincs placed for intrave-
nous access prior to ECMO may cause
clot formation, resulting in the need for
thrombectomy before the placement of
the venous ECMO catheter.

b. Exccssive manipulation of the internal
jugular vein may cause spasm and in-

ability to placc a catheter of appropri-
ate size.

¢. Aruptured vessel may result in the necd
for a sternotomy for vessel retrieval.
Appropriate instruments should be on
the bedside tray. A backup unit of blood
should be available in the blood bank.

d. Blood loss sufficient to produce hy-
potension can occur during a difficult
ECMO cannufation, Emergency blood
should be available at the bedside (10
to 20 mL/kg).

e. The vagus nerve is located next to the
neck vessels and may be injured or ma-
nipulated during isolation of the vessels.
Manipulation can cause bradycardia or
other cardiac arrhythimias.

f.  Vital signs and pulse oximetry values
must be monitored at all tilmes because
clinical observation of the patient is
prevented by the use of surgical drapes.

g. If the patient has been hand bag venti-
lated for stabilization, do not place the
Ambu bag on the bedside when surgical
drapes are placed. The bag may entrap
oxygen, which can result in a firc when
¢lectrocautery is used.

Personnel, Equipment, and Medications’

Personnel
1. Surgical {eam
a. An experienced pediatric, cardiovascu-
lar, or thoracic surgeon with assistant
b. A surgical scrub nurse and circulating
nurse
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Medical team

a. A physician trained in management of
ECMO patients and cannulation tech-
niques, who will administer anesthetic
agents and medically manage the pa-
ticnt during the cannulation procedure

b. Abedside intensive care nurse who will
monitor vital signs, record events, and
draw up medications as needed by the
ECMO physicians

(1) Venous catheter shouid have as
large an internal diameter as
possible to allow maximal

blood flow (patient’s oxygen-
ation is directly related to the
ratc of blood flow)

(2) Should be thin walled with a farge
internal diameter. An example
of a suitable catheter is the
Bio-Medicus Extracorporeal
Circulation Cannula § to 14
Fr. (Bio-Medicus, Minneapolis,
MN, U.S.A)).

¢. Arespiratory therapist who will manage 2. Surgical instruments rcquired include:
the ventilator seitings as necessary
Circuit specialists Sterile
a. Cardiovascular perfusionist, nurse, or s Gowns and gloves
respiratory therapist specially trained ¢ Saline for injection
in this procedure who will prime the *  Syringes (1 to 20 ml) and ncedles (19 to
ECMO pump 26 gaugc)
b. Abedside ECMO specialist with special *  Povidone—-iodine solution
training in ECMO who will manage the *  Povidone-iodine ointiment
ECMO system afier the patient is on * Scmi-permcable transparent mecm-
ECMO branc-type dressing
*  Absorbable gelatin sponge, for example
Equipment: Gelfoam® (Upjohn, Kalamazoo, MI,
U.S.A)
Sterile ¢ Surgical lubricant, bacteriostatic
1. Arterial and venous cathcters?
a. Arferial .
(1) The size of the arterial catheter  ¥onsterile
determines the resistance of the *  Surgical head covers and mask
ECMO circuit, because it is the P UIS? oxuncter.
part of the ECMO cireuit with *  Surgical head light
the smallest internal diameter ¢ Elcctroca‘utery
and thus the highest resistance. * Wall suction .
(2) This catheter should be as short «  Shoulder roli, for lexamplc a small blanket,
as possible, with a thin wall to p‘lacc under patient’s shoulders
and a large internal diameter *  Tobing clamps
(resistance is dircetly related to L
the length of the catheter and in- Medications . )
versely related o the diameter). 1. Along-acfmg paraly.zmg agent, for example
An example of a suitable cath- pancuronium bromide (0.1 xpg/kg)
cter is the Bio-Medicus Fxtra- 2. Fentanyl citrate (10 to 20 Microgrankg)
corporeal Circulation Cannula 8 3. Sod?um heparin_ (75 to %5 0 Units/kg)
to 10 French (Fr) (Bio-Medicus, 4, Toplcal. thrombin / G‘elioa{n(k) ‘
Minneapolis, MN, U.S.A.). 5. Xylocaine, 0.25% with epincphrine
b, Venous 6. Xylocaine, 1% plain (without epinephrine)
7. Cryoprecipitate, thawed or commercially

available fibrin scalant (optional)
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Technique—Preparation for Cannulation

12,

Continue to usc the elecfrocautery to cut
through the subcutancous tissuc,

1. Place patient with head to “foot” of the bed.. 13, Coagulate all visible bleeding sites.

2. Anesthetize the patient with fentanyl (10 to 14. Spread the fibers of the sternocleidomastoid
20 Microgram/kg). muscle apart with a hemostat and refract

3. Paralyze the patient with pancuronium (0.1 using hemostats clamped onto the musele
mg/Kg). (Figure 3).

4. Hyperextend the patient’s neck with a I5. Open the carotid sheath, taking care to avoid
shoulder roli, and turn the hecad to the left the vagus nerve.
(Figure 1). Make sure that the Bovie ground 16. Irrigatc both common carotid artery and in-
pad is placed. ternal jugular vein with 1% plain Xylocaine

to vasodilate the vessels.

5. Monitor vital signs and give additional
fentanyl and/or pancuronium as needed.

6. Clean a wide arca of the right neck, chest,
and car with Betadine solution.

7. Drape the infant and catire bed with sterile
towels.

8. Use Steri-Drapes®(3M Health Care, St.
Paul, MN, U.S.A)) to secure the towels to
the skin.

9. At the point of incision, infiltrate the skin
with Xylocaine (AstraZeneca, Wayne,
PA, U.S.A)) (0.25% with cpinephrinc)
(Figure 1).

10. Wait at lcast 3 minutcs for anesthesia fo be
eftective.

11. Makea 1- to 2-cm vertical incision over the
right sternocleidomastoid muscle, starting
approximately 1 em above the right cla-
vicular head, using the clectrocautery set

on cutting current (Figure 2).

\ )".«' i)
,/‘A;/,/‘y;/" .
U /ffj o
KT -
Figure. 2. Landmarks over the stermocleidomastoid
muscle for making the incision with electrocautery.

{From Short BL, CNMC ECMO training manual.
2005, with permission)

Nl

b

Figure 1. Infant positioned for cannulation with
shoulder roll present and head extended to the left,
Position of neck incision is indicated. (From Short
BL. CNMC ECMO training manual. 2003, with
permission)

Figure 3 Split stemocleidotnastoid and open carotid
sheath. (From Short BL. CNMC ECMO training
manual. 2005, with permission)
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17.

18.

19.

20.

Encircle the artery with silicone loop, and
proximal and distal 2-0 silk tics held with
clamps but not ticd. Avoid “sawing” the
ties on the arlery.

Avoid excessive handling of the internal

jugular vein. Somec isolate the vein after

cannulation of the carotid artery to avoid
spastn,

Estimate the length of the cannula to be

inserted.

a. Identify the sternal notch and the xi-
phoid process.

b. The arterial catheter is inserted ap-
proximately one-third of the distance
between the sternal noteh and the xi-
phoid process. This is typically between
3-4 cm.

¢. The venous catheter is inscrted approxi-
mately one-half the distance betwecen
the sternal notch and the xiphoid pro-
cess. This is typically between 7-7.5 cin.

d. Mark thesc distances on the catheters
with a 2-0 tie, or note the distance if the
cannula is marked.

Heparinize the patient with a bolus of 75

to 150 Urkg of sodium heparin, depending

on the estimated risk of bleeding, and wait

Figure 4 A

Figme 4 A & B

60 to 90 scconds before proceeding with
cannulation.

Arterial Cannulation

1.

Tie the distal ligature on the carotid artery,
and placc a bulldog clamp on the proximal

portion of the artery. Allow blood to dilate

the artery before placing the bulldog clamp.
Make an arteriotomy using a no. 11 scalpel

blade, and place two traction suturcs of 6-0

Prolenc (Ethicon, Somervilte, NJ, 1I.S.A)

on the proximal side of the arteriotomy
(Figure 4). Always use traction suturcs to

prevent intimal tears.

It desired, lubricate Garrett dilators with

sterile surgical lubricant and dilate the ar-
tery to the approximate size of the catheter.
Place a sterile tubing elamp on the catheter.
Lubricatc the catheter and insert the cath-
eter into the vessel as the bulldog clamp

is removed.

Secure the catheter with a 2-0 silk liga-
ture tied over a 0.5- to 1-cm vessel loop

(Figure 5A).

Place a second 2-0 silk ligaturc, Tie the

distal tie around the catheter, and then tie

the distal and proximal ties together. Some

Figure4 I3

4A: Carotid artery isolated with vessel clamp in place and with arteriotomy site show-
ing the placement of the 6-0 Prolene traction sutures, 4B (inse(): Magnified view of A,
{From Short BL, CNMC ECMO training manual. 2005, with permission)
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surgeons place two ties proximally and one
distal for added sccurity.

7. Allow blood to back up into the catheter to
reImove air.

Yenous Cannulation

1. Disscct the vein free and isolate with {two
2-0 silk tics. Do not apply traction to the
vein with the ties, to avoid spasm.

2. Place a bulldog clamp on the proximal end
of the vein, allowing blood to distend the
vein. Then tie the distal end of the vein with
the 2-0 silk tie.

Make a venotomy with a no. 11 scalpel

blade, and place two stay suturcs of 6-0

Prolcne as traction sutures, as for arterial

cannulation.

4, Lubricate the venous catheter, place a sterile
tubing clamp on the catheter, and dilate the
venotomy.

5. Insert the catheter as an assistant places
traction on the proximal tic, and apply pres-
sure over the liver to increasc the backflow
of blood out of the catheter (to decrease
the risk of an air cmbolus). There will be
a slight impedance to catheter advance-
ment at the thoracic inlet—pushing against
resistance will fear the vein, Use gentle
downward and posterior pressure.

(%)
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Figure 5 A

6. Sccure, as for the artery, and return blood
into the catheter by pressing gently on the
liver,

7. Ifdesired, pack the wound with absorbable
gelatin sponge soaked in topical thrombin or
commerceially available topical fibrin seal-
ant, Tisscel-HV® Fibrin Sealant (Baxter

Figure 6. X-ray at cannulation, showing proper
placement of the arterial and venous catheters.
Note the radiopague dot indicatling the end of the
Bio-Medicus venous extracorporeal membrane oxy-
genation catheter {arrow), {(From Short BL. CNMC
ECMO training manual, 2005, with permission)
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Figure 5B

Figure 5 A & B. A: Securing the catheter with proximal and
distal ties onto a “bootie.” B (inset): Magnified view of A.
(From Short BL. CNMC ECMOQ training manual. 20035, with
pertnission)
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Hyland Division, Glendale, CA, U.S.A) to
assist in hemostasis.

8. Confirm catheter placement by chest x-ray
and/or cardiac cchocardiography, if the
patient is stable (Figurc 6).* If unstable, the
paticnt can be placed on ECMO and the
x-ray taken when adequate oxygenation is
achieved but prior to closing the surgical
wound.,

Venovenous Extracorporeal Membrane Oxygen-
ation—Cannulation

More than 60% of nconatal ECMO patients re-
ported in the ELSO registry have received treatment
with venoarterial bypass.* In neonates with respira-
tory failure, venoarterial ECMO is gradually being
replaced by a venovenous technique, which uses a
single double-lumen catheter (Figure 7). The catheter
is placed in the right atriuni, where blood is drained
and reinfused into the samc chamber, thus requiring
cannulation of only the right jugular vein, sparing
the carotid artery. Other advantages of YV ECMO

Figure 7. Schematic of the venovenous exiracorpo-
real membrane oxygenation catheter placed in the
midright atrium, (From Short BL. CNMC ECMO
training manual, 2005, with permission)
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inchide maintenance of normal pulsatile blood fow,
and the theoretical advantage that particles entcring
the ECMO circuit enter by way of the pulmonary
rather than the sysicmic circulation. The design of
the original VV catheter resulted in significant recir-
culation, limiting its usc when ECMO flows >350
mb/min were required. Research by Rais-Bahrami et
al. resulted in development of a new catheter design
which significantly lowers the degree of recircula-
tion.” The double-lumen catheter should be placed
within the right atrium, directing the oxygenated
blood from the return lumen through the tricuspid
valve to minimize recirculation. Availability of this
catheter desipn in 12, 15, and |8 Fr, sizes allows the
use of VV ECMO in a greater number of patients.®

Advantages of Venovenous Bypass
1. Provides excellent pulmonary support
Avoids carotid artery ligation
Oxygenated blood enters pulmonary circu-
lation,
4. Particles coming from the ECMO circuit
enter the venous circulation instead of the
arterial circulation.

RN

Disadvantages of Venovenous Bypass
1. Lack of cardiac support
ECMO support is dependent on the patient’s
cardiac function.
3. Catheter position and rotation are extremely
critical.
4. Amount of recirculation

Cannulation Technique

The cannulation technique for venovenous
ECMO is cssentially the same procedure as venous
cannulation for venoartcrial ECMO, with the fol-
lowing exceptions:

1. Bothinternal jugular vein and carotid arter-
ies are identified and dissected, although the
internal jugular vein is the only vessel can-
nulated with the double-lumen venovenous
cathcter. A silastic loop may be tied loosely
around the artery to facilitate potential con-
version to venoarterial flow. Both vesscls
are isolated in case a rapid conversion to
venoarterial bypass becomes necessary.
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The catheter is advanced in a direction with
the arterial side upward and anterior to the
venous limb of the double-lumen cannula.
The correct position of the catheter helps
direct the oxygenated blood return toward
the tricuspid valve, thus minimizing the
recirculation of the oxygenated blood back
to the ECMO circuit.

The proximal end of the internal jugular
vein is also cannulated for eephalad drain-
age, which is, a jugular bulb catheter. This
catheter is connected to the venous tubing
of the ECMO circuit via a 3-way luer con-
nector, For this, we usc a custom-made
Carmeda® heparin-coated Bio-Medicus
venous catheter, made specifically forusc as
a cephalad catheter, This allows additional
venous drainage to the ECMO circuit, pre-
venting venous congestion, and also allows
for cephalic venous saturation measurement.
If using a jugular bulb catheter to measure
cercbral saturations, care should be used
when cntering the circuit; air will draw into
the venous side of the circuit rapidly if a
stopcock is loosc or left open.

Placing Patient on the Extracorporeal Mem-
brane Oxygenation Circuit

The circuit has becen previously primed with
packed cells/albumin. The priming procedure and
the surgical placement of the ECMO catheters
should be timed so that the two are completed at
the same time. Priming of the circuit is beyond the
scopc of'this chapter.

1.

Fill catheters with sterile saline. Connect
them to the ECMO circuit by inserting the
1/4 x 1/4 inch connectors into the tubing
as the assistant drips sterile saline into the
cnds of the eircuit tubing and the catheter,
to cnsure that all residual air is eliminated
prior to connection.

a. Do not squceze the tubing while at-
taching; air will enter when the fubing
is rcleased.

b. Ifairisscenin the tubing, the cathefers
must be disconnected from the circuit.
Prior to reconnection, air is removed,

and the cathetcrs arc reconnected as
described.
Remove all sterile tubing clamps from the
catheters, and have an assistant hold the
catheters.
Place the patient on ECMO by removing
the arterial clamp, and removing the venous
clamp. This will remove all clamps from
the circuit..
Increase ECMO flow in 50-mL increments
over 20-30 minutes, until adequate oxygen-
ation is achieved (usually at 120 mL/kg/
miny).
Decrease the ventilator settings and oxygen
concentration gradually as the ECMO cir-
cuit flows are increased.

Closure of the Neck Wonnd

L.

Ensure x-ray confirmation of appropriate
catheter position and the achievement of
an adcquate flow ratc through the ECMO
cireuit, prior to closure of the neck wound.
Cut and remove traction sutures.
Approximate the skin with a running 4-0
Vieryl (Ethicon) suture on an atraumatic
needle.

Tie the Vieryl suture, and usc the tails of
the suture to sceure each catheter.

Tic catheters together with another silk tie.
Ancsthetize the arca behind the ear with
0.25% Xylocaine with epinephrine.

Use 2-0 silk suture on a non-cutting needle
to place a stitch behind the car and tie
around the catheter to secure in place. Place
a separate stitch for each catheter.

Tie catheters together, dress the incision
with povidonc—iodine ointment, and cover
the area with scmi-permeable membrane
dressing,

Tape the cireuit tubing sccurely to the bed-
side to reduce traction on the catheters,

Complications

1.

Torn vessels, more commonly the vein
a, This risk is deercased if the 6-0 Prolene
stay sutures are always used.
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b. Do not attempt to use too large a cath-
eter.

2. Aortic dissection associated with arterial
cannulation (7)

3. Blood loss, particularly during the venous
cannulation, when side holes in the catheter
are outside the vein

4. Venous spasm, resulting in inability to place
a large enough venous catheter to mcct the
required ECMO flow to adequately support
the paticnt

5. Arrhythmias and/or bradycardia can oceur,
owing to stimulation of the vagus nerve

Extracorporeal Membrane Oxygenation—
Decannulation

Precautions

1. The patient must be paralyzed during the
removal of the venous catheter to avoid an
air embolus.

2. The vesscls are fragile and may tear. A
backup unit of blood should be available
at the bedside.

Personnel, Equipment, and Medicafions
Personnel

Same as for cannulation, with the exception of
the perfusionist

Equipment

Sierile
= Swrgical fray with towels and suture as for
cannulation
*  Semi-permeable transparcent dressing
¢ Povidone-iodine ointment
»  Syringes (1 to 20 mL) and necdles (18 to
26 gauge)
e Unit of blood
e Absorbable gelatin sponge
Nonsterile
<  Sanic as for cannulation
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Medications

L.

Fentanyl (10 to 20 Microgram/kg)

2. Vecuronium bromide (0.2 mg/kg). A
short-acting paralyzing agent is preferred
because of the relatively short duration of
the procedure.

3. XKylocaine 0.25% with cpinephrine

4. Topical thrombin

5. Protamine sulfate (1 mg)

Technique

Post-decannulation vessel reconstruction is
beyond the scope of this chapter.

1.

2,

10.

11.

12.
13

Place the neck in an extended position, us-
ing the shoulder roll.

Give fentanyl for relaxation, prior to giv-
ing vecuronium.. Because of the risk of air
embolism during the removal of the venous
catheter, the patient must NOT be allowed
to breathe during decannulation.

Increase ventilator setting to a rate of 40-50
breaths/min, a peak inspiratory pressure of
20-25 ¢m H,O (depending on chest move-
ment), and FiO, of 0.30-0.40 after paralytic
agent is given,

Clean the neck, and drape as for cannulation.
Anesthetize with 0.25% Xylocaine with
epinephrine.

Cut and removc the Vieryl suture.

Remove absorbable gelatin sponge packing,
cxposing the catheters and vesscls,
Jugular bulb catheter should be clamped off
beforc its’ removal, after the patient is taken
off bypass. Be aware that removing the
catheter while on bypass without a clamp
in place will result in the introduction of air
into the circuit.

Separate the catheter from surrounding tis-
sue by blunt dissection.

Encircle the vein with a 2-0 silk tie, which
is used for traction and hemostatic control.
Placc a Satinsky clamp around the vein to
stabilize the catheter (Figure 8).

Place a 2-0 silk tie proximal to the clamp.
Cut the silk ties sccuring the catheter in the
vein with a no. 11 scalpel blade. The two
proximal tics should be cut where they cross
the vesscl toop.
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14,

[5.

16.

17.

8.

19.

20,

21.

The ECMO specialist to remove the patient
from the ECMO circuit.

Monitor vital signs and oxygen saturation
as an indication that ventilator scttings are
appropriate. Settings may have to be in-
creased when the patient is removed from
the ECMO support.

Provide an inspiratory “hold” on the venti-
lator while the surgcon places pressure on
the liver and removes the venous catheter.
Failure to do this can result in air embolus.
Replace any significant blood loss.

Cut the 2-0 silk traction suture and tie the
suture proximal to the Satinsky clamp. Re-
move the Satinsky clamp.

Isolate the arterial catheter, dissect frec,
and remove. The decannulation procedure
is the same as for the venous catheter, with
the exception that an inspiratory hold is not
required.

Give protamine {1 mg I'V.) after removal of
both catheters. Administration of protamine
is not mandatory if there is no significant
bleeding,

Irrigate the wound with sterile saline and
cauterize any bleeding sites,

Figure 8. Placement of Satinsky vessel clamp prior
to reinoval of extracorporeal membrane oxygen-
ation catheter. (From Short BL, CNMC ECMOQ
training manual, 2005, with permission)

22, Close the neck incision using subcuticular
horizontal sutures of 4-0 Vicryl,

23. Remove the sutures holding the cannula
behind the right ear.

24, Place povidone—iodine ointment over the
incision and cover with semi-permeable
transparent dressing.

Complications

1. Vessel laceration.

2. Exccssive blood loss

3. Venous air embolus
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Chapter 6 Questions

. The following arc advantages of VV- ECMO
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support in neonates, Except:

a)} Major advantage of VV-ECMO is that it
avoids ligation of carotid artcry

b) VV-ECMO Provides cxcellent pulmonary
support

¢) Oxygenated blood enters pulmonary circula-
tion

d) Particles coming from the ECMO circuit
directly cnter the patient’s cerebral  circulation.
¢) Nonc of the above

2. What arc the major disadvantages of VV-ECMO
support in nconates?
a) ECMO support is dependent on the patient’s
cardiac function,
b) Catheter position and rotation arc extremely
critical.
¢} In VV-ECMO the circnit venous saturation
is mixed with arterial reeirculation loosing its
monitoring value
d) In VV-ECMO the flow required to support
the patient may be limited by its recirculation
ey All of the above

3. For which of the following patients would you
prefer VA vs, VV-ECMO support?
a) An infant with severe respiratory failure
b} A newborn with echo-cardiographic cvidence
of cardiomyopathy
¢) A Pre-ECMO, ultrasound cvidence of grade
[ IVH.
d)A 3 day old, 2.8 Kg infant, born at 36 weeks
gestational age with MAS
¢) Nonc of the above

4, What are the potential complications during
ECMO cannulation?
a) Torn vessels, more commonly during the vein
than arterial cannulation
h) Aortic dissection associated with arterial
cammulation
¢} Blood loss, particularly during the venous
cannulation, when side holes in the catheter are
outsidc the vein
d) Cardiac arrhythmias and/or bradycardia
¢) All of the above

Chapter 6 Answers

T o 0 o

1.
2.
3.
4.




Principles and Practice of Venovenous and Venoarterial Extracorporeal Membrane Oxy-

genation

Micheal L. Heard, RN, Joel Davis, RRT-NPS, AE-C, James D. Fortenberry, MD

Objectives

After completion of this chapter, the participant
should be able to:

¢ Describe the advantages and disadvantages
of VA and VV ECMO

e Discuss the selection process in choosing
VA or VV ECMO

o Discuss the management of paticnfs on VA
or VV ECMO

e Discuss the weaning and trial off proce-
dures for cither VA or VV ECMO

Introduction

Delivery of extracorporeal life support (ECLS)
can be accomplished with a variety of cannulation
approaches fo meet specific nceds for ECMO sup-
port. The two most common approaches employed

Arterial

Membrane 3 |
Oxygenator £33 Cannula
Heat
m Exchanger
i

Bladder

f

arc venoarterial (VA) and venovenous (VV) suppoit.
Various permutations of these two approaches can
be uscd to provide support in unique situations,
or for conversion approaches, but this discussion
will focus on the basic VA and VV physiology and
configurations. This chapter will define these two
approaches, compare advantages/disadvantages and
indications, and describe specific details of cannula-
tion and management.

VA support is defined as a fechnique in which
cannulas are placed to allow drainage of deoxygen-
ated blood from 4 large vein or veins, The blood
is then circulated through extracorporeal circuitry,
which includes an artificial lung that oxygenates
the blood, which is then returned to a major artery,
usually the aorta. VV ECMQ, in contrast, utilizes
both venous drainage of deoxygenated blood and
return of oxygenated blood to the right-sided venous
system (Figure 1). The most widely used strategy
for ECMO perfusion support has traditionally been

Figure 1; One Site Double Lumen Cannufa VV ECMO
(from CNMC ECMO Manual with permission)
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VA ECMO. Established as a recognized therapy for
respiratory failure in nconates in 1982, VA support
has been used in over 19,000 ECMO cases for all
respiratory failure patient populations through 2008,
according to the ELSO Regisiry Database. However,
VV ECMO has slowly been gaining ground as a
technique used in neonates. VV ECMO was first
deseribed in 1969 by Kolobow!, who established
that adequate oxygen delivery could be provided
during acute respiratory failure when blood was
drained to the pump from the internal jugular vein
and returned to the circulation at the level of the right
atrium via a catheter placed in another major vein.
The originat VV cannulia consisted of two thin-
walled, stcel tubes located inside each other, Tt was
inflexible and had the potential to lacerate vascular
or cardiac structures. The double lumen catheter
(DLC) has been improved over the years to achieve
ideal wall thickness, stiffness, and inflow/outilow
characteristics and now constitutes one of the great-
cst advantages to using VV ECMO?, Studies have
shown that a large number of patients who qualify
for VA ECMO can be successfully supported with
adequate oxygen delivery using VV ECMO.2-¢

VA and VV ECMO: Advantages and Disadvan-
tages

VV and VA ECMO differ significantly in ways
that offer both advantages and disadvantages for
use of cach approach. Most major risks inherent
to VA bypass apply similarly to VV ECMO since
instromentation, systemic anticoagulation, and
long-term perfusion are required. However, VV
ECMO provides several potential safety advantages
over VA cannulation. Primarily, VV ECMO avoids
instrumentation and ligation of thc carotid artery.
The advent of VV cannulas and the usc of percu-
taneous VV cannulation techniques may allow for
shorter cannulation times with decreased long-term
morbidity, such as ligation of the jugular vein. Ad-
ditionally, use of a double fumen VV cannula could
provide significant time savings from cannulating
one vessel rather than multiple sites.

The potential for dircct ischemie lung injury
from decrcased pulmonary blood flow during VA
ECMO is also climinated with the use of VV ECMO,
as VV support provides well oxygenated blood to
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the lungs. This could contribute to decreased pul-
monary inflammation; recent animal studics suggest
diminution of bronchoalveolar cytokine response
with VV cannulation compared to VA

VV cannulation has potential advantages for the
brain. VA cannulation requires ligation of the carotid
artery that potentially is permanent. VV cannula-
tion routes possible thrombocemboli arising from
the ECMO circuit to the pulmonary rather than the
systemic and cercbral circulation as seen with VA
support. During VV ECMO, blood entering the ce-
rebral circulation is not as highly oxygenated nor is
it under as much pressure as during VA ECMO. This
could decrease the risk of cerebral reperfusion injury,
particularly in infants with ccrebral auto regulation
altered by prior insult. Studies have shown varying
effcets of VA and VV ECMO on cerebral blood
flow.®!! However, both a recent human infant study?
and a neonatal lamb study'® using continnous laser
Doppler flow found persistent decreased cerebral
blood flow velocities in VA compared to VV can-
nulation, The decline in cerebral blood flow with
VA support could be related to obscrved decreases
in cardiac output, increases in ccrebral vascular
resistance, and diminished vascular pulsatility.

The primary disadvantage of VV ECMO is
that it does not provide direct circulatory support.
Maximum achievable oxygen delivery with VV
ECMO in some cases may be inadequate to meet
demand. Oxygenation with VV support also may
be lower than on VA ECMO because of the mixing
of ECMO return blood with desaturated systemic
venous blood. The problem of blood oxygen de-
saturation can also be cxaccrbated by recirculation,
a disadvantage unigue to VV ECMO and reviewed
later in this chapter, Refractory hypotension or in-
creased metabolic rate, as with sepsis, accentuates
these problems on VV ECMO.

While it does not provide direct cardiac support,
VV ECMO does offer a varicty of advantageous
circulatory effects relative to VA ECMO. VV sup-
port does not decrease right ventricular preload,
pulmonary blood flow, left atrial rcturn, or feft ven-
tricular output, since the volume of blood drained
from and returned to the central venous sysicm
must be equal. In contrast, VA ECMO decreases
right ventricular preload and pulmonary blood flow,
and it increascs left ventricular afterload.'*!® The
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abscnce of a change in left ventricular afterload
with VV support may eliminate the isolated left
ventricular “stun” syndrome scen in a subset of VA-
supported patients.® Occasionally, however, some
paticnts placed on VV ECMO manifest symptoms
consistent with right ventricular stun, Thesc patients
develop severc pulmonary hypertension with right
ventricular dilation, The dilated right ventricle can
causc bowing of the ventricular septum into the
left ventricle, reducing filling, and compromising
cardiac output. Carcful management of preload,
myocardial contractility and aflerload can reverse
this problem without the need for conversion to VA
support.

Echocardiographic studies demonstrate that
patients managed on VV ECMO have normal car-
diac function.'? VV ECMO may indircetly improve
cardiac performance by increasing mixed venous
oxygen content rcturning to the pulmonary circula-
tion, Compared to VA ECMO, the oxygen saturation
of the blood delivercd to the pulmonary artery is
higher becausc oxygenated blood is delivered to the
RA, not the aorta. The higher mnixed venous oxygen
saturation in the pulmonary arteries may decrease
pulmonary vascular resistance and right ventricular
afterload. In addition, avoidance of increased left
ventricular afterload with improved oxygen delivery
to the coronary arferies may improve myocardial
performance.

V'V perfusion also provides potential eardiovas-
cular benefit by prescrvation of physiologic pulsatil-
ity. When compared to non-pulsatile flow, pulsatile
flow decreases vascular resistance, decreases afler-
load, and improves organ perfusion. Differences in
pulsatile and non-pulsatile flow could also produce
differing effects on renal function. However, cxperi-
mental animal studies show comparable effects of
VV and VA support on blood pressure, renal blood
flow, and plasma renin activity.??

VV ECMO is also morc dependent on optimat
venous drainage (i.c., maximunt venous cannula
size and appropriate position) than VA support be-
cause of the inefficiency imposed by recirculation
between venous cannulas. VV ECMO may also
requirc separate surgical sites if two-site VV sup-
port is being provided, as opposcd to the placement
of both catheters in the neck for VA ECMO. This

disadvantage is obviously minimized with usc of
a DL cannula.

Finally, interpretation of blood gas dafa is
conceptually different with VV ECMO compared
to VA support, requiring some re-education for
teams whosc experience is limited to VA ECMO.
Recirculation is a concept that must be taught and
understood completely by the ECMO practitioners
to enable successful use of VV ECMO.

Circulatory Effects of ECMO

VA and V ECMO produce circulatory charac-
teristics which will affect the patient differently, VV
and VAECMOQ arc referred to as “bypass” however,
VA ECMO is best described as partial bypass, mean-
ing the arterial, or return blood, mixcs in the aorta
with left ventricular blood which has traversed the
fungs. During VA ECMO, the cffect of pump flow
is very diffcrent than during VV ECMO. It can have
dramatic effcets on blood pressure; cardiac output,
and cven heart function in general.

Venoarterial ECMO and its Effects

Pulsatile vs, Non-Pulsatile Flow

The effcct of VA bypass on systemic perfusion
is reflected in the pulse contour and pulse pressure.
The ECMO pump creates a flow that is essentially
non-pulsatile. Consequently, as more blood is routed
through thc ECMO circuit, the systemic arterial
pulsc contour becomes flatter, then intermittent,
then is stopped altogether when total bypass is
reached. At total bypass the left ventricle gradually
distends with thcbesian venous return and gjects
when it is full, leading to an occasional pulsatile
beat. (Figurc 2)

Rcaching total bypass is unusual on VAECMO
as long as therc is cardiac function. Typically, VA
ECMO achieves approximately 60-80 percent of
normal resting cardiac output, allowing 20 percent
or more of the blood to pass through the lungs and
left heart, resulting in a diminished yet discern-
ible pulse contour, As long as total blood flow is
adequate, the presence of a pulse contour is not im-
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portant physiologicaliy. Pulsatile and nonpulsatile
perfusion do not differ if adequate blood flow (>100
mL/kg/min) and adequate mcan pressure cxist.

Low levels of blood flow (<40 mnL/kg/min)
may result in inadcquate oxygen delivery, shock,
anaerobic mctabolism, and acidosis. During ECMO,
all of the management cffort is placed on maintain-
ing normal oxygen delivery; therefore non-pulsatile
flow has minimal ncgative effects. The kidney is
most scnsitive to non-pulsatite flow, usually re-
quiring some amount of diurctics to overcome the
effects.'®!8

ECMO Blood Flow Effect on Physiology

In VA support, forward flow results from the
sum of ECMO pump contribution via arterial return
plus the native left ventricular (LV) cardiac output.
Areduction in preload lcads to inadequate forward
flow and hypotension. The left atrial (LA) pressure
or pulmonary capiliary wedge pressure (PCWP) is
used to reflect LV preload. Similarly, central venous
pressure (CVP) is used to reflcet right ventricular
preload. CVP, while uscd as an indicator of intra-
vascular volume status, is not an accuratc monitor
on ECMO, Due to the continuous draining of blood
trom the RA, the resultant low CVP could be inaceu-
rately construed as decreased intravascular volume
(or decreased RV preload).

The unloading of the left atrium results in de-
creased filling of the LV, or decrcased LV preload,
and decreased preload decreases native cardiac
output. It must also be considcred that the arterial
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return blood from the ECMO pump is delivered to
the aortic arch, and is directed towards the aortic
valve. This may increase afterload on the LV. With
increased afterload, the LV has difficulty cjecting ef-
fectively, which actually results in over distention of
the ventricle and compromises native cardiac output.

In the presence of adequate precload and ad-
equate forward flow (cardiac output plus pump
output), hypotension is related to a drop in systemic
vascular resistance (SVR). Increasing forward flow
can restore adequate pressure. This can be accom-
plished by inereasing preload in the system (intra-
vascular volume) or by increasing the flow rate of
the ECMO pump. If the flow ratc of the pump is
maximized, intravascular volume is inereascd, and
mean arteriat pressure (MAPs) remains low, addi-
tional intervention is required, Increasing LV after-
load, or systcmic vascular resistance, (SVR), may
result in higher MAPs, MAP is a direet measurcment
of afterload. Drugs that increasc afterload include
inotropes such as dopamine and vasoconstrictors
such as epinephrine and norepinephrine.

RV afterload is usually elevated on VA ECMO
due to lung collapse and pulmonary arterial constric-
tion. This increases pulmonary vascular resistance
and pulmonary arterial pressure. This increase in af-
terload against which the RV ejects can decrease RV
output. This will actually result in decreased cardiac
output, which may produce decrcased MAPs. The
intervention in this sccnario would be to decreasc
afterload by vasodilation, thus improving cardiac
output and MAPs. Drugs that decrease afterload
include dobutamine, nitroprusside, miliinonc and
priseoline.

Pressure is defincd as the force excrted per unit
area of surface, As with any elosed circuit, pres-
sure is directly proportional to flow and resistance
(Poiseuilles’s Law), described as: Pressure = Flow
* Resistance. As flow or cardiac oufput increases,
the pressure increascs, As the rcsistance (systemic
vascular resistance) increases, the pressure increases.
Given a fixed resistance, pressure can be maintaimed
with adequate forward flow,

Systemic blood pressure is detcrmined by
cardiac output and systcmic vascular resistance.
Cardiac output is the product of heart rate and stroke
volume. The inotropic state of the heart, preload,
and afterload all combine to determine stroke vol-
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ume. In infants and young children, cardiac output
is generally increased by increasing heart rate,
duc to developmentat constraints on increascs in
stroke volume. Howcever, during ECMO, the first
objective 1s to optimize oxygen delivery, which is
done primarily by adjusting the ECMO flow and
minimizing the ncgative effects on native cardiac
output. Maintaining a normal mean blood pressure
by balancing afterload and preload with adequate
contractility is the key to inanagement on VA ECMO
and must be individualized.

Left Ventricular Stun

Left ventricular cjection is a major component
of VA ECMO. If the LV is not ejecting adequatcly,
overdistention may become a problem. Ejection
fraction may bc impeded by myocardial injury
such as hypoxemia or by a phenomenon known as
myocardial stun. If the left side of the circulation
becomes over-distended, cardiac damage and pul-
monary edema may occur, 1t is most important to
prevent this from occurring, This is usually not a
significant problem in neonatal VA ECMO, duc to
the prescnce of the PDA. Periods of non-pulsatile
flow may cxist in the neonate for 12 to 24 hours
without obvious severe left sided myocardial in-
jury. However, even a few minutes of left sided
overdistention can cause myocardial damage in the
older paticnt.

The diagnosis of LV stun should be expected
when there is a loss in pulse pressure that is not
sccondary to hypovelemia, pncumothorax, pneu-
mopericardium, hemothorax, or hemopericardium.
This diagnosis should be confirmed by an echo-
cardiogram that shows very little LV wall motion.
In patients with LV stun, it is tempting to incrcase
ECMO pump flow to improve oxygen delivery. In
somne cascs, this is the wrong thing to do.

During VA ECMO, incrcasing ECMO flow de-
creases ventricular preload, incrcases LV afterload,
and can increase myocardial oxygen consumption.
In patients with cardiac stan, these effects can cause
the LV f{o dilatc, the mitral valve to becomc insuf-
ficient and increasc the risk for pulmonary hemor-
rhage, In patients with LV stun, decrcasing ECMO

flow can reduce afterload and improve intrinsic
cardiac function.

Unfortunatcly, decreasing pump flow so as to
optimize the pre-load/afterload balance may not be
possible since the paticnt’s injured heart may not
compensate by proportionately increasing cardiac
output. The result may be inadequate perfusion. Ad-
ditional volume to improve right heart filling, the use
of cardiotonic agents to improve left heart emptying,
maximizing post-membrane oxygen content and
thus fotal oxygen delivery, and reducing afterfoad
with vasodilators may all be helpful measures.

LV stun often resolves over a 48-hour period.
Failure to scc improvement after 4-5 days of ECMO
is an ominous sign and suggests myocarditis or
myocardial infarction. Surgical decompression of
the overdistended LV may be crueial to preventing
irreversible damage to the LV and the Jungs. De-
compression is generally perforined in the cardiac
catheterization laboratory by balloon scptostoimny
with or without stent placement. Additionally, a
catheter may be placed in the LA or LV to assist in
decompressing. Thesc catheters may be econnected
casily to the venous drain line of the ECMO circuit.

Venovenous ECMO and its Effects

VV ECMO does not really ‘bypass’ anything.
Since the volume of blood drained from and re-
turned to the central venous system is equal, VV
ECMO does not decrease RV preload, pulmonary
blood flow, LA retum, or LV output. The absence
of a change in LV afterload may climinate the
isolated LV “stun” syndromc seen in a subset of
VA-supported paticnts,

Howecver, RV stun is a complication that has
been associated with VV ECMO. The consequenccs
of right and left ventricular stun are similar, Neonates
who develop RV stun often have severe pulimonary
hypertension before initiation of ECMO. Once on
ECMO, the RV becomcs dilated and works poorly.
The dilated RV causes the ventricular septum to bow
info the LV. LV filling is compromised and cardiac
output can be decreascd. Careful echocardiographic
assessment and subsequent use of pharmacologic
agents directed at reducing RV afterload can be
helpful at reversing these problems.
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Oxygenation During ECMO

VA ECMO

The most important principle to understand
about VA ECMO is that oxygen delivery is con-
trolled through thec ECMO pump by simply increas-
ing or decreasing flow. For example, assuming no
lung function at maximal flow, 80 percent of blood
is circulating through the ECMO pump. This blood
is 100 percent saturated and delivered to the patient
at 120 mL/kg/min. The resultant arterial content is
approximately 19 volumes percent. By increasing
or decreasing the flow, the content delivered is also
incrcased or decreased. Reviewing caleulation of
oxygen content and delivery in another chapter of
this manual is worthwhile.

Patient artcrial PaO, or oxygen saturation may
not be reliable indicators of tissuc oxygen suf-
ficiency during VA ECMO. Oxygen sufficiency is
cvaluated in VA ECMO by evaluating mixed venous
oxygen saturation and content returning to the right
heart as an indication of whether borderline levels
of oxygen supply arc leading to increased extrac-
tion of oxygen from hemoglobin with each pass, If
a patient needs more oxygen, his tissucs will take
more of what is offered until that is inadequate. True
end organ perfusion (or “what is left over”) is nea-
sured with a “mixed venous” specimen taken from
the pulmonary artery. Normal pulmonary artery
saturations are 65 to 75 percent. Pulmonary artery
saturations in this range indicate the tissucs and
organs are receiving and utilizing cnough oxygen to
maintain normal state of health. If pulimonary artery
saturations are below this range, the worry is that
oxygen demands may not be satisfied. In ECMO
we rarely have access to the pulmonary arterial
circulation for dircct evaluation of mixed venous
saturations. While pre-membrane saturations do
not represent true mixed venous saturations, it is
the closest and most consistent indicator of oxygen
delivery in VA ECMO. Therefore, in VA ECMO
we monilor pre-membrane saturations, not patient
arterial saturations or PaQ,’s, to evaluate adcquate
oxygen delivery.

It should be noted that in clinical practice,

~oxygenation can be significantly affccted by the
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patient’s fungs, even on low ventilator scttings and
with severe discase. The magnitude of the pulmo-
nary contribution to oxygenation will depend on
the settings used on the ventilator (usually with
pressures of 26/10-14 cm H,0, a rate of 10 breaths
per minute, an inspiratory time of 0.6 seconds, and
21-30% inspired oxygen) and on the severity of
the pulmonary dysfunction. As the patient’s lungs
contribute progressively more to oxygenation, the
ECMO specialist 1s able to maintain the venous
saturation within the desired range (usually 65-75%)
while decreasing pump flow.

As the patient recovers, lung function improves
and the transfer of oxygen through the pulmonary
bed increases. The mixture of ECMO blood flow
and pulmonary blood flow produces higher oxygen
content, signaling that ECMO blood flow may be
reduced.

VvV ECMO

The suceess of VV ECMO is dependent upon
the manipulation and management of various factors
unique to this therapy, Since VV ECMO provides
no direet circulatory support, it can be difficult to
achieve the same level of oxygen delivery as during
VA ECMO. However, when recirculation fraction is
minimal and cardiac output is supported, oxygen
provided to the patient from the ECMO circuit can
be similar to that secn with VA ECMO. Oxygenation
is optimized when the hemoglobin concentration is
around 15 grams/dL, when the recirculation frac-
tion is low, and when the venous drainage catheter
is large enough to achieve approximately 120-140
mL/kg/min pump blood flow.

In practical tenns, four variables can be used
to monitor oxygenation during VV ECMO: arterial
oxygen saturation, prc-oxygenator pO, or saturation,
cerebral venous oxygen saturation, and calculated
oxygen consumption “across the oxygenator,” The
arterial oxygen saturation, sampied by blood gas
or pulsc oximetry, is a good reflection of oxygen
sufficiency in a patient on VV ECMO. Since it is
readily available, this measurement is most often
uscd to monitor VV paticuts. However, there is more
to monitoring oxygenation than mercly this value,

During VA ECMO, the pre-oxygenator satu-
ration is used as a mixcd venous saturation, and
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thercfore the determining factor of adequacy of
oxygenation, There is no straightforward measure-
menf of oxygenation during VV ECMO. Mixed ve-
nous safuration readings from the pulmonary artery
are not interpretable due to the highly oxygenated

blood retumed from the ECMO circuit to this sidc

of the circulation, Pre-oxygenator venous satura-
tion readings do not reflect changces in the paticnt’s

mixed-venous saturation alone, because this number
is strongly influenced by the recirculation fraction,
An increase in the pre-oxygenator saturation can

occur both in the scttings of patient improvement
or deterioration. When recirculation is high, blood

sampled from the pre-oxygenator sitc will have a

high saturation, even if the patient’s mixed-venous

saturation is dropping and oxygen delivery is inad-
cquate, In order to understand this, the practitioner
must understand the concept of recirculation, which

will be discussed in depth in the next section.

The third approach to mecasuring oxygenation
is to measure a venous saturation not affected by
recirculation as an approximation of mixed-venous
saturation. For example, oxygen saturations can
be measured from a catheter in the juguiar venous
bulb to provide an estimation of oxygen sufficiency.
Unfortunately, measurements of jugular venous
bulb saturations are not very sensitive to changes in
the patient’s cardiopulmonary status since cerebral
blood flow is preserved cven in patients with life-
threatening cardiopulmonary failure. Even so, the
usc of a cephalad catheter can provide another site
to measure oxygenation in addition to augmenting
the amount of oxygen provided to thc patient by
decreasing recirculation. It has been shown that
the ECMO flow required to support adequate gas
exchange during DLVV ECMO with a cephalad
drain in place is similar fo the flow required during
VAECMO. ' In contrast, the flow required to support
adequate gas exchange in DLVV ECMO without a
cephalad drain in place is higher. While cephalad
saturations do not readily reflect the changes in
catdiopulmonary status, they have been found to
be very sensitive to changes in ventilatory status,
As one would expect with intact auto-regulation,
changes in PaCO, dircctly affect the rate of blood
flow measurcd in the cephalad cannula. As PaCO,
levels increase, the rate of blood flow measured
in the cephalad cannula also inercases. As PaCO,

levels decrease, the rate of blood flow measured
in the cephalad cannula also decreascs, Similarly,
cephalad saturations also rise and fall with changes
in levels of PaCO_.1?

The fourth method to monitor exygenation
during VV ECMO is to actually calculate oxygen
uptake across the oxygenator, This does have onc
major limitation, in that it does not reflect any oxy-
gen added to the blood by the native lungs. There-
fore, unjess there is no gas exchange in the ungs,
this mecasurement will undercstimate total oxygen
consumption.

Recirculation During VV ECMO

An understanding of the concept of recircula-
tion is critical to the successful application of VV
BECMO as well as appropriate inferpretation of blood
gas results obtained from patients on YV ECMO,
Recirculation is defined as the portion of blood
returning to the ECMO circuil immediately after
being infused to the paticnt from the ECMO circuit.
Figure 3 graphically demonstrates this concept for
aDLC,

All paticnts on VV ECMO have some elciment of
recirculation, Clinically, recirculation may present
as decreasing patient arterial saturations, increasing
pre-membrane saturations, and decreasing AVDO,,
Additionally, it can be noted that the blood draining
from the right atrium is the same color as the blood

To the patient
{Not recirculated)

Venous
blood from
patient

Oxygenated blood coming
from the circuit and going
to the patient

Recircutated
oxygenated blood

Venous + recirculated bloed coming
from the patient and going to the
circuit

Figure 3: Schematic diagram of the principles of

recirculation within a Double Lumen Cannula for
VV ECMO
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returning from the pump, Mathcmatically, recircula-
tion fraction (R) can be estimated as:

Recirculation = S preOx - Sv0O, / S postOx - SvO,

S preOx is the oxygen saturation of the blood
entcring the oxygenator, 8 postOx is the oxygen
saturation of the blood cxiting the oxygenator, and
SvO, is the truc mixed venous oxygen saturation
in the patient, For example, if the pre-oxygenator
saturation is 90% and the mixed venous saturation
is 55% (post-oxygenator saturation is always 100%)
then the recirculation fraction is 77 pereent-~this is
very BAD!! However, if the pre-oxygenator satura
tion is 78% and the mixed venous saturation is 65%
the recirculation fraction is 37%--this is better. 30%
recirculation is considered typical in VV ECMO.

Unfortunately, it is impossible to measurc mixed
venous saturation during VV ECMO since oxygen-
ated blood from the ECMO circuit has been added to
the blood in the pulmonary artery. Approximations
of the mixed venous saturation during VV ECMO
may be obtaincd by sampling blood from another
major vein not affected by recirculation,

It is less important to ealculate recirculation
fraction than it is to understand the factors that affect
it. Four factors can affcet recireulation: pump flow,
catheter position, cardiac output, and right atrial size
(or infravascular volume).

Pump Flow

The impact of pump flow on recireulation is
straightforward. If pump flow is high, the negative
pressurc drawing blood from the right atrium back
into the ECMOQ circuit is higher. The increascd
suction pressure causes streaming of oxygenated
blood from the oxygen delivery catheter into the
venous drainage catheter, Recirculation fraction
increascs almost linearly with increasing pump flow,
The amount of oxygen provided to the patient first
incrcases and then decreases as pump flow increases
beyond optimal flow and minimal recireulation.

Note that in this idealized diagram (Figurce 4) the
point at which “effcetive oxygen delivery” begins
to deereasc is at 500 mL/min flow. The reason for
the decrcased effective oxygen delivery is that the
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recireulation proportion has limited the amount of
oxygen provided to the patient. In numerical terms,
cffective flow may be described by the cquation:

Effective Flow = Total Flow - (Total Flow * Recir-
culation Fraction)

When total flow is zcro, the effective flow is
zero. At maximal flow the recirculation fraction is
100%, and effective flow again becomes zero. Ideal
pump flow provides the highest effcctive flow at the
lowest revolutions per minute of the pump, yielding
the best oxygen delivery. As pump flow increases,
the clfective flow first increases, stabilizes, and
then decreases.

Pump flow is the factor affecting recircula-
tion over which the ECMO specialist has the most
control. If recirculation is high (i.e., patient sats are
85%, pre-membrane sats are 86%, venous sats arc
33%), WEAN the pump flow by 10 — 30 mL/min,
dependent on paticnt size. If patient saturations
improve or stay the same, wean again. If saturations
decrease, go back up on flow and seek other causes
for recirculation, This is referred to as ‘Defiming the
Curve’, The ECMO Speciatist should kecp a visual
picture of figure 4 in their minds as they begin thig
process. If defining the curve does not significantly
improve oxygenation, there are at lcast three other
factors that affect the recirculation fraction, Remem-
ber that the recirculation curve should be re-defined
frequently. As the patient status changes, so does
the effective flow.

Effective Flow Recirculation
400 100%
360 L 4 90%
320 - 180%
280 L J70%
240 | 4 60%
200 L 4 50%
160 | 440%
120 | 430%
ao | i 4 20%
40 L M 4 4 10%
0 g L 1 i i 1 1 0%

200 300 400 500 600 700 8OO
Pump Flow (¢c/min)

| .
100

Figure 4: Pump Flow and Recirculation Effects
on VV ECMO. The change in effective pump flow
() and recirculation {*) compared with set pump
flow in VV support.
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Catheter Position

Catheter position is another major factor of re-
circulation. Surgical positioning during cannulation
is critical for optimal support during VV ECMO.
For example, if the double lumen cannula (DLC)
is positioned high in the SVC, blood flow from the
catheter will tend to remain within the confines of
the vessel and be drained back into the ECMO pump
before it reaches the RA. When using the DLC, the
patient’s head should be almost midline, and the
arterial reinfusion port should be flat against the
patient’s neck behind the ear. In larger patients, if
the tips of the drainage and infusion catheters (e.g.,
catheters inserted in the femoral vein and the internal
jugular vein) are dirceted at cach other from close
range, the recirculation fraction will be high.

If recirculation appears to be high, inadvertent
changes in catheter position should be ruled out.
Catheter position can change when degree of lung
inflation changes, neck edema increases, ot the
patient movces. Catheter position problems may be
diagnosed with a chest x-ray. If catheter position
is the problem, try repositioning the patient’s head,
add or remove neck rolls (depending on whether
high or low), or add slight tension on the cannula. If
the non-invasive fechniques are unsuccessful, then
surgical repositioning must be considered.

The use of a cephalad venous catheter has been
shown to decrease rceirculation and inerease the
amount of oxygen that can be added to the blood
as it passes through the membranc fung."” Blood
draining from this catheter is morc desaturated
than the blood in the right atrium because it is not
mixed with blood returning from the ECMO circuit.
Initially this catheter was cmployed to decompress
the cercbral venous circulation in order to decrease
the incidence of intracranial pathology. Extra-axial
fluid was a commeon finding on cranial ultrasound,
and many ccnters belicved that use of this catheter
would reduce the incidence of its occurrence.

An additional benefit is that the flow from the
cephalad catheter augments the amount of venous
drainage, thercby inercasing the amount of maxi-
mum obtainable pump flow. Typically, 1/3 to 1/2
of the total ECMO flow is obtained from a well
placed cephalad cannula. This flow can be measured
continuously using a flowprobe. If flow changes are

observed, the Specialist can intervene as required.
Also, a venous saturation measurement from the
cephalad ecannula can be applied to the recircula-
tion fraction equation. Of note, this saturation will
be the last to be compromised due to autorcgula-
tion and physiologic attcmpts to maintain cerebral
oxygenation. :

From a practical standpoint, compare the color
of the blood draining from the cephalad to the color
of the blood draining from the right atrium . ., if
the colors are similar then recirculation is low, if the
colors arc very different (cephalad dark or “blue”
and the RA is bright or red) then the recirculation
is high. Using this simple asscssment as a guide,
the specialist can manipulate the cannula or paticnt
position to fry and improve the color differential
(and therefore decrease recirculation).

Cardiac Output

Cardiac output also affeets recireulation, If
the oxygenated blood delivered to the right atrivm
is rapidly moved into the right ventricle, it is less
accessible to the drainage catheter. In contrast, dur-
ing cardiac standstill, all of the oxygenated blood
flowing into the right atrium would drain back into
the ECMO circuit, since it has nowhere clse to go.

Cardiac output (CO) is the product of heart rate
and stroke voluine, Tachycardia should be managed
with adequate sedation and a minimum stimula-
tion environment, and if neccssary adenosine or
cardioversion for supraventricular or ventricular
tachycardia. Stroke volume should be optimized
by increasing intravascular volume and use of car-
diotonic drugs as indicated.

Right Atrial Size

Intravascular volume or more precisely, right
atrial volume, also influences recivculation, When
oxygenated blood is delivercd to a very small right
atrium, it is more likely to be aspirated directly back
into the ECMO circuit than if the oxygenated blood
is diluted in a latger volume of desaturated blood in
a normal right atrium. A visual example: it a DL.C
is placed in a thimble or in a bathtub, onc could see
how the chance for recirculating the same blood that
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was just re-infused into a thimble would be much
higher than if it was re-infuscd into a bathtub. Asscss
the necd for volume expanders and blood products,
if hypovolemia is the issue and give as indicated.

Patient Selection

Each ECMO center has protocols in place that
define sclection criteria based on the degree of ill-
ness and potential for morbidity and mortality. These
criteria do not detcrmine which technique to use,
only that the patient would benefit from extracor-
poreal support. Determining which mode of ECMO
to use will depend on patient diagnosis, severity
of illness, vessel size, and/or physician prefercnce.

In the past, VV ECMO has been reserved for pa-
tients with only moderate respiratory failure. Many
centers do not consider VV support for patients with
scvere cardiorespiratory failure. If a patient was cat
cgorized as “too sick”, then VA ECMO would have
been chosen. However, it has been demonstrated that
no specific diagnosis (cxcept for primary cardiac
disease), PaO, range, hemodynamic status, or level
of support preciudes the use of VV ECMO & 194

Decisions about the use of VV ECMO for
patients with circulatory compromise are not
straightforward. VV ECMO does not provide direct
circulatory support and may not provide sufficient
support in patients with inadequate cardiac perfor-
mance. However, numerous patients with right, feft,
or biveniricular compromise have been reported
to recover with VV support.® 1> Many hypotensive
patients with biventricular failure have oxygen-
ated well, improved mean artcrial pressurcs, and
have weaned from cardiovascular drugs within a
few hours of instituting VV ECMO. #2¢ The use
of VV ECMO for patients with myocardial failure
following reeent cardiac surgery, a history of recent
and severc cardiac arrest, or with refractory rhythm
disturbances associated with systemic hypotension
is not advocated. These patients require direct eir-
culatory support that only VA ECMO can provide.

For children with cardiac depression associated
with respiratory failure and its treatment, VV ECMO
can be effectively employed. Atier venous cannula-
tion, ECMOQ is initiated. Tfthe patient’s oxygenation
and mean arterial pressure improve progressively
over the subscquent 15-30 minutes, VV support is
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continued. If the patient does not improve, or if he/
she worsens at any time, a catheter is placed in the
carotid artery and the patient is converted to VA
support. All venous lines are connected together
using “Y” connectors to access venous drainage,
If a double lumen cannula (DLC) is in place, both
[umens arc connected together for venous drainage.

Paticnt size was previously a limiting factor for
use of VV ECMO. The 14 Fr DLC initially was the
only cannula available for nconates and patients
smaller than 3 kg required VA ECMO. Because
of the concern for venous congestion, paticnts
between 4.5 and 10 kg could not be cannulated
femorally and also required VA ECMO. However,
the addition of 12, 15 and 18 Fr DL.C have virtually
eliminated requirement for VA'ECMO based on
patient size alone. Limiting factors for VV ECMO
do stifl include inadequate size of the jugular vein,
an excessively prominent first rib, or mediastinal
shift due to congenital diaphragmatic hernia, The
recent availability of newer double lumen eannulas
ranging from 13 Fr to 31 Fr allows for an entirely
new patient population to have the benefits of single
site VV ECMO.

Cannulation Techniques

When determining the type of ECMO to usce,
the discussion of how many eannulation sites are
availabic will come into play. The diversity of cath-
cter sizes that are available allows a wide range of
choices. In neonatal ECMO, it is assumed that it will
be one site, meaning only the neck will be aceessced.
Once the practitioner moves into the pediatric or
adult realms, the availability of the femoral vessels
allows for multiple-site ECMO. The practitioners
will discuss the various sites and technique to be
used in a particular patient and then proceed with
obtaining surgical access.

In VA ECMQO, the most common vessels used
in nconates are the internal jugular vein and the
common carotid artery. In larger patients, femoral
veins and arterics may be used, requiring multiple
cannulation sites.

In VV ECMO, the internal jugular vein is
used to accommodate the double lumen catheter in
nconates. The use of the ascending intermal jugular,
or cephalad vein, may also be used as a secondary



Chapter 7 ~ Principles and Practice of Venovenous and Venoarterial ECMO

venous drain, Simultaneous venous drainage from
a 10 Fr or 12 Fr cephalad-directed internal jugular
catheter may cxtend the useful weight range of the
15 Fr DL.C up to 4.5 kg. Cephalad-directed venous
catheters can access one-third to onc-half of total
drainage, providing better venous return to the cir-
cuit and augmenting oxygen delivery. »°

Ideally, the tip of the double lumen cathcter
should be in the fower third of the RA. This directs
the arterialized blood preferentially to the tricuspid
valve, as well as assures that all side drainage holes
arc in the atrium, Placement of the catheter too
high in the right atrium will result in arterialization
(increascd redness) of the venous drainage from
recirculation cffect. It may also fead to possible
perforation of the SVC if a side hole remains in
the vessel. In infants, the junction of the IVC and
the RA is approximately 0.5 centimeters above the
diaphragm; thus the cathcter may be considered to
be in optimal position if its tip is visible on chest
radiograph ~ 1 centimeter above the diaphragm.

Unfortunately, this relationship changes regu-
larly with alterations in ventilator settings on ECMO
even if the catheter is properly secured in the vessel
by suture to the skin of the neck and behind the ear.
Prior to cannulation, the patient’s lungs are often
maximally inflated. With lung rest on ECMO sup-
port and lower mean airway pressute, mean lung
volume falls, and the diaphragm rises. If the catheter
position in the chest does not change secondary to
the rise in the diaphragm, then the heart will rise
on the catheter, moving the catheter toward or into
the IVC. This may result in increased reeircula-
tion fraction and falling saturation. Traction on the
cireuif tubing connceted to the catheter will move
it in the cephalad direction enough for correction.
It is rarcly necessary to re-open the incision and
reposition the catheter. The reverse situation with
cannula position can occur as lung healing brings
improved compliance and higher mean lung vol-
umes. Releasing traction on the cirenit tubing can
restore optimal cannula position. A chest radiograph
is recommendcd if there is any question regarding
the catheter’s position. In general, it is best not to
try to reposition a catheter that is functioning well.

Radial oricntation or rotation of the DL cannula
is also important. These catheters are designed with
venous and arterial side holes positioned opposite

each other. The arterial or return side holes will be
directed toward the tricuspid valve if the cathcter
is secured to the neck (usually just behind the
ear) with the red-labeled arm of the “Y™ (arterial
return) directed upward or anterior to the venous
arm, This orientation will further help to minimize
recirculation,

For large children and adults, the surgical ap-
proaches that have been most widely used require
cannulation of both the internal jugular vein and of
one or two of the femoral, saphenous, or iliac ves-
sels, Drainage of blood from the femoral vessels and
return of oxygenated blood to the patient through
the internal jugular vein has a marked advantage of
minimizing recirculation, and is increasingly being
used. Smaller pediatric patients may have decreased
recirculation and improved access to venous drained
blood volumes by draining the right atrivin and
returning to a femoral vessel.

Surgical vascular aceess for ECMO cannulation
is best described in Chapter 7 of the ECMO Red
Book, 3" Edition, 2005.

Initiation Of Bypass

Preparing to cannulate a patient is discussed in
a separate chapter in this manual. Assembling and
priming cxtracorporeal cireuitry is determined by
cach ECMO center and can be unique to the indi-
viduats who designed the program. The blood prime
and its components is one of the most important
aspects of a successful initiation. VA ECMO is the
most forgiving of an imperfect blood prime. Even
if a patient is initiated with a crystalloid prime mix,
a low hematocrit or unbalanced ¢lectrolytes, most
patients will overcome the prime and maintain ap-
propriate vital signs. VV ECMO however, requircs
a perfectly balanced circuit prime with initiation
of bypass.

Blood Prime

The characteristics of the blood used to prime
the circuit are the basis for a successful prime.
Fresh blood, no more than 5 days old, will assure
that potassium levels and red cell viability are opti-
mized. The use of packed red biood cells will allow
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achievement of a higher hemoglobin concentration,
optimally 15 gm/dl. Leukorcduced cells add the
additional benefit of removing of potentially harm-
ful cells.

Once blood has arrived, the addition of other
components will assure a physiologic prime for
initiating ECMO ®

To cachunit of fresh (< 5 day old), leukoreduced,
packed red blood cells, add

1. 40 mL 25% Albumin
25 mL THAM
10 mEq NaHCO,

100 units (1/1000) heparin
After gentle agitation add, 300 mg Calcium
Gluconate

Once blood prime is circulating, add an ad-
ditional 300 mg Calcium Gluconate for neonatal
circuits, or, 100 mg per unit of pRBCs used for
other sized circuits.

This recipe generally results in a serum sodium
concentration of 136 mEg/L, potassium of about
3.5 -6 mEqg/L, (dependent on age of blood), a total
protein level of 4 gm/dL, an albumin concentra-
tion around 3 gn/dL, an osmolarity of about 280
mOsm/L, and a hematocrit of 45 — 55%. The imipor-
tance of normalizing the ionized calcivm has been
shown to prevent changes in cardiac function with
the initiation of VV bypass.? A normalized ionized
caleium may be the most important ingredient to the
successful application of VV ECMO, and may easc
VA ECMO initiation as well.

TIE NSRRI

Gas Prime

Once the blood prime is circulating, a “gas
prime” is performed. The most common way of
achicving gas exchange across the oxygenator is
to turn on the sweep gas flow with a FiO, of 100%
at 2 LPM for 2-3 minutes. After time is complete,
the gas is removed [rom the oxygenator and a cir-
cuit gas is drawn to measurc the resulting pO, and
pCO,. Another mcthod is to use carbogen, a 95%
0, / 5% CO, mixtare, at 2-4 LPM for 20 minutcs.
This hyperoxygenates the prime to a pO, of ap-
proximately 500 mmHg, and equalizes the pCO,
to 3540 mmHg. One benefit to using carbogen
instead of oxygen as sweep gas is that the primer
does not have to remove the gas after achieving gas
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exchange. Atter 20 minutes of stabilization, circuit
blood gases, clectrolytes, hematocerit, and activated
cloiting time should be drawn. The carbogen may be
left on the oxygenator, without compromising the
levels of pH, pO,, and pCO,, whereas if the oxygen
swecp gas was left running, the result would be an
extremely low pCO,. Once laboratory results are
received, ionized calcium levels should be treated,
if requirced, and levels checked again if time permits,
before going on ECMO.

Circuit Capacity

Circuit capacity is another component of the
prime that may contribute to a successful initiation
ol ECMQ, When an extracorporeal circuit is primed
with crystalloid fluid, then blood primed, there is
a certain distensibility of the tubing that remains.
This ficxible volume will increase or decrease bascd
on the temperaturc of the prime and pressure of
the volume in the tubing and oxygenator. If, after
connecting the circuit to the patient, morc blood
spontaneously drains from the patient into the circuit
to distend the tubing and fill the oxygenator, then
the patient may become acutely and substantially
hypovolemie. The venous control system does not
protect against this spontancous drainage, since
it only assurcs that the rate of blood flow into the
paticnt does not exceed the rate of drainage from
the patient. After testing in an animal model, it has
been shown by Cornish et al. that measuring post
membrane pressures on a closed loop 4™ circuit,
and adding volume until the pressure is 100 — 110
mmHg at a flow rate of 200 mL/min assures that
the ECMO cireuit is filled to capacity. When this
pressure is achicved, there is no detectable net vol-
ume loss, and there may actually be a slight volume
push into the paticnt, with circuit connection and
initiation of bypass. This practice, also known as
“hyperpriming”, lacks specific evidence of benefit,
but ancedotally aids in decrcasing the hypotension
seen with initiation of either VA or VV ECMO.*

Some centers advocate double infusions of
inotropes and vasopressors for the initial on-bypass
procedure with separate infusions of thesc vasoac-
tive medications infusing into the patient and into
the ECMO cireuit. The reasoning behind this has
been the potential recirculation of the agents through
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the ECMO circuit. This practice is not necessary if
the circuit prime has been perfected. Most centers
that perform ECMO routinely are able to wean
pressor support within an hour or two of initiation
of bypass.**

Injtiating Blood Flow

Initiating ECMO blood flow is specific to each
technique. VA ECMO should be started slowly to
assurc sfow mixing of an oxygen rich prime blood
with a potentially devastated, anoxic patient. VA
blood flow is started at 20 mL/kg/min and slowly
increased over 20 — 30 minutes to a maximum cal-
culated flow of 120 mL/kg/min.

nitiating VV ECMO flow is similar to initiating
VA ECMO. The practitioner should start at 20 mL/
kg/min and slowly increase over the next 10 to 15
minutes to a maximum calculated flow of 150 mL/
kg/min. The ratc of increasc is slightly faster than
for VA ECMO since concerns for reperfusion injury
and cardiac afterload do not exist.

Ventilatory support inay be weaned almost im-
mediately with injtiation of flow. Within the first
hour, on most paticnts, the ventilator may be weaned
to complete rest scttings, Rest scttings vary from in-
stitution to institution and within paticnt populations.

Management of ECMO Blood Flow

Once the patient is on ECMO and the maximum
calculated flow is achicved, the specialist must de-
fine the amount of flow required for each individual
patient. Most patients do not require this much
flow to maintain their oxygenation needs. Once the
ventilator has been weaned to rest scttings, and the
pressor support has been weaned to desired levels
or off, the patient is asscssed. In VV ECMO, the
reeirculation curve should be defined. In VA ECMO,
pre-membrane saturations are measured and ECMO
flow is maintained at a level fo achieve 65 —75%
saturation, It is not unusual to find that a neonatc
has been weancd within the first 24 hours to a flow
of 200 — 250 cc/min. This paticnt may then spend
the next 3 — 5 days on that flow until true signs of
improving lung function begin to show.

Throughout the ECMO run, the oxygenation
variables are continuously monitored. The pre-

oxygenator saturation value, taken in combination
with an arterial saturation reading can yield infor-
mation about the changing balance of recirculation
and systemic oxygen delivery. For example, in VV
ECMO, if the pre-oxygenator saturation riscs and
the patient’s arterial saturation falls, the recirculation
fraction must have increased. Alternatively, if the
pre-oxygenator saturation falls and the paticn{’s arte-
rial saturation rises, the recirculation fraction must
have decrcased. This minute-to-minute management
demonstrates the necessity of continually redefining
the patients’ recirculation curve,

Increases in the patient’s saturation with no
change or a slight increase in pre-oxygenator
saturation generally marks improvement in the
paticnt’s lung function. The pre-oxygenator satura-
tion increases beceause the patient’s mixed venous
saturation is incrcasing (gencrally an indication of
improvement on VA ECMO.) The patient’s arterial
saturation improves because the respiratory system
is adding oxygen to thc pulmonary blood and be-
causc the mixed venous saturation is higher. This
indicates that the patient is able to begin weaning,.

Weaning and Trialing Off ECMO

The decision of timing fo starf weaning a patient
is a difficult one. It involves the objective assess-
ment of the patients” chest radiograph, arterial and
mixed venous saturations, and response to decreases
in total ECMO flow. The decision is also based on
the caregivers’ cxperience in the particular disease
process and “knowing” that the patient should be
ready to wean towards decannulation. The discus-
sion below regarding weaning and trialing off refers
to respiratory support ECMO. More detail regarding
the management ol the cardiac ECMO patient will
be given in a separate chapter in this manual.

Weaning

Weaning is a term that refers to slowly deereas-
ing the total ECMO flow over time and assessing the
patient’s response. The point at which weaning may
begin usually follows a period of an clevation and
stability of arterial and cephalad saturations, as well
as improvement in the chest x-ray. Generally, the
amount of flow that is weaned is 10-20 mL/min for
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neonates and 100-200 mL/min for larger pediatric
patients. Response to flow weans should be cvalu-
ated for 15 minutes up to an hour after changes have
been made. The patient will ultimately drive the
speed at which the flow can be decreased.

When the majority of patient blood flow is be-
ing diverted through the lungs (~ 50 mL/kg/min of
ECMO pump flow); ventilator scttings should be
increased to support the patient. This increasc in
scttings is not cxtremc, especially in the neonate,
and may already be in cffect for the pediatric patient
lungs that are being “recruited.” The important item
to remember is that eventually the patient will need
the support of the ventilator. Do not assume that
the patient’s negative response to weaning is due
to not being rcady, when it may be due to lack of
ventilator support.

VV and VA ECMO require somewhat different
approaches to weaning. With VV ECMO the care-
giver may be able to wean more quickly, with less
time between changes and not see any affect on the
patient. In VA ECMO, the patient will usually need
to be weancd morc slowly, with more time between
weaning maneuvers to recover, This may be duc to
the additional cardiac support that VA ECMO offers,
Also, completc weaning or “idling” flow is reached
at 10-20 mL/kg/min in the VA patient. This level of
flow ensurcs that a majority of blood flow is going
through the lungs. While on VV ECMO, idling may
be reached at 40-50 mL/kg/min.

The caregiver must also be aware of the mini-
mum flow that is recommended for the size of the
ECMO circuit being used, Tf the patient is weaned
to 10 mL/kg/min, equaling 30 mL/min for a 3-kg
neonate, that level of flow may lead to gross clot
formation in the cireuit. Generally, maintenance of
minimum flow is required. For example, 1001l ./min
is the minimum flow for a 1/4” neonatal circuit, 200
mb/min for a 3/8” pediatric circuit, and 500 mL/min
for a 1/2” adult circuit. Onc must also consider the
length of timc the circuit will be at the minimum flow
before decannulation. It is not unusual to increase the
flow to 200 mL/min awaiting arrival of the surgical
team and planned decannulation. Flow may then be
weancd back to idlc in time for the procedure.
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The 100 Percent Oxygen Challenge

The [00 percent oxygen challenge is an ad-
ditional tool uscd to assess the level of function of
the lungs. Tt may be performed on both VA and VV
ECMO paticnts. The timing of this test may vary from
patient to patient, Most often the oxygen challenge
occurs when the patient has weancd significantly, al-
lowing a majority of blood to flow through the lungs.
This is usually when ECMO flow is 30-50 mL/kg/min.

The test itself is simple. Ventilator inhaled oxy-
gen concentration is increased to 1.0, Patient arterial
saturations arc assessed for 10-15 minutes, and a
patient arterial blood gas is drawn. Optimal results
mnclude an increase in oximetry saturation during the
test, and an increase in the patient’s PaO, A result that
encourages continued weaning, as well as progres-
sion towards decannulation is a Sa0O, > 96 % and a
Pa0, > 150-200 mmHg.

Trialing off ECMO

The trial off procedurc is the last test prior to
decannulation. The response of the patient once
removed from all ECMO support without actually
removing the cannulas is an important one. It allows
the caregiver an opportunity to fine tunc ventilator
scttings, pressors, and other supportive measures. The
final determination can then be made if the patient is
suitable for decannulation.

In VA ECMO, the patient must be separated
or removed {rom the support of the ECMO circuit
in order to assess the ability of the lungs and heart.
The practitioner will begin by inereasing the venti-
lator settings to levels felt to be aceeptable for the
post-bypass period, such as a PIP of 25-30, a PEEP
of 5-6, a rate of 30, and 30-40% FiO, for the neo-
nate. The pediatric patient may require more or less
support depending on their discase process, Move
all intravenous fluids to the patient, except for the
heparin drip. Ensure that all monitoring devices are
functioning. This should include a cuft blood pressure,
arterial pressure monitoring, and pulse oximetry. An
ETCO, monitor is beneficial in the pediatric patient to
allow for minute-to-minute ventilator manipulations
without fiequent blood gas sampling.

VV ECMO also provides the unique situation
where you do not have to wean to flows since all flow
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is in the right atrivm. You can “cap” off the membrane,
leave the flows high and basically be off ECMO. This
can be donc for 30-45 minutes to determine if the
paticnt is going to requirc a marked increased in the
ventilator support, If stable on low setting, the patient
is ready for decannulation.

Removec the paticnt from bypass by clamping the
venous line near the neck cannula, opening the bridge,
and clamping the arterial line. Increase the flow to
approximately 200 mL/min for neonatal circuits or
maximum obtainable flow through the bridge for
pediatric circuits.

Closely observe oxygenation, In VA ECMO, if
the patient does not foleratc the frial oft procedure
youmay see an immediate drop in SpO,, blood prcs-
sure and/or heart ratc. If the patient decompensatcs
dramatically, do not prolong the procedurc any fur-
ther and return the patient to bypass. If the patient is
tolerating the procedure, remain off bypass for 10-15
minutes and draw a patient arterial blood gas. If the
results arc acceptable, the trial off may be discontin-
ued, and decannulation scheduled. If the results are
marginal and the physician makes a ventilator adjust-
ment, remain off bypass and repeat the arterial blood
gas in 10-15 minutes. The specialist must assure
patency of the ECMO cannulas during this procedurc
by “flashing” the cannulas every 5-10 minutes. This
protects the cannulas from clotting due to stagnation.
To “flash” the cannulas, rcturn the pump flow to its
previous setting, place the patient back on bypass,
count to three, and then remove the paticnt from by-
pass again. Return to recirculation flow. Additionally,
during prolonged trial off procedures, paticnt ACTs
should be monitored every 30 minutes and managed
according to parameters and heparin drip may be
moved from pump to patient,

The trial off procedure for VV ECMO is dra-
matically different from VA ECMO. Becausc there
is no direct cardiac support, it is simply a matter
of removing the ability to ventilate and oxygenate
through the BCMO circuit. This is known as “cap-
ping the membrane,” The gas line is disconnected
fron the gas source and attached to the gas cgress
port of the oxygenator. This effectively ‘strangles’
the membrane, by preventing any gas cxchange to
occur, although approximately 10 to I5 minutes is
required for a return fo true mixed venous blood
concentration. A patient arterial blood gas should

then be drawn for evaluation. This evaluation may
continue for another 15 minutes or for as many hours
as neccssary. In pediatric or adult paticnts, with the
use of an ETCO, monitoring, the physician may
manipulate the ventilator settings while the patient is
oftf ECMO in order to determine the optimal level of
support required for the paticnt. This may take 2 to 4
hours in order to give the patient time to stabilize and/
or react to changes madc. Becausc the circuit is never
clamped off'as in VA ECMO, therc is no concern for
clot formation within the cannulas.

Note that some ECMO centers do not trial off
their neonatal respiratory cases unless they have had
a very questionable idle period. ldling with normal
blood gases for 4-6 hours for the meconium aspiration
or idiopathic pulmonary hypertension infant indicates
that they are ready to coine off ECMO and do not re-
quire a trial off period. The congenital diaphragmatic
hernia patient may have an unstable idling period and
require a trial off period before decannulation,

Decannulation

The decannulation procedurc is scheduled once
the patient has met criteria defined by the institution
and is ready to be removed from ECMO support. The
patient cannulae must be clamped in the traditional
method during the process. Additional mbing clamps
arc needed on any secondary venous cannulas if they
arc present. The surgeon will remove the cannula(s),
and the ECMO run is complete.

Summary

In the provision of cxtracorporeal life support,
VV and VA are widely uscd techniques that arc avail-
able for use. Choosing VV or VA requires the practi-
tioner to appreciate the advantages and disadvantages
and indications for each method. Understanding the
concepts of oxygenation, recirculation and the use of
the appropriatc oxygenation monitors is crucial to the
successful application of these practices.

Acknowledgment: The authors acknowledge Dr.
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Chapter 7 Quesfions

1. Name the four factors affecting recirculation
during VV ECMO.
a) Pump flow, cannula size, cardiac output,
volume status
b) Pump flow, cannula position, FiO, level,
patient diagnosis
¢) Pump flow, right atrial size, cannula posi-
tion, cardiac output
d) Pump flow, cardiac status, patient size, pa-
tient diagnosis

2. When assessing a patient’s oxygenation status
on VA ECMO, which of the following is the
best indicator of adequacy of oxygenation?

a) Cephalad saturation

b) Patient arterial saturation
c¢) Patient PaO,

d) Pre membrane saturation

3. Increasing ECMO blood flow in responsc to
a low patient arterial saturation in VV ECMO
may cause a deerease in oxygen delivery.

a) Trme
b) False

4, What is the purpose of an Oxygen Challenge
Test?
a) To determine patient oxygenation ability
b} To determine pulmonary status
¢) Whenever the physiecian feels like perform-
ing the test.
d) To be able to wean the patient

5. The major difference between trialing off VA
and VV ECMO is that the cannulas must be
clamped in VV ECMO.

a) Truc
b) False

Chapter 7 Answers
1.
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ECMO Equipment and Devices

William E. Harvis CCP, FPE, Edward M. Darling MS, CCP and D. Scott Laswwson MPS, CCF, LP

Objectives

After complction of this chapter, the participant
should be able to:

+  Discuss the gencral principlcs of the general
principles of an ECMO circuif design

«  Thscuss the pro/con for catheter selection

«  Discuss the pro/con for membrane and
pump selection

Introduction

The current devices used for Extracorporeal
Life Support (ECLS), commonly referred to as
ECMO, continue to undergo progressive modifica-
tions by their respective manufacturers, Historically,
disposable products and non-disposablc hardware
were borrowed from the Cardiac operating room
utilized in cardiopulmonary bypass (CPB). Bccause
these devices were gencrally designed to be used
for relatively short time intcrvals of 2-4 hours as-
sociated with tlic open heatt procedure, the ECLS
clinician was presentcd with many challenges when
this same equipment was incorporated for the longer
days and wecks of the ECMO proccdure. Because
ECMO procedurcs were limited to only a hand-
ful of centers exploring its merits, manufacturers
showed little initiative in equipment research and
development that would better suit this unique
procedure. Fortunately, as the medical comimunity
continues to report and accept the merits of ECLS
in the various patient populations, the increased us-
age has prompted entrepreneurs and larger medical
companies to develop better applicable products.
Biocompatible citcuits, new gas exchange devices,
improved pumps, sopliisticated computer controlled

and scryvo-regulated pump systems arc just a few
examples of these cfforts to provide safer patient
care and to improve outcome, As clinicians, we
must continue to acquaint ourselves with this new
technology and more importantly, strive to fully
understand how these devices work when deciding
to incorporate them in our individual systems, This
chapter will attempt to explain many of the devices
currently available but should NOT be substituted
for the knowledge that the clinician can gain from
specific product manuals, company- hired clinical
specialists, and in-vitro laboratory testing.

General principles of ECMO systems

ECLS systems provide temporary support in
patients with compromised hecart or lung func-
tion. Often, both organs are compromised due to
their inherent interaction and ECMO will deliver
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Figure 1. Courtesy of Ochsner Medical Center,
New Orleans
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adequate tissue perfusion through blood circula-
tion and tissue gas cxchange. The system does
this by mechanically pumping blood through the
patient’s systemic vasculature delivering oxygen
and removing carbon dioxide. Figurc 1 shows one
cxample of an ECLS circuit on an adult patient but
one must note that there can be many variations of
the circuit dependant on patient size, pathology of
organ dysfunction, and the an institution’s specific
philosophy on circuit design,

Howecver, a few simple rules should be consid-
ered when designing or revising the ECMO circuit.!

I. The shorter the better, Resistance through
tubing increascs as length increases and this can
cause undo stress on the blood elemients through
excessive turbulence.

Increascd circuit length also exposes the blood
to additional forcign surfaces which can promotc
deleterious inflammatory rcactions in the blood.
This can lead to increased capillary leakage and
associated extravascular tissue cdema. Longer tub-
ing length also increases priming volume with bank
blood or crystalloid and incrcases the area for heat
loss to the atmospherc, Hence, the circuit should be
designed as short as possible but adequatc to allow
for patient movement and transport.

2. The fewer conncctors, the better. Although
the plastic tubing connectors manufactured today
are far superior to historical ones, cxcessive conncc-
tors can still cause an increased incidence of turbu-
fent blood flow in the ECMO circuit. Turbulence can
will cause blood clement damage and develop areas
of stagnation inducing clot formation. Minimizing

Figure 2a.
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straight connectors by utilizing double leur connee-
tors (Figure 2a) when possible, and eliminating as
many Y-connectors (Figure 2b} as possible shouid
be strongly considered. One example of minimizing
connectors might be the consideration to climinate
the traditional A-V bridge or the “diamonds” incor-
porating the oxygenator in some circuits, In addition,
connectors and circuil tubing can be commercially
put together and bonded which will reduce the
incidence of inadvertent disconnections especially
under circuit high-pressure conditions associated
with common ECMO flows.

3. Keep ECMO circuits simple. Many circuits
contain an exccssive amount of tubing and stop-
cocks. One should cvaluatc on an individual basis if
the circuit can be simplified to minimize complexity
without sacrificing patient safcty. A simpler circuit
may have fewer complications and offers the clini-
cian a system that can be better understood and
maintained during the ECMO procedure. This is
especially important considering the constant train-
ing of new ECMO clinicians in the feld.

Cannulas:

Fascular cannulas used for ECMO

Proper cannula size and location arc critical to
the support of paticnts who require ECMO therapy.
The size of the cannula in relation to the patient’s
body size must be considercd when preparing for
ECMO support, The cannula used to divert blood
from the paticat to the ECMO circuit is the venous

Figure 2b.
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cannula, Access for venous cannulation is com-
monly the internal jugular vein (1J). The cannula
is inserted via the 1T and positioned down into the
center of the right atrium. If trans-thoracic cannu-
lation is preferred, direct cannulation of the right
atrium can be achieved via a median sternotomy.
In larger patients, a second venous cannula may be
warranted for optimal venous drainage by acecssing
the femoral vein. Arterial cannuiation is commonly
achieved via the carotid artery to return the patient’s
blood back to him/her after gas exchange has oc-
curred via the ECMO circuit. If trans-thoracic can-
nulation is preferred the surgeon can canuulate the
ascending aorta directly via a median sternotomy.
An alternative arterial cannulation sitc which can
be uscd is the femoral artery. Dual lumen catheters
are also available for use from Origen Biomedi-
cal, (see Figure 3 & 4) Avalon Laboratories and
Magquet Cardiovascular when venovenous ECMO
is employed. The venous lumen of an Origen dual
lumen catheter has approximately twice the area
as the arterial lumen. The dual lumen catheter is
advantagcous becausc a single cannulation site is
used, the internal jugular vein and cannulation of
the carotid artery can be avoided.

Altcrnative cannulation strategies can be em-
ployed in larger patients. The femoral artery and
veins are possible sites for cannulation. Ichiba, et
al. deseribed a modified venovenous ECMO circuit
which may reducc recirculation.” This bricf article
described the cannulation of the right IJ vein and the
right femoral vein for drainage out of the patient and
cannulation of the left femoral vein for reinfusion
of the oxygenated blood from the ECMO circuit,

Cannula sizes are generally measured on the
outer diameter (O.D.) of the cannula and termed as
“french” size. One millimeter of length is equivalent
to a 3 french (i.c. 7 mm = 21 {t.). Cannulas from
different manufacturcs often have different flow and
pressurc drop characteristics even though thcy may
be ot the samc french size.

Commonly used pediatric cannulas:

+  Medtronic DLP (www.medtronic.com/card-
surgery/arrested_heart/cannulac)

+  Edwards Lifesciences (www.edwards.con/
products/cardiac)

Arterial lumen venous lumen

Figure 3. Dual lumen VV ECMO catheter design:

Figure 4, Dual luinen VV ECMO catheters -cour-
tesy of Origen Biomedical

«  Maquet Cardiovascular (www.maguet.com)

+  Terumo Cardiovascular (www.tcrumo-us,
com/doc/815427 TenderflowBrochure
Juby2006.pdf)

+  Origin Biomedical (www.origen.net/cath-
eter.html)

*  Avalon Laboratories (www.avalonlabs.com/
html/pulmonary_support.html)

See Table 1 for catalog mumbers for some can-

nulas commonly used for ECMO

Servoregulation

The ECMO circuit is considered a closed circuit
design such that the only blood that is pumped to the
paticent is that which is consistently drained from the
patient’s venous circulation. This is in contrast to
cardiopulmonary bypass during heart surgery which
employs a large reservoir which can collect variable
amounts of venous blood and possibly fully drain
the circulatory system regardless of pump flow, Be-
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Table 1.
Company Arterial cannulas
carotid aortic I
Cat. # Cat. # Cat. # Cat, #
size L . coated® . uncoated coated*® unecoated J
Medtronic ofr CB77006 77006
8 fr CB96825-008 96820-008 CB77008 77008
10 fr CB96825-010 96820-010 CRB77010 77010
12 v CB96825-012 96820-012 CB77012 77012
14 1r CBI6825-014 96820-014 CB77014 77014
Venous cannulas
right
11 atrium
Cat. # Cat. # Cat. # Cat. #
_coated* uncoated | coated®* . uncoated
Medtronic 81ir CB96835-008 96830-008 CB66108 66108
10 fr CB96835.010 96830-010 CB66110 06110
12 fr CB96835-012 96830-012 CBo66112 66112
14 fr CB96835-014 96330-014 CBo66114 66114
16 fr CB66116 66116
-DualLumen for Y=Y Patient range
Cat. # Akgy
Origen 12 fr VVIZF 2-5
15fr VVI1SFE 4-8
18 fr VV18F 7-12

Produet 8;(:12- Size Lead Diameler  Insertable Length  Connector Size
10013 13 Fr, (43 mm) 11 Fr 3.7 mm) 4* (10 cm) 1/4”
10016 16 Fr. (5.3 mm)' [4 Fr. (4.7 mm) 57 (13 cm) 1/4”
AVALON 10019 19 Fr. (6.3 mm) 16 Fr. (5.3 mm) 7.75” (20 em) 1/4”
ELITE™ 10020 20 Fr. (6.7mm) 17 Fr. (5.7 mm) 11.5" (29 ¢m) 3/8”
Bi-Caval DLC 14053 23 Fr. (7.7mm) 20 Fr. (6.7 mm) 11.5” (29 em) 3/8”
10027 27 Fr. (9.0 min) 24 Fr, (8.0 mm) 11.5” (29 cm) 3/8”
10031 31 Fr. (103 mm) 27 Fr. (9.0 mm) 1157 (29 em) 3/8”
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cause of ECMO’s closed circuit design, a relatively
sophisticated mechanism of communicating to the
pump whether venous drainage is adequate or not for
a given pump flow must be used. If the venous drain-
age becomes inadequate for a given flow, such as in
the case of hypovolumia or a kinked caniula just to
naine a few, complications can oceur by creating an
overly negative suction pressure within the venous
tubing. This could cause an inadvertent collapse
and associated injury of the vessel wall on to the
cannula or cavitation (the action of air being pulled
out of solution). Servorcgulation is the mechanism
utilized for this communication betwecen adequate
venous return and roller pump flow. The traditional
servoregulation system consists of a complianey
chamber (bladder} and a bladder box which houses
the bladder and sends an clectrical signal to either
commumnicate {o the pump to continue with current
pump flow or abruptly stop due to inadequate ve-
nous drainage. This stoppage has been referred to
as “chirping” due to the audio alarms that occur in
these associated alarin states.

Pressurc servoregulation has recently become a
popular way to perform servorcgulation.. Although
the compliancy chamber is often still utilized, the
electrical servoregulating bladder box can be elimi-
nated and replaced with a pressure transducer which
can then communicate to the pump information
through the sophisticated pump console. In this
mannet, the clinician can set pressurc limit param-
cters to adjust servoregulation action. Instead of an
abrupt stoppage of pump flow, the newer consoles
allow a gradual slowing of the pump flow which
may be more physiological and less deleterious to
the ECMO patient.

The usc of servoregulation with centrifugal
pumps remains controversial at this writing although
recent studies suggest there may be beneficial
rcasons to do so.’ As with roller pumps, excessive
negative pressure and cavitation are concerns when
utilizing centrifugal pumps. Fortunately, some of
the newer consoles have taken this into account
and incorporated scrvoregulation with centrifugal
pump usage as well.

Compliance chambers:

A compliance chamber or ECMO bladder is an
essential component of the ECMO circuit, This de-
vice acts as a reservoir from which the blood pump
draws blood. The bladder allows the ECMO Special-
ist to better diagnosis low volume states within the
patient, If'a patient is losing fluid via bleeding or any
other source, the bladder will not fill adequately and
an increasing negative pressure will become evident.
In this case, the ECMO Specialist may have to either
lower the flow transiently until the low volume state
is remedied or add volume to the patient. The flex-
ible design of the bladdcr allows for relatively small
fluid shifts within the circuit without affecting the
paticnt’s right atrium directly. This is where nega-
tive sided pressure servo-regulation or the use of a
mechanical bladder box can be utilized. When an
increasing ncgative pressure is senscd by a pressure
transducer at the site of the bladder, a pressure regu-
lated pump wiil be efectronically servo-regulated to
slow or stop the blood pump. On a system in which
a bladder box is uscd, the decrcasing size of the
bladder is scnsed and this mechanically releascs a
trigger which sounds an alarm to warn the ECMO
Specialist of low volume statcs, Both types of feed
back may keep the blood pump from exerting an
extreme amount of negative pressure on the venous
line and right atrium. Extreme negative pressurc
excricd upon blood can create cavitation (pulling

Figure 5. Courtesy of Medtronic

81




Harris W, Darling F., and Lenwson D,

air out of solution) within the venous line which
can lcad significant hemolysis.?

Two companics utilize a horizontal design and
can be used with bladder box or pressure scrvo-
regulation. This design comes with dual luered ports
located at the high point of the device to allow for
air removal and/or pressure monitoring.

Medtronic
R-14 - 30 ml prime volume, ¥ inch inlet and
outlet ports
R-38 - 3/8 inch infet and outlet ports

Gish Biomed
VRECMORB - 30 ml prime volume, % inch inlet
and outlet ports (www.gishbiomedical.com)

Figure 6. BB14 - Courtesy of Circulatory
Technologies, Inc,

Another compliance chamber design is vertical
and the makers claim better air trapping capabil-
ity and better flow characteristics than horizontal
ECMO bladders.?

Better Bladder™ (Circulatory Technology, Inc.)
(www.cirtec.com)

This device is FDA approved for usc in ECMO.
It can not be used with bladder box only pressure
servo-regulation, One may shorten venous line by
raising this compliance chamber higher in relation
to the circuit. The Better Bladder may be heparin
coated by companics which offer a heparin coating.

BB14 — 20 m! prime volume, ¥ inch inlet and

outlet ports (Figure 6)

BB38 — 115 ml prime volume, 3/8 inch inlct

and outlet ports

Bladder box
Origen Biomedical (www.origen.net)

Available with electrical trigger that sounds an
alann if venous return is decreased.

Algo avaijlable in two non-electrical versions
(Bladder Holder & Bladder Carricr) will not alarm
with low volume states.

The ECMO blood pump:

Rollesr or occlusive pump — Operates on the
principal of positive fluid displacement. This pump
has two rollers, which must be optimally occluded,
placed 180° opposite of each other and pulls blood
from the patient’s right atrium, through a compliance
reservoir and pushcs the fluid forward in a fixed
length and diameter of tubing to create pressurc and
flow into the oxygenator and then further into the

. : Pationt size ranec*

Table 2.
1/4 inch 9.65
3/ inch 27
1/2 inch 45

* Duke University Health Syslemn
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patient’s arterial system. Flow is calculated based
on the length and diameter of the tubing in the pump
raceway and the punmip RPM. The length of tubing
used is fixed bascd on the length of the raceway of
the specific pump manufacturer, However, the di-
amcter of the tubing in the raceway is casily altered
to best suit the needs of the patient needing support.
Larger diamcter tubing has more priming volume
but needs fewer RPMs than smaller diameter tubing
to achieve the samc flow. The higher RPMs lead
to increased wear on tubing in the raccway and a
greater ratc of hemolysis, so one should try to bal-
ance the need for fewer RPMs with an increase in
prime volume. Sce Table 2.

The roller puip may be operated manually in
the event of power failure by using a hand crank.
Newer models of roller pumps are equipped with
internal battery backup modes to operate for limited
time periods during cxternal power disruptions.

Advantages include; lower cost, less prime
volumnc than centrifugal pumps and flow is not
dependant upon after-load conditions. Also, an in-
creased expericnee level exists with this pump as it
has been the pump most commonly used for ECMO
over the past 20+ years.* A recent study showed
that a properly occluded roller head pump was sta-
tistically less hemolytic than the Medtronic BP-80
(Medtronic, Inc., Minneapolis, MN) centrifugal
pump but statistically equal to the Sorin Revolution
(Sorin Group, Mirandola, Italy) and Jostra Rotaflow
{(Maquct, Ine. Bridgewater, NJ) centrifugal pumps.®

Disadvantages include; spallation, the liberation
of plastic particles from the tubing in the pump race-
way which may embolize in the paticnt, The roller
head blood pump must be servo-regulated either
with a bladder box or pressure servo-regulation
due to the fact that the roller pump can create mas-
sive positive and ncgative pressurc conditions. The
occlusion of the roller against the tubing and the
raceway is critical as too little occlusion will give
falscly elevated flow calculations and may lcad to
malperfusion. Too tight of an occlusion may lead to
increased spaliation, hemolysis and raceway rupture.
It is highly recommended that Super Tygon® tubing
be used in the raceway (S-65) as it is more resistant
to wear than ordinary tubing. Super Tygon® tubing
is in limited supply and being replaced by ECMO
Tygon® (S-95-E) (Saint-Gobain Performance Plas-

tics, Courbevoie, France) tubing which has the same
superior peristaltic pump lifc and is a non-DEHP
polymer. Limited availability of both products may
result in centers converting from roller pumps to
centrifugal pumps in the foture.”

Roller head/occlusive blood pumps:

Sorin {(www.soringroup-usa.coi)

CAPS- historical, no longer in production,
some still in use

Cobe- historical, no longer in production
although somec still in use

S3- currently, most widely used roller head
pump

S5- newer model beginning to be used for
ECMO applications

The Jostra HL30, Terumo System 1, Sarns, &
Century have are all roller head blood pumps that
have been reportedly used for ECMO applications
as well.

Centrifugal pumps — Also known as a con-
strained vortex or non-occlusive pump. This pump
works on the principle of a constrained vortex
where; as an objeet spins in a fluid environment,
an area of low pressure is generated at the center
of the vortex and high pressure is generated at the
periphery of the spinning fluid. A centrifugal pump
has a plastic housing to constrain the vortex fitted
with a singlc inlet and outlet. Fluid enters the pump
at the center were the area of low pressure is cre-
ated and exits at the outlet located on the outside of
the housing wherc higher pressurc is located. This
outlet is where the pressure exerted on the fluid is
transformed into flow. The faster the object spins,
the higher the pressure and flow that is gencrated,
so that the flow can be manipulated by altering the
RPMs of the device. Flow is dependant upon pre-
load and after-load conditions. This means that if the
patient’s volume status is reduced then this type of
blood pump will remain at the set RPM but the flow
will reduce automatically without exerting extreme
negative pressure on the atrium. And in the face of
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an increased after load such as moderately increascd

blood pressure, flow will automatically drop with-
out altering RPMs and without gencrating extreme

levels of positive pressure. Centrifugal pumps may
be operated manually using a hand crank although

they are equipped with battery backup modes which

will operate the pump for limited time periods in the

case of cxternal power loss.

Centrifugal pumps used in ECMO:

Medtronic Biomedicus
BP-50 -Pediafric
Prime volume 48 ml
Max Flow 1.5 [pm
Biopump plus- adult
Prime volume 86 ml

Sorin Revolution
Prime volume -57 ml
Max flow -8 Ipm

Jostra Rotaflow
Prime volume -32 ml
Max flow -10 Ipm

Levitronix (www.levitronix.com/Home.php)
Magnetically levitated centrifugal pump
with no bearings or scals

Oxygenators:

The oxygenator is a critical component of
the ECMO eircuit. As the blood leaves the blood
punmp it cnters info either the oxygenator or heaf
exchanger depending upon which type of device is
used. For oxygenators with intcgral heat exchang-
ers, the blood will cater the heat exchanger first.
The size of a paticnt requiring ECMO support is
important to know so that one inay correctly select
the correct size ECMO eircuit and oxygenator {or
that size paticnt.

See Table 3 for oxygenator specifications on
scveral commonly used oxygenation devices used
for BTCMO support.
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Silicone rubber oxygenation devices-

The Medtronic ECMO oxygenator line does
not have integral heat exchangers so that a scparate
heat exchanger necds to be added into the circuit
distal to the oxygenator. It is important to notc the
Medtronic ECMO oxygenators are the only oxy-
genation devices which use silicone plastic. These
devices arc the only oxygcnators approved by the
US FDA for long term use, These devices utilize
a series of thin silicone sheets wrapped around
a plastic screcn wound around a polycarbonate
core. Blood passes on one side of the silicone and
a blended sweep gas flows through the silicone
sheaths to obtain gas transfer. The silicone plastic
offers no direct blood to gas interface and thercfore

Fipure 7. Courtesy of Medtronic
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Table 3.

Oxygenators reportedly used for ECMO

Swrface primc vol  max Qb max Qg

silicone area (m?) (ml) (lpm) (Ipm)
Medtronic 0600 0.6 90 1 1.8
0800 0.8 100 1.2 2.4
1500 1.5 175 1.8 4.5
[-2500% 2.5 455 4.5 7.5

1-3500% _ 3.5 575 5.5 10.5

T-4500%* 4.5 665 6.5 13.5

polypropylene (miroporous) hollow fiber

Medtronic  Minimax plus* 0.8 149 2.3
Affinity NT* 2.5 270 7
Teruamo RX 05* 0.5 43 1.5

polymethylpentene hollow fiber

Jostra Quadrox D* 1.8 250 7
Quadrox iD
Pediatrie®* 0.8 81 2.8
Medos Hilite LT 800** 0.32 55 0.8
Hilite LT
2400%* 0.65 95 2.4
Hilite LT 7000* 19 275 7

*Devices approved for 6 hours of continuous usc by the FDA

** Devices not currently available in the
USA
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the device can remain efficient for long periods of
time. This design is refatively difficult to prime and
ready for use and sificone rubber can not be coated
with heparin. It also has a rclatively large pressure
drop across the membrane and poor flow character-
istics, Sce Figure 7.

Polypropylene (micropourons) hollow fiber oxy-
genation devices-

These oxygenation deviees were originally
designed for short term use in the operating room
environment. It employs a large number of poly-
propylene hollow fibers which have micro-tears
throughout the fiber length. Generally, blood passes
around the fibers and gas flows through the fibers.
(Gas exchange occurs at the points wherc the micro-
tears are. So, this type of device has a direct blood
to gas relationship where gas exchange occurs. This
design allows for remarkable cfficiency and very
low pressure drop across the fiber bundle, however,
the areas where direet blood to gas interfaces oceur
also allows for protein leakage over time. This pro-
tein leakage or ‘wetting out’ causes a decreasc in gas
exchange and ultimately failure of the device. The
primary reasons why this type of devicc has becn
increasing used for ECMO applications are that it is
very quick and easy to prime and ready for use and
that it’s surfaces can be coated with different types

Figure 8. Courtesy of Medtronic
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of heparin coatings. This typc of design is advanta-
geous for rapid response scenarios and for use with
cardiac patients who are cxperiencing a significant
amount of bleeding. See Figure 8.

Polymethylpentene (PMP) hollow fiber oxygen-
ation devices-

The PMP material has been referred to as a
‘closed’ fiber, but this is a misnomer duc to the
fact that the material does have microscopic pores.
However, these micro pores are much smaller than
the polypropylene fibers and do not ‘wet out’ over
time. The material retains the characteristics of other
holiow fiber designs in that it is easily primed and
readied for use, can be coated with heparin and has a
very low pressure drop across the membrane bundle.

Figure 9a. Maquet Quadrox D

Figure 9b. Maquet Quadrox iD* Pediatric
Courtesy of Maquet Cardiovascular

*Not currently approved for use in the US
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It also has the bencficial characteristic of silicone
devices in that it will not losc function over time due
to protein lcakage. However, currently, the onec PMP
device available in the US is only approved for six
hours of eontinuous usc due to the reluctance of the
manufacture to seek long term approval through the
FDA. The Medos Hilite LT (Mcdos Medizintechnik
AQ, Stolberg, Germany) series of PMP oxygenators
are not available in the US at the time of this writing.
However sources front Medos Medizintechnik AG
have informed the authors that these products arc
currently being reviewed by the US FDA and may
be available to US customers by the end of 2009,
See Figures 9a and b.

The ECMO Bridge

ECMO circuits have traditionally used a ‘Bridge’
in-between the arterial and venous lines to allow
the ECMO Specialist to recirculate fluid when the
patient has been taken off ECMO. In this way the
ECMO circuit can be kept viable if the patient fails
to remain stable off of ECMO support. By simply
clamping beyond the Bridge on both the arterial
and venous sides of'the circuit and then opening the
Bridge, one may flow through the circuif fo decrease
the incidence of thrombus formation in the cireuit
during the time that the patient is be trialed off of
ECMO support. The traditional design of the ECMO
Bridge is to place a relatively short section of tubing,
often %47, in-between the arterial and venous lines
which is kept clamped during the ECMO run. This
type of Bridge needs to be ‘flashed’ approximately
every hour to keep thrombus from forming in the
Bridge tubing. To ‘flash’ the Bridge one need only
open the clamp briefly to allow blood flow through
the tubing replacing the stagnant blood. However,
Liemn, et al. and De Mol, et al. both described an

alteration in cerebral hemodynamies related to flash-

ing of the Bridge.”® To avoid these cerebral distur-
bances some ECMO centers have re-evaluated the
need of a Bridge or redesigned if so that flashing is
no longer neccssary. One option is to keep the same
Bridge design utilizing a Hoffman screw clamp to
maintain a constant yet limited amount of blood
flow through the Bridge. This climinates the need to
‘flash’ the Bridge thereby avoiding possible changes
in cerebral conditions, Another option is the use of

smaller diameter tubing, often 1/8”, and stopcocks at
either end of the Bridge. With this design the Bridge
is filled with only crystalloid fluid during the ECMO
run and no flow is allowed through it. This method,
obviously, avoids ‘flashing’ since the Bridge is kept
closed during ECMO support and only opened
when the patient has been weaned from support. Yet
another option is to have no Bridge connected to
the circuit at all. This method avoids ‘flashing’ yet
leaves the Specialist with no way of recirculating
fluid through the circuit when off of ECMO support.
If luered connectors are placed in the arterial and

Figure 10. Stopcock Bridge
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venous lines, a stopcock type of Bridge can be added
once the patient has been weaned off of ECMO and
used to recirculate the residual blood volume in the
ECMO circuit. See Figure 10,

Heat Exchange and ECMO Heaters

The cclls of the body produce heat as a by-prod-
uct of their metabolism. Heat is then either stored
in the tissue or climinated to the cxternal environ-
ment, If not affected by adverse conditions such as
cxternal temperaturc extremcs, physical exercisc,
emotional distress or physical disease, the body
wilf normally regulate itsclf to maintain a normal
body temperaturc of about 37° Centigrade (98.6°F).
Thermal regulation is accomplished by vasodilation
or vasoconsiriction of the body’s circulatory system,
thereby changing the blood flow patterns to the or-
gan systems. Therefore, the various organ systems,
including the skin, exhibit temperature variations
within the body.’

Anrtificial heat cxchangers are devices used in
the conduct of ECLS and cardiopulmonary bypass
(CPB). Their function s hidirectional and involves
either adding or subtracting heat from the blood and
hence, the body. Heat exchangers consist of stain-
less steel tubes or corrugated walls that separate
the blood flowing through them {rom a circulating
watcr source (Figures 11 and 12). Varying in design,

Figure 11. CMO Heat Exchanger

{courtesy of Medtonic Inc.)
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heat exchangers can be compared based on their
cfficiency of heat exchange or heat transfer cocf-
ficient, and this is:

Hecat transfer coefficient =

inlet blood temperature - outlet blood temperature
/
iniet blood temperature - inlet water temperature

To improve efficiency of a given heat exchanger,
the devices utilize the concept of counter current
flow so that blood and water will flow in opposite
direction. Carc should be taken by the clinician to
connect the heat cxchanger correctly in order to
guarantec this flow pattern.

Although hypothermia or cooling of the body to
reduce metabolism is often uscd in cardiac surgery
during CPB, the intent on ECMO or ECLS is to
maintain normothermia, This is accomplished by
regulating the water temperature slightly higher
than the intended blood temperature in an effort
to maintain desirable body temperatures. If a heat
exchanger would malfunction, heat would be lost
from the blood through the ECMO circuit to the
considerably cool external environment, Even mild
hypothermia can have an adverse effect of increased
bleeding and a disruption in the body’s normal
physiological function. Therefore, the ECMO heat

Figure 12, Heater Thermal Unit

(courtesy of Cincinnati Sub Zero Inc)
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exchanger is often the most distal component in the
circuit to prevent ambient heat loss.

On the other hand, recent evidence has demon-
strated that a mild drop in the body temperaturc to
around 35° during resuscitation may have a salvag-
ing effect on the brain until normal circulation from
ECMO is established.

Conversely, hyperthermia can have a devas-
tating cffect on the brain and there is general ac-
ceptance that blood temperaturc not exceed 38.5°
Moreover, blood temperatures in cxeess of 42° have
been associated with hemolysis and protein denatur-
ation, Therefore, water heaters are regulated to avoid
temperatures over 42°C to avoid such problems.

ECMO Safety and Monitoring Devices

Lifc threatening mechanical and paticnt compli-
cations can occur during long-term extracorporeal
membrane oxygenation, Preventing, managing, and
minimizing the impact ot these complications and
enhancing the overall safety of ECMO therapy is
dependent on, (1} the well trained ECMO specialist
and (2) the appropriate use of ECMO monitoring and
safety deviccs. The following section will address
the various monitoring and safety devices available.

The ECMO Console

The modern ECMO console provides the
ECMO specialist with an integrated array of circuit
monitoring and safety capabilities. This includes
circuit pressure monitoring and bubble detection
and, importantly, a comprehensive alarm system with
automation and servo-regulation of the pump when
abnormal conditions are detccled.

Figure 13. Bubble detector

Pressure monitoring:

Venous Line: With the advent of integrated
pressure monitoring ECMO consoles it is possible
to use a pressure-based system, rather than the his-
toric mechanical bladder box for venous drainage
servo-regulation, Mechanical bladder boxes, once
the mainstay of ECMO servo-regulation is now only
being used by 28% of ELSO centcr, being displaced
by pressure-based venous control systems.®

Arterial Line; To prevent over-pressurization and
tubing disconnect, the pressurc of the arterial line of
the ECMO circuit should be constantly monitored
and set to alarm and stop the pump if pressure ex-
ceeds normal operating thresholds. Pressurization
may occur if the arterial line is accidentally kinked
or clamped.

Bubble detectors:

Air in circuit is a well described mechanical
complication associated with ECMO. (ELSO Com-
plications Report) Therefore, the use of a bubble
detector during ECMO is considered essential to
prevent accidental air embolism. Bubble detectors,
most commonly usc clamp-on tubing ulfrasound
transducers (Figure 13). The bubble detector should
be set to alarm and immediately stop the pump if air
is detected in the cireuit. While it is encouraging that
there has been progressive adoption of this important
safety device in ECMO (Figure 14),>!%!! the use of
bubble detectors on ECMO remain well below the
rate used during pediatric cardiopulmonary bypass.'?

Netnatal ECHO Bubbic Detector Uss

Allson 1930 Hurguist 1994 Lawsdn 2004

Surveys of ECMO Devices

Figure 14.
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Blood Flowmeter

The use of an ultrasonic blood flowmeter (Tran-
sonic, Ithaca, NY) has found several uses in ECMO
applications (Figure 15).

Set/verification of pump occlusion: The flow-
metcr ean be used to set pump roller occlusion upon
initiation and to then continually verify flow rates
over time when tubing compliance may change or
occlusion settings slip."

Flow rates in the setting of shunts: If A-V
shunts are being used during ECMO to provide flow
through a hemoconcentrator or an in-line blood gas
cuvette the pump flow displayed on the by the pump
will not be accurate. Placement of the flow sensor
distal to a circuit shunt will display the actual blood
flow rafe to the patient.!

High/Low flow alarms & Bubble alarm:
The flowmeter can provide low flow and high flow
alarms if the pump flow rate is inadvertently turned
up or down. The bubble alarm provides back-up to
the integral console bubble detector.

Cephalic drainage flow measurements: The
flowmeter can also be effective at measuring cepha-
lad jugular venous drainage providing data on the
patency of the cephalad cannula.

In-line Oxvygen Saturation / In-line Blood Gas
Monitors

For real-time assessment of adequacy of per-
fusion and oxygenator function, it is important to
augment the periodic arterial and venous blood
sampling with in-line monitors. These monitors arc

commonly used during cardiopulmonary bypass
procedures and considered by many to be a standard
of care essential for patient safety and prevention
of malpractice suits.” Recent survey data indicates
that 60% of nconatal ECMO centers use some form
on inline blood monitoring.*

Oxygen Saturation Monitors: Devices us-
ing optical technology can accurately and non-
invasively measure oxygen saturation in the blood
traveling through the venous and arterial lines of
the ECMO circuit. In VA ECMO, the majority of
ECMOQO centers will monitor venous line oxygen
saturation as reflective of the patients mixed venous
saturation (SVO,). Decreasing venous linc satura-
tions can alert the ECMO specialist of changes in
oxygen delivery/consumiption and allow for catly
interventions, cg. pump flow adjustments, red cell
transfusion, increased scdation, removal of stimuli.
Additionally, arterial line oxygen saturation moni-
toring will confirm that fully oxygenated blood is
exiting the oxygenator. An added parameter com-
monly included in these monitors is hematocrit/
hemoglobin providing the ECMO specialist with
additional rcal-time data. Sce Figure 16,

In-line Arterial Blood Gas Momnitoring: Ap-
proximately, 42% of nconatal ECMO programs
will monitor in-line measurements of pH, pO2,
pCO2, BE, K+ using a CDI 500 device (Terumo
Cardiovascular) (Figure 17). This device used a
flow through scnsor and fiber optic tcchnology to
determine the blood gas parameters. This device
can also simultancously monitor venous saturations
and hemoglobin/hematocrit. While the manufacturer
makes no claims for the use of this device in long-

Figure 15, Ultrasound blood flow probe and monitior (courtesy of Transonic, luc.)
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ferm applications like ECMO, the ability to continu-
ous monitor circuit pO2 and acid-base parameters,
pCO2 provides vatuable data to the ECMO speeial-
ist for patient and circuit troubleshooting,

Cercbral Oximetry Monitors

Near infrared spectroscopy (NIRS) has recently
cmerged as an cffeetive technique for neurologic
monitoring during cxtracorporcal circulation.'
These devices (Figure 18) work on the fundamental
principle that hemoglobin undergoes characteristic
infrared absorption shifts based upon bound oxygen.
Thercfore, by placing a pad consisting of an cmitter
and detector on the patients forehcad and emitting

Figure 16. In-line oxygen saturation/hematocrit
monitoring devices. (courtesy of Terumo Cardio-
vascular and Spectrum Medical, Inc.)

infrared light into the brain and then detecting the
resultant wavelength, a regional oxygen saturation
can be determined. Recent use of NIRS technology
in ECMO has shown fo have potential as powerful
bedside tool for cercbral monitoring,'”

Figure 17, Extracorporeal In-line blood gas monitor
{courtesy of Terumo Cardiovascular, Ine.)

Figure 18. Two Cerebral Oximeiry Devices that
monitor trends in cerebral oxygen saturations
{courlesy of Somenetics and Casmed)
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Monitoring Reeirculation during VV-ECMO

Recirculation, the fraction of oxygenated blood
infused into the right atrium that is immediately
pulled back into the venous line of the ECMO cir-
cuit during VV ECMO is a well-known limitation
of the therapy.! As VV ECMO expands to more
challenging patients, including congenital diaphrag-
matic hernia patients and babies requiring inotropic
support, monitoring acfual recirculation data may
become important to identify changes and fully
optimize the therapy.'® 1? Using a technique called
ultrasound dilution, it is now possiblc to monitor and
measure recirculation during VV ECMO procedures.
(Figure 19) Additionally, quantifying recirculation
may allow for an accurate monitoring of patient
mixed venous oxygen saturation and provide an
additional index of perfusion adequacy.”

ACT Analyzers

The term hemostasis means prevention of blood
loss by processes which inhibit blood flow through
{out of) a ruptured vessel, Through a series of com-
plex mechanisms including vascular spasm, protein
and various cnzymatic reactions, and platelet acti-
vation, blood will begin to clot when some type of
stimulus (like an injury) is provided. ECMO, which
requires blood to be diverted from the normal blood
vessel circulation through a scries of artificial extra-
corporcal (outside the body) components including
tubing, oxygenators, and other disposables in the

the clotting system. To prevent the clotting of our
ECMO circuits, various medications can be infused
to prevent the chemical reactions of clot formation
from occurring. The most well known, heparin is
the anticoagulant of choice as the drug has a rapid
effcet and can be administered in a bolus form, 1V
infusion, or slowly to the ECMO circuit. In addition,
heparin’s anticoagulant effect on the blood can be
mneasured and adjusted to prevent clot formation but
minimize excessive blecding. The activated clotting
time (ACT) is the most common bedside measure-
ment utibized in the ECLS clinical setting. Measured
in seconds, the ACT can be affected by a number
of factors but in a given setting will change basced
on the blood’s concentration of heparin, Therefore,
the astutc clinician alters the heparin infusion based
on an institution’s acceptable ACT range to obtain
the desired cffect.

There are several available devices on the mar-
ket that measure the ACT {Table 4). Because the
functional testing methods vary between these de-
vices, the derived ACT ranges cannot be substituted
when comparing or switching machines. In other
words, ACT ranges must be tested when an indi-
vidual ECMO program decides to change devices in
their clinical practice. The acceptable range for ACT
has been reported to be anywhere between 160 and
250 seconds although most programs will narrow
this range to 180-220 scconds. An actively bleeding
patient might requirc this range to be lowered but
the risk of intra circuit clot formation then cxists.

ECMO circuit also provides this stimulus to activate ~ Table 4.

DEVICE MANUFACTURER

Actalyke XL Helena Laboratories

Actalyke Mini 11 Helena Laboratories

Hemochron Signature Elite | International Tech-
nidyne

Hemochron J. Signature+ international Tech-
nidyne

Hemochron Response International Tech-
nidyne

Hemochron 401 International Tech-
nidyne

ACT Pius Medtronic

HMS Plus Medtronic

E MR- I-Stat ACT Abbott

Figure 19. Screen Shot of VV-ECMO Recirculation
Monitor (courtesy of Transonic, Inc,)
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Generally, the ACT test is performed every hour.
The clinician pulls a small sample of blood from the
ECMO circuit, infuses the blood to a disposable car-
tridge, and performs the necessary steps to initiate
the ACT device timers (Figure 20). At the comple-
tion of the test, the heparin drip may be adjusted to
maintain the desirable ACT range.

Thromboelastography (TEG)

Establishing the blood’s inhcrent ability to
clot without heparin can also be an cffective tool
in patient management, Often, the clinician may
expericnce excessive blceding from the ECMO
patient despite minimal to no anticoagulant used.
Reasons for excessive bleeding can vary but include
low platelet count or poor viability or an inadequate
concentration of proteins of the clotting cascade.
The Thromboelastograph (TEG®) shown in Fig-
ure 15 is one device that has gained acceptance for
determining this abnormal functionality. The TEG
ufilizes a sophisticated mechanism that monitors the
clot formation and displays the results in a graphical
form.?' Results can determine if the patient’s blood
requires platelet, fresh frozen plasma, or eryopre-
cipitate infusion to normalize clot formation. Once
norinal function is asscssed, the clinicians can then
rely on ACT measurement and heparin infusion to
sustain a normal ECMO run. See Figure 21.

Surface Coatings

Blood contacting a forcign surface will trigger a
varicty of activation processcs involving numerous
blood components. As is the case with our ECMO
circuits, this contact activation of platelets, comple-
ment, neutrophils, and endothelial cells produces a
number of vasodilatory substances which all play a
role in an inflammatory response of the body. This
response is exhibited by increased vascular perme-
ability and hypotension or vasoconstriction and can
causc an increase in morbidity and mortality,” One
example of this reaction is the dramatic opacifica-
tion that occurs on a chest x-ray a short time atter
a patient is placed on ECLS. Often referred to as

“whife out”, the lungs lose free water thru increased

alveolar permeability resulting in a reduction of
pulmonary gas exchange. This detcriorating state
on ECMO often requires an increase in pump flow
to accommodate the further compromise of lung
function.

In an attempt to minimize the effect of blood
contact activation, scientists and manufacturers of
CPB and ECMO equipment and disposables have
invested significantly in developing several surface
coatings (Table 5). Some coatings utilize the hepa-
rin nolecule in various forms bonded covalently
or ionically to minimize blood surface reactions,
while others have devecloped a protein coating to

Figure 20. An example of an ACT machine
{(courtesy of Medtronic Inc.)

Figure 21. TEG machine
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accomplish similar tasks. Another approach is to
synthesize copolymers and blend to the plastics of
the disposable which create a hydrophobic reaction
to the biood elements repelling blood proteins away
form the surface arca.

The degice of biocompatibility to which cach
of these coatings present remains debatable, but the
objective of minimizing the total hody inflammatory
response is common. As an ECLS community, we
nmst continuc to investigate and evaluate the various
methods of surface coating available and determine
those that will promote the best patient outcomes.

Tablc 5.

X Coating (PMEA) Terumo
Carmeda Mcdtronic
Trillium Medtronic
Smartx Cobe/Sorin
Phosphorylecholine (PC) Cobe/Sorin
Bioline Magquet
Safcline Maquet
Softline Maquet
GBS Medos/Gish
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Chapter 8 questions

L.

96

The advantages of a polymethylpentenc (PMP)
hollow fiber oxygenator are:

a) Low trans-mmembrane pressure drop

b) It can be heparin coated

c) It will not “wet out’ over time

d) All of the above

Which type of oxygenator has been approved
by the US FDA for long term use?

a) Maquet Quadrox D

b) Terumo RX 05

¢) Medtronic ECMO 0800

d) Travenol membranc oxygenator

Which type of oxygenator can be heparin
coated?

a) Silicone rubber

b) Polypropylenc

c) Polymethylpentene

d) B&C

e) A,B&C

Which type of blood pump uscs positive dis-
placement to create pressure and flow?

a) Centrifugal pump

b) Roller head pump

¢) Non-occlusive pump

d) A green one

An advantage of a dual lumen venovenous
ECMO cathether is

a) Itis easier to insert

b) Iteliminates the need for carotid artery can-
nulation

¢) Itis green

d) Itislongerand therefore may reach the right
atrium with preater ease

Tubing length should be considercd when de-
signing an ECMO circuit. Longer length will
cause the following:

a) Lower resistance

b} Increased heat loss

¢) Increase priming volume

d) B&C

e) A,B&C

10.

11.

Cavitation of the blood can be caused by:

a) Roller pump continues without proper ve-
nous drainage

b) Centrifugal pump continues without proper
venous drainage

c)} Pulling blood on a syringe through a stop-
cock quickly

d) Improper servoregulation with venous can-
nula collapse

¢) All the above of

Heat exchanger efficiency can be calculated and
is dependent on which of the following:

a) Outlet water temperature

b) Outlet blood temperature

¢) Inlet blood temperature

d)y B&C

e} All of the above

Heat cxchangers can be used to do which of the
following;

a) Cool the paticnts blood

b) Warm the patients blood

¢) Maintain normothermia

d) Add necessary gases to the blood coneentra-
tion

¢) A,B,andC

N A BCandD

Bubble detectors identify air in the ECMO
circuit using

a) Bioimpedance

b} Ultrasound

¢) Infrared light

d) Turbulent vibrations

Recent survey data indicates that in-line blood
gas monitoring is used by of ECMO
centers

ay 20%

b) 40%

cy 60%

dy 80%
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13.

14,

15.

. Recirculation, a complication in VV ECMO can

be quantified and monitored using:

a) Ultrasound dilution

b) Infrared spectrophotometry

¢) Diffusion osmosis

d) Recirculation cannot be quantified

The average activated clotting titne (ACT) on
ECMO range from:

ay 90-140s

b) 180-220s

c) 240-300s

d) None of the above

ACT values define the which of the following:
a) Level of anticoagulation of the blood

b) The amount of heparin in the blood

¢) Normal underlying clotfing mechanism of
blood

d) Nonc of the above.

Surface coatings of the disposable plastics may
do all of the following exccept:

a} Prevent surface adhesion of clot formation
b} Minimize systcmic inflammatory reaction
of the immune system

¢) Prevent blood clotting in the circuit

d) Maintain circulating platelet viabilily

Chapter 8 Answers
1. d
2. ¢
3.d
4. b
5. b
6. d
7. ¢
8 d
9. ¢
10. b
L. ¢
12. a
13. b
14, a
15. ¢
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ECMO Mechanical Complicatious

Micheal .. Heard, RN, James E. Lynch, BS, RRT, Joseph B. Zwischenberger; MD

Objectives

After completion of this chapter, the participant
should be able to:

e Deseribe the rolc of the ECMO Specialist
in emergency management,

e Discuss the assessment of an ECMO circuit
and the environment for management of
cmergencies.

e Describe the importance in preventing
emergencics.

e Perform the off bypass procedurc.

e Describe the various component failures
and how they may present.

e Describe how to intervene with various
component faijurcs for a suceessful con-
clusion,

Introduetion

Mcchanical complications arc not an unusual
occurrence on ECMO. A recent review of the ELSO
Registry database found that component failures
occur in 14.9% of ECMO runs.' The reason that
catastrophic complications occur is due to the fact
that ECMO consists of long-term use of disposable
paris and high-tech equipment. The Air Force pilots
who fly the B-52 bombers for long hours at a time
say flying that aircraft consists of “hours and hours
of boredom intersperscd by moments of statk terror.”
ECMO can also be that way, It is critical that the
ECMO Specialist not be lulled into a false sense of
security by periods of relative calm. A rise in the
circuit pressure, a slow leak of blood from the gas
exhaust port of the meinbrane, or the development of
air in the artcrial linc are examples of the numecrous

brief warning signs of impending disaster during
ECMO. It is imperative, therefore, that either the
ECMO Specialist or the ECMO physician be at the
bedside at all times because the prompt recognition
and management of the situations as they occur
will hopefully prevent disaster. The purpose of this
chapter will be to familiarize the reader with the as-
sessment of common mechanical emergencies that
may ocecur and how to manage them successfully.

The ECMO Speeialist

The one constant between all ECMO programs
is the usc of an individual who has been trained
to assess, Ianage and intervene with the ECMO
circuit. Referred to in this chapter as the ECMO
Specialist, this individual can be a physician, per-
fustonist, registered nurse or respiratory therapist.
The ECMO Specialist is considered the front finc
in the management of an emcrgency event. The
management of emergencies can be universally
applied despite the differences that exist in ECMO
circuits, such as cquipiment and disposables, number
of stopcocks, pigtails, types of pump heads and even
oxygenators, Although these things arc unique to
cach ccnter, cmergency management techniques
rematn constant,

Every ECMO Center must have a comprehen-
sive cducation plan for both the original certification
of personnel as well as continuing annual education.
The importance of hands-on practice during water
drills or animal labs cannot be underestimated. A
consistent approach when feaching the ECMO Spe-
cialist to perform procedures on the ECMO circuif
is a key component of water drill cxerciscs. Many
centcrs are using a simulator to demonstrate certain
skills in a real time cnvironment.
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There are a few important tenets that should
be taught. The first and most important aspeet of
emergency management is how to take a patient
off bypass. Upon recognition of an emergencey, the
patient must be scparatcd from the ECMO circuit
to eliminate further detriment to the patient. In
the case of a patient on a roller head pump, place
a clamp on the Yenous line first, open the Bridge,
and then lastly clamp the Arterial line. The acronym
V-B-A stands for Very Bad Accident and will help
cveryone remember the proper procedure in a time
of stress. The blood flow is then stopped which
allows correction of the problem. Discussed later
in this chapter, clamping the arterial line first will
be necessary in the event of an air embolus. After
stopping ECMO, the patient will then require hand-
bagging or emergency ventilator settings to ensure
adequate respiratory support.

Another important principle to teach new Spe-
cialists is how to quickly recognize emergencics and
intervenc in a way that allows the most successful
outconie of the encrgency. The ability of the Spe-
cialist to proceed in a timely manner with cmergency
procedures is invaluable and may prevent secondary
emergencies from occurring during a real patient
experience. While advocating the uscfulness of a
timer during practice drills may be hard for some
centers the educator must have a sense of whether or
not the Speeialist is performing up to standards and
is incorporating the status of the patient at all times

Additionally, tcaching the use of ‘eye checks,’
which reinforces the thought that the ECMO Spe-
cialist is constantly rcviewing and asscssing the
circuit, is extremely significant, Eye checks include
nmonitoring circuit pressures, patient vital signs, and
looking for untoward signs on the ECMO circuit,
such as “Air In” or “Blood Out.” This concept is
very helpful for determining how to rcact, If the
Specialist sees air traveling through or blood leak-
ing from, any component, anywherc on the circuit,
the inimediate reaction is to take the paticnt off by-
pass. In fact, because of the position of the ECMO
Specialist in front of the pump, actually stopping
blood flow first as they reach for tubing clamps
may prevent the air from traveling further, or the
blood from being pumped out under pressure, This
immediatc action may prevent the emergency from

160

becoming much worse and improve the overall
outcomc for the patient.

The ECMO Cireuit Check

Most events can be prevented with early ree-
ognition and the appropriatc use of the technology
available. The ECMO circuit check is a main respon-
sibility of the Specialist and has the primary goal of
preventing emergencies. [t is a comprehensive check
of all eircuitry, equipment, system alarms, fluids and
the patient, It is to be completed at the beginning
of cvery shift, and with every hour of the shift, It
consists of the following:

e A close scrutiny of the circuit components
from arterial to venous for clots, air, leaks,

and fibrin strands. Assessment of the

function and integrity of the arterial filter,

heat exchanger, oxygenator, and raccway or

pump head. The sceurity of conncctors will

be assessed as well as appropriate placement

of tic bands. The cannulae will be intact and

secured to the patient with sutures and to the
bed with towcl clamps or other means.

e The alarms on all equipment and their ap-
propriate function will be verified. The
bubble detector, if present, should be at-
tached appropriately and functioning,

o The pressurc monitors will be appropriately
connceted to the circuit and alarm linits set
as per policy.

e The heater will be appropriatcly connected
to the heat exchanger, the temperature
probe will be connected to the appropriate
site, and the water level will be full, The
temperature sct-point will be maintained
as per policy.

e The gas module will be connected to the ap-
propriatc wall sources and/or tank sources.
The gas line will be sccure and without
lcaks to the oxygenator gas inlet port.

e All power cords will be sccurely plugged
into the appropriate receptacle, usually an
emergency red power outlet,

¢ The ECMO pump cart and the patient bed
will be in “braked” position.
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Additionally, the Spccialist must assure that they
have everything at close hand that migh{ be uscful
during an emergency situation. While replacement
disposables are inhercntly easy to think of, the
idca of the environment that the patient is in must
also be incorporated. Ttems that should be carefully
considered include:

e Tubing clamps, preferably guarded, must be
available on the pump cart. The number of
clamps may vary but at a minimum there
should be six.

o An ECMO supply carf or a room available
within a short distance. This should be fully
stocked with all disposable parts that may
need to be replaced.

e A sccond ECMO pump cart or individual
pieces of equipment available for replac-
ing a failing piece of equipment should be
available ncarby.

e Avolume expander, such as 5% albumin or
normial saline, should be available on the
pump cart af all times.

e Anemergency blood product supply should
be maintained in the Blood Bank or in an
appropriate refrigerator that is nearby.

e Additional supplics for performing proce-
dures collectively referred to as an *Emer-
gency Kit,” should be readily available
(Table 1).

[u—ry

Table 1. Emergency Kit Components

e Sterile scissors or #10 blade

o Sterile tubing clamps

o Betadine swabs or Chlorhexidine Gluco-
nate (CHG) prep swabs

e 18 gauge necdles or other needle

Various sizes of syringes

e Sterilc and non-sterile 4 x 4 gauze pads

e 1-liter bag normal saline at bedside

o 1-60cc syringe with 60cc NS-changed ¢ 24
hours-dated, timed and initialed

e Hand crank in pump cart drawer

e Safety goggles or mask with shicld
e Sterile and non-sterile gloves

¢  Back-up personnel in the cvent of the emer-
gency that requires extra hands should be
available. This may be someonc in-housc
or on-call, and may include physicians,
perfusionists, coordinators, or other ECMO
Specialists,

Basic Emergency Management

Each ECMO Center should have specific pro-
cedures for changing out every component of the
ECMO Circuit, While there arc differences in pre-
paring disposable parts for replacement, the general
approach to changing out parts should be similar for
every procedure, as follows,

e A “Time Out’ should be done prior to begin-
ning any proccdure. This is done to review
every participant’s role in the emergency
procedurc. It is to assure that the correct
supplies arc available, that every step of the
procedure is covered, and that therc are no
missing components.

e The patient and circuit are prepared for the
procedure, such as prepping a sterile field.

e The patient is taken off bypass as per pro-
tocol (Table 2), and blood flow is stopped.

e The component is clamped out, using a
‘double clamp’ mcthod (Table 3).

¢ The damaged component is cut out and
removed.

¢ The new component is placed airlessly,
using a saline drip method to assure all air
bubbles arc removed from the connection.

e All clamps are removed from the compo-
nent.

¢ Bloodflow is re-cstablished, and circulation
occurs through the eircuit to assure therc
arc no leaks, clamps, or other identified
problems.

e The patient is returned to bypass as per
protocol.

Teaching every Specialist how to double clamp,
cut tubing, and fill tubing airlessly are invaluable
skills. Tubing clamps can be difficult to manipulate
the first time an inexperienced person handles them.
Practicing opening and closing clamps securely on
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Table 2. Off - Bypass Procedure

Rolier head system:

Taking a patient off bypass (V-B-A)

e Clamp Venous line above the bridge

e Open Venous then Arterial bridge stop-
cocks, or

e  Opcn bridge clamp

e  Clamp Arterial line above the bridge

e If necessary, stop flow (or decreasc to <
200cc/min)

Returning a patient to bypass (A-B-V)
e Open Arterial line clamp
e Turn Arterial then Venous bridge stopeock
off to circuit
e  Opcn Venous linc clamp
o Return to previous ECMO flow rate

Centrifugal system:

Taking a patient off bypass

e lace st clamp after oxygenator (must be
post-shunt)

e Clamp patient off bypass- arterial and ve-
nous lines above the biidge

o  Open bridge and remove first clamp post-
oxygenator

e Resume flow through bridge

Returning a patient to bypass

e Placc first clamp post-oxygenator (must be
post shunt)

e Close the bridge

o Unelamp the venous and arterial lincs

e Ensurc RPMs are increased to 1500

e Remove first clamp post-oxygenator; in-
crease RPMs as needed

e (Clear bridge
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tubing of various sizes will ensure a secure occlu-
sion of the tubing, thus preventing fluid loss, The usc
of heavy duty scissors or a scalpel requires practice
to assure that the cut is surc and even and that ragged
edges do not occur. And finally, knowing how to
make an airless connection takes practice, practice,
practice! Learning to hold the two open ends while
having a sccond person drip saline into them and
then making the conngetion without air bubbles is
very hard to do, but it is an absolutely necessary
skill that must be accomplished.

Thrombosis

Clots in the ECMO circuit are the most common
mechanical complication during ECMO.%* The cor-
rect management of anticoagulation for the ECMO
circuit cannot completcly prevent clots from form-
ing. In fact, the presence of ‘normal’ clots should
be recognized and taught to the ECMO Specialist.
Thesc clots are small in sizc and usually have no po-
tential to cause harm to the patient or circuit. Normal
clots occur wherever there is stagnation that is not
preventable, such as at the dependent side of the
bottom of the Medtronic Oxygenators. (Medtronic,
Minneapolis, MN) This area will often show dark
clots after a few hours or days into the ECMO run.
As long as the clots do not encroach upon the blood
inlet or gas outlet, or cause pressure changes within
the membrane, they are not considered dangerous.

Clot assessment can be difficult for the ECMO
Specialist. The use of a bright halogen fiashlight
will assist in the visualization of the clots, Also, the
ECMO Specialist will need to asscss the ECMO cir-
cuit with a 3-dimensional approach. The ‘top’ of the
tubing may be clear, but the ‘bottom’ or dependent
side can be riddled with clots. Clot formation within
tubing and connectors is often very easy to see and
can be defined as dark clots or white, fibrin strands,

Turbulence, the spinning and tossing of blood
cells, causes lysing of cells, and either red blood
cells or white platelcts are often the victims, De-
pending on which cclls arc present, the clots will be
colored aceordingly. Fibrin strands, which are most
often sccn streaming {rom connectors, result as an
cffect of having fibrin wrap around the lysed cells
and attempting to form a solid clot. As discussed in
Chapter 10, the clotting cascade is activated with any
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exposure to biomaterials. This causcs the initiation
of the extrinsic side of the cascade and an attempt
to ‘clot off’ the ECMO circuit. Dark clots often
form where there is stagnation, such as the carlier
example of the oxygenator. Other arcas of concern
may include the bladder, the centrifugal pump head,
arterial filter, and heat exchanger. It is the ECMO
Specialist’s responsibility to find these clots and
monitor their presence throughout the ECMO run,

Stagnation in the traditional bladder (Medtronic
or (vish Biomedical, Ranchos Santa Margarita, CA)
may occur in circuits with lower blood flows. The
bottom half of the bladder may not be within the
blood stream flowing through it. Blood may become
static and swirl within the space and form a dark
clot. The consequence of this may be that the clot
moves to the outlet side of the bladder where it can
occlude blood flow, or travels further downstream to
where it can block the blood inlet of the oxygenator,
Prevention of these clots requires diligence on the

Table 3: Double Clamp and Cut Procedure

part of the Speeialist, including the assessment and
removal of them. Some centers advocate ‘massaging’
the bladder, using a gentle squeczing of the bladder
cvery hour to prevent these clots from even begin-
ning to form.

Other components may become occluded with
clots. The judicious use of pressure monitoring
will aid in the assessment of these forming clots
and prevent them from completely occluding the
component. For example, the post membranc
pressure module is useful in monitoring any occlu-
sion downstream from the oxygenator. If the heat
exchanger (Medtronic) were to develop clots, the
pressure would increase. The same would be true for
an arterial filter. Ruling out other areas of ocelusion
or increascd pressure would need to be taken into
account, such as kinking or movement on the patient
side which may cause a back pressurc in the return
cannula, Clot formation within the oxygenator may
result in occlusion of blood flow, causing increased

e Ifitisa large component to be removed, such as an oxygenator:
o Using 2 clamps for above the component, place 1** clamp closest to the component to be
removed, then the 2 clamp ~ 2 — 3 inches distally from the 19 clanp.
o Using 2 clamps for below the component, repeat as above,
o Using heavy scissors or a scalpel blade, cut closest to the clamp that is nearest to the compo-
nent being removed. This will assure that there is ample tubing left to make a new connection,

o Ifitis a small component to be removed, such as a connector or pigtail:
o  Only using 2 clamps, place cach clamp on cither side of the component.
o If only a pigtail is fo be removed, the distance of the two clamps from the site should only be

such that blood loss is prevented.

0 Once the clamps are in placc, the pigtail can be safely removed, and a new one placed airlessly.
o When removing a connector, assure that cach clamp is positioned far enough away from the
connector to allow ample room to make a cut and then a connection. The primary purpose of

these clamps is to prevent blood loss.

o Cut closest to the connector, leaving as much tubing as possible on the side to be connected

to the new connector,

e Follow the saying “Cut closcst to the thing you want to get rid of”’. This will assure that you always
have cnough tubing to make ncw connections.
o Maintaining aseptic technique and clcaning the tubing prior to cutting should be incorporated into

all policies pertaining to circuit procedures.

e Prior to placing 2™ ctamp, if you squeeze the tubing, then place 2™ clamp, it will cavitate the tub-
ing and dccrease the likelihood of blood spray when the tubing is cut.
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pre-membranc pressure or faifure of the function of
the membrane as noted by decrcased oxygen and
carbon dioxide iransfer.

Once clot formation has been identified as caus-
ing failure of the component, occlusion of tubing,
or is in imminent danger of moving into the patient,
the Specialist must proceed with removing or chang-
ing the component. This may be done electively,
before complete failure occurs, and will be a more
controlled situation,

Air Embolism

Air in the cireuit represents 4% of all compli-
cations reported to the ELSO Registry.! These can
range from small bubbles visualized in the venous
side of the circuit to a massive air cmbolus to the
paticnt. The ECMO circuit has both negative and
positive pressures within the system. Negative pres-
sure is mecasured on the venous drain side of the
eircuit, from the venous cannula through the blad-
der. Positive pressure is measured {rom that point at
which the blood starts to move forward though the
pump head and into the oxygenator and the arterial
return cannula. The appropriate placement and use
of pressure modules that servo-regulate the pump
and/or a bladder box are excellent preventive mea-
surcs that should be employed for increascd safety
for the paticnt.

Without a bladder box, servo-regulated pressure,
or with the alarm overridden if a kink or ocelusion
were to occur on the venous limb of the ECMO
circuit or loss of venous return occur, the pump
will generate significant negative pressure. This will
resuft in air being pulled out of solution, known as
cavitation. Withoul mechanisms to stop the pump
in the event of loss of blood flow, serious amounts
of air can travel through the circuit and may infuse
into the patient.

Positive pressurc may also bccome excessive
and contribute to the failure of a component (i.c.,
the oxygenator) or may cause separation of tubing.
Again, without a servo-regulated pressure to moni-
tor pressures within the membrane and distally to
the patient, if an occlusion were to occur, the back-
pressure may cause a tear within the membrane
oxygenator. This will allow blood to leak into the
gas path of the oxygenator. Blood leaks in the gas
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path may eventually occlude the gas cpress and
consequently cause excessive gas phase pressure.
When that occurs, the gas phase pressure cxceeds
the blood phase pressure and will cause an additional
tear within the membrane. Air will enter the blood
phase and move towards the heat exchanger. The
gas trapping capacity of the heat exchanger and an
arterial filter is finite and may be rapidly excecded.
The air embolus will flow towards the arterial return
cannula and into the patient.

Another potential source of air is when the
partial pressure of oxygen in the blood is very high
or supersaturated, as mcasured by post oxygenator
blood gas. This may result in oxygen being forced
out of solution. Hitting the meinbranc or operating
the circuit in a low ambient pressure environment
(such as in-flight in a non-pressurized cabin) may
produce foam at the top of the oxygenator, Preven-
tion of this phenomenon is easily achicved by keep-
ing the post membrane pO, < 600 nunHg.

Additionally, the gas cgress or exhaust should
never be occluded during the ECMO run. While the
Specialist is encouraged to asscss for a condensate
as well as for signs of pink-tinged fluid, they should
never fully occlude the port with their finger. Even
this brief occlusion can cause a precipitous risc in
the gas phase pressure and risk a membrane rapture.

The hourly checks the Specialist performs will
permit the prompt rccognition and appropriate re-
sponsc to an air embolus. It should be noted that the
chance of an air embolus happening at the exact mo-
ment the specialist is actively assessing the circuit
would be incredibly rare. The continuous ‘cyeing’
of the circuit is an activity at which cvery Specialist
shouid become an expert, The visualization of air
moving through tubing can be seen and immediate
action can be taken. Stopping pump flow first will
imniediately stop the air from traveling with flow.
The next step of clamping the arterial side tubing
close to the patient is imiperative to prevent further
movement of air upwards and into the patient. The
bridgce is opened, the venous line clamped and the
patient is off bypass. If, however, air has already
entered the patient, additional protective measures
should be taken. Once the patient is off ECMO, the
head is lowered relative to the body as much as pos-
sible in order fo move any air away fiom the cerebral
circulation. Once the patient has been stabilized,
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the use of a hyperbaric chamber for decompression
should be considered. If air has cntered the coronar-
les and caused acute cardiac decompensation, high
dosages of inotropic drugs may be nccessary.?

Air can also be found within the circuit and be
considered benign. Air entrainment on the venous
side from a loose conncction or dislodgement of
a side hole of a drainage cannula may result in air
bubbles. These bubbles are small and casily moved
by raising the tubing and allowing the air to rise and
move downward with flow. Once the bubbles arc
isolated in the bladder, they can be casily removed.
The bladder is considered one of the air traps that
arc available within an ECMO circuit. The next air
trap would be the oxygenator, In the event that air
bubbles continue to travel through the bladder or
if air is accidentally infuscd through an IV line, it
would become trapped on the post membrane side
of the oxygenator. Most oxygenators have a pigtail
placed to allow easy removal of air from this arca.
The usc of a separate heat exchanger also provides
an air trap. Small bubbles, which may come from
platelet administration, are unable to force their
way down a hydrostatic colamm and usually remain
trapped at the top of the exchanger. While there may
not be a pigtail present to casily remove the air, one

Table 4.: Heat Exchanger Air Removal Procedure

can remove the air safely by briefly stopping pump
flow and aspirating from a pigtail positioned above
the heat exchanger (Table 4). Somic ECMO Centcrs
have clected to use an arterial filter in-line after the
heat exchanger or oxygenator, This would act as a
last air trap for the circuit. Air is easily aspirated
through a pigtail from the top of the filter.

Finally, the use of an air detector that servo-
regulates the pump must be considered as the
ultimate preventive measure. While air cmbolus is
a rare complication, the use of this simple device
on the tubing before the return cannula can easily
prevent any air from cntering the patient.

Membrane Oxygenator Failure

The majority of ECMO Centers use Medtronic
membrane lung oxygenators, (74.3%), and only a
fraction of them are reported as having failed (6%)
during an ECMO run.' Hollow Fiber and Poly-
methylpentene oxygenators are also employed at a
number of ECMO centers, and it is reported that they
have a failure rate of 18.3% and 0% respectively.
Polymethylpentene oxygenators are relatively new
to the U.S. market, and their use in ECMO is not
wide spread, with only 19 of 13,782 cases collected

e Airis visible at the fop of the ECMOtherm heat cxchanger
e Attach a 60 cc syringe to a post mmembrane pigtail located in-between the membrane and the heat

exchanger and hold upright

o  While maintaining a thumb on the plunger of the syringe, open the stopcock

o  Simultaneously stop pump flow and,

e Quickly and firmly aspirate the air into the syringe

¢ Continue to maintain control of syringe and,

e Restart pump flow and close stopcock

e  Either remove syringe and de-air, or ensure air is not re-infused and,

e  Return blood removed to patient through same stopcock

e This procedure should take <5 seconds, no need to take the patient off bypass

o Ifair bubbles remain in the heat exchanger, assure patient is stable, and then repeat the procedure
e Ifair bubbles go past the syringe towards the membrane, ignore thein, restart the pump and allow
them to return to the heat exchanger, repeat procedure
0 Always identify the cause for the air. Air is not normal in the circuit,
o The best way to slow or stop air travel is by slowing or stopping the pump flow.
o Remember, air riscs and moves with flow!

1035




Heard M., Lynch J., and Zwischenberger J.

between 1997 and 2006. Recently, there are ance-
dotal reports that they have significantly less com-
plications resulting in failurc than do the silicone
membrane oxygesntators. Hollow Fiber oxygenators
have also been improved in recent generations, but
plasma leakage is still a potential problem.

Although the exact criteria used for document-
ing oxygenator failure from each center are not well
defined, the report of failure to the ELSO Registry
database usually includes the need for changing
the component. Several reasons that oxygenators
may fail mclude gas exchange alterations, such
as when oxygen or carbon dioxide transfer is di-
minished. Pre-membranc pressure measurenicnts
that increase significantly perhaps reflecting clot
formation within the membrane, are another reason
that the oxygenator may nced to be changed. Blood
leaks from the gas exhaust port are another trouble-
some sign and usually warrant the removal of the
oXygcenator.

Many centers usc a double-diamond configura-
tion (often referred to as the Galveston Diamond),
which allows m-line replacement of the oxygenator
without interrupting ECMO flow. Generally, this is
considered an advanced procedure duc to its low
frequency of occurrence. It may be beneficial to
have a core group of Specialists or Perfusionists
trained to perform the procedurc. The bedside
Specialist would be responsible for recognizing
the signs and symptoms of failure and alerting the
team. A planncd change out procedurc would oceur,
instead of an acute cmergency. Every ECMO center
must design their specific policy for identifying
oxygenator failure and indications for change. The
procedure should also be individualized for the
center cncompassing the type(s) of oxygenators
cmployed.

Tubing Ruptuye

Tubing rupture is a rare mechanical complica-
tion (0.3%)" due to the diligence of the Specialist, as
well as the development of Super Tygon (S95E or
S65HLY (Norton Performance Plastics, Inc., Akron,
OH) raceway tubing. Howevcr, polyvinyl chloride
tubing (PVC), used for alt other tubing requirements
aside from the raceway, may become damaged or
cracked. The Specialist is responsible for assess-
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ing the entire ECMO circuit, assuring that tubing
is not caught under wheels, exccssively kinked or
worn. The use of guarded tubing clamps, which
do not allow tubing to become ‘bitten” within the
jaws, will decrease thc damage that may be done
to the bridge and other tubing pieces. Careful use
of non-penetrating towel clamps will also prevent
accidental picreing of tubing,

Tubing connectors arc used throughout the
ECMO cireuit. 1t is recommended that every con-
ncction be tie-banded, even manufactured connce-
tions. This will prevent the Icakage of blood from
any weak points that may occur in the event of
over-pressurization of the blood path. The use of
a scrvo-regulated system will also prevent the ac-
cidental increase in pressure, preventing accidental
tubing separation.

Raceway rupture in a roller head circuit is a
potential cmergency, and every Specialist should
be trained to change a raceway i a timely fashion.
The prevention of rupturc is easily accomplished by
routine ‘walking of the raceway.” This procedure
involves advancing the section of raccway tubing
that has been in the pump head out of the pump head.
Each ECMO Center should have a defined policy for
the frequency of this procedure. Most policies take
into account the size of the raceway tubing as well
as the RPMs it is subjected to. Nconatal circuits with
Yi-inch raceway tubing may be walked every 6-14
days, while larger pediatric and adult circuits with
*/-inch or ¥2 inch, which may be exposed to higher
revolutions and wear, may be walked every 4-6 days,

In the event that a raceway accidentally rupturcs,
the procedure for changing it out is straight-forward.
This is one instance where having all supplies read-
ily available is a necessity. The rupture will occur
suddenly and without warning. The patient must be
removed from ECMO immediately and emergency
ventilation and patient management strategies cm-
ployed, The actual procedure for changing out the
damaged scction of tubing may vary from institution
to institution, but an example of how to perform it
is provided in Table 5.

Camnula Problems

Cannulas are inserted during a sterile surgical
procedure and care must be undertaken to avoid
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Table 5: Raceway Rupture Procedure

Equipment

o

Sterilc section of 1/4” or 3/8” or 1/2” raceway tubing (Super Tygon-S95E or S65) with connectors
attached of appropriate size

Sterile scissors or sterile scalpel blade #10

4 tubing clamps

e 60cc syringe filled with Normal Saline
o Betadine or CHG swabs
Management

o Turn off pump (using spced control knob). Call for help.

e Come off bypass as pet protocol

e Clamp inlet and outlet tubing of pump head

e  Open tubing gate clamps and remove raceway from pump head

e Double clamp each sidc of the raceway section out leaving 2” between clamps

e Ideally, wipc tubing between clamps with Betadine or CHG swab briskly and allow fo dry

e Using sterile scissors or scalpel blade, cut between double clamps and remove raceway

» The new raceway secfion should first be connected to end of circuit tubing closest te bladder

e Release clamp on circuit tubing closest to bladder and allow volume from bladder to fill tubing
by gravity, (drop tubing level down to fill)

s Once the tubing is filled, clamp tubing on fluid filled section

e Using a 60cc syringe with needle, fill remaining raceway scction with normal saline

e Tap gently as it {ills to remove air bubbles

o Make airless connection to other end of circuit tubing on the pre-membrane side.

o REMOVE ALL CLAMPS

e Place tubing into pump head, clockwise, following lay of tubing

e Sccure the inlet side tubing gate first,

¢ Turn pump head forward scveral turns and ensure adequate seating of the raceway, then secure
the outlet tubing clamp.

e The bladder and/or pre and post pressurc readings will be alarming!

o Give volumec (saline, albumin or pRBCs) until bladder alarm is not sounding.

e Turn on pump flow and recirculate through bridge, echeek for clamps, air, ete.

e Bladder alarm may sound again as pressure cqualizes.

e (5o on bypass as per protocol

o Check ACT, Het, replace volume if necessary

e Tighten connections and tie band

e (Check occlusion with the Transonics Flowmete
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vascular injury. The potential vascular injuries dur-
ing cannula insertion include tearing of the intcrnal
jugular vein and/or superior vena cava with loss of
venous control resulting in massive intrathoracic
bleeding as well as intimal dissection of the common
carotid artery preventing proper cannula placement
and potentially leading to lethal aortic disscction.
Even after appropriate venous canmula placement,
cannula obstruction due to kinking is a common
problem; therefore, adequate flow is cxtremely
dependent on patient neck positioning and canmula
fixation. Caution must be used by the surgeon as
sutures have been known to kink a cannula.

After inscrtion, venous and/or arterial eannula
position can be assessed by chest radiograph or
echocardiogram. Initially, the practitioner will be
able to determine effective placement by the ability
to achieve calculated flows ranging from 120--150
ce/kg/min. An inability to achieve full flow on
ECMO may be due to a misplaced venous cannula
and may sometimes be remedied by the surgeon
at the time of cannulation. High arterial return
pressures may indicate a problem with the arterial
return cannula.

Difficulties with arterial cannulation can also
arise from the catheter being inserted too far into the
ascending or descending aorta which may compro-
mise coronary and cercbral oxygenated blood flow,
or from being misplaced into the subclavian artery.
If the returned blood flow can selectively enter the
right subclavian artery, the right upper extremity
can be infused with hyper-oxygenated blood flow,
while the rest of the body is hypoxic and cyanotic. A
cannula in the ascending aorta can cause incrcased
afterload to left ventricular outflow and may con-
tribute to left ventricular failure and cardiac stun.
In addition, the cannula can be improperly placed
across the aortic valve, causing aortic insufficiency.
Finally, the cannula can be inserted against the left
ventricular endothelium with the potential for left
ventricular disruption or perforation.

Assuring proper sufuring technique will Jessen
the chance of accidental kinking. The Specialist may
also usc a blanket or towel bundle placed underneath
the cannula to support the weight of the tubing con-
nections and maintain their integrity.
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Accidental Decannulation

Accidental decannulation is an uncommon
complication and one that is usually preventable.
Inadvertent decannulation can have devastating
consequences, involving the amount of hemorrhage
that may occur as well as the loss of ECMO support.

The preventative mcasure that must be undertak-
en by all ECMO Specialists is appropriate sccuring
of'the cannulas {o a fixed object, i.c., thc mattress or
side of the bed. Relying on suturcs and/or tape on
the surgical site is ill advised as thesc can become
loose with time on ECMO. Onc way to assure the
placement of the cannulas is for the ECMO Special-
ist to observe and record the depth of insertion of
cach neck and/or groin cannula, in centimeters, at
the incision site. Comparing measurements with
those from previous shifis, the Speeialist will be
able to identify placement changes and notify the
ECMO physician. The use of towel clamps, unique
tubing holders made for ECMO tubing, and other
methods must be carefully evaluated by each center
for their cfficacy.

Additionally, the ECMO Spceialist is respon-
sible for protecting their environment at all times.
Parents, nursing staff and other personncl must be
made aware of the placement of cannulas and the
attached tubings and wamed against any touch-
ing or movement of such tubings. The Specialist
also assurcs that the ECMO pump is appropriately
braked into position in addition to the bed to prevent
inadvertent moving of these objects away from
each other.

Finally, the nursing staff must assure that pa-
tients are restrained in order to protcet themsclves
from harm. Sedation, paralytics, and extremitly
restraints arc all practices that inay be utilized to
prevent the patient from dislodging cammulas.

Even with all precautions in place, accidental
decannulation still may occur. Tissue fatigue may
contribute to the loss of the vesscl and sutures. High
pressure sityations without a servo-regulated system
may cause back pressure info the vessel. During
transport, the bed may become separated from the
ECMO pump by too much distance. Every ECMO
program must consider the potential for this emer-
geney and have a policy in place to manage it. An
cxample of a policy for this cmergency is in Table 6.
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Equipment Failure

The potential for malfunctioning cquipment is
equatable with houschold items. If a microwave can
malfunction, so can a piece of medical equipment.
Each manufacturer describes a troubleshooting re-
gime in their equipment manuals that every Special-
ist should know and have access to. In the event of
complete fatlure, there must be a readily available
replacement. Once again, the ECMO Specialist
is responsible for appropriately managing such a
change-out procedure.

One particular failure that every practitioner
should know how to deal with is clectrical or power
foss, While it is unlikely that complete loss of power
would occur within the hospital, there have been
many accounts of this occurring during a natural
disaster, such as Hurricane Katrina in New Orleans.
There are components that are non-essential, such
as the saturation monitors or heater. There are also
components that must be dealt with quickly. The
loss of power to the pump head can be managed
with an uninterruptible battery source. The battery
should engage immediately with any power loss
and will ensure that pump flow is maintained until

Table 6: Accidental Decannulation Management Procedure

e Diagnosis:

o Airin venous limb of circuit for venous decannulation

o Venous bladder alarm, pump stopped
o Blood loss at cannulation site
o Cannula visible out of inciston site

e Management:

Stop ECMO flow

Push volume
Continue to give volume as necessary

000 o0 Q0 0 Qo o o Q

Turn off pump flow first! Call for help, including surgeon!

Take paticnt off bypass as per protocol and circulate through the bridge

Have bedside RN place direct pressure on site

Prepare to immediatcly give availabic volume (NS). Call for emergency blood from Blood Bank

Attach volume to side of bridge pigtail opposite of decannulated site, OR,
Attach volume to pigtail closest to arterial return cannula or on venous limb
Clamp bridge, and unclamp line of remaining cannula

Every 5 minutes, stop pushing volume, clamp line, unclamp bridge and recirculate briefly
The first recircutation will require removal of air in venous limb through bladder
1f volume is still required, return to procedure, otherwise, recirculate

o In the event of an accidental decannulation on a patient with a double lumen catheter, the patient
will have to be inanaged without the benefit of ECMO catheters to give volume.

o  Volume should not be administered through a cephalad catheter.

e Thesc management techniques are to be only used with two cannulation site VV ECMO or VA

ECMO,

109




Heard M., Lynch J., and Zwischenberger J.

the situation is remedicd. However, in the event that
the battery fails or ig fully discharged, manual hand
cranking must be donc. Every Specialist should
practice this procedure during their water drilis and
be familiar with assessing the efficacy of their hand
cranking when there are no paticnt monitors avail-
able. This may include fecling for bladder capacity
or visually assessing the patient’s color and pulse.

Miscellaneous Circuit Components

There arc many different components in the
many varied ECMO circuits that are available. Heat
exchangers, as a scparate disposable item, may fail.
After redesign of the exchanger many years ago, the
primary way these will fail now will be by thrombo-
sis and occlusion of blood flow, temperaturc probe
cracking and blood leaks. These heat cxchangers
arc easily changed out and cach center should have
a procedure in place for this emergency. The heat
exchanger is not essentially life supportive, so in
the cvent of failure the Specialist may remove it and
provide temporary heat support through the use of
an overhead warmer or warming blanket until the
new heat exchanger is primed and placed.

The arterial filter is another disposable that
some ECMO centers may use, The failurc of this
component occurs with excessive clotting, Post
membrane pressure monitoring will refleet the in-
creasing obstruction and additionally, will prevent
over-pressurization of the civcuit. As with the heat
exchanger, the Specialist may easily and quickly
remove the filter and retumn the patient fo bypass
safely. The filter may then be replaced according
to department policy.

Centrifugal pumps have a disposable pump head
and may fail in a variety of ways, although the new-
est gencration of centrifugal pumps has minimized
many of the risks of failure, Some signs and symp-
toms may include the presence of a consunmptive
cireuit coagulopathy which may indicate that the
pump head has clots located within. The sudden
increase in noisc from the pump head may indicate
that one of the bearings has failed. Hematuria is a
sign that the heat generated within the pump head
is excessive and is causing hemolysis. Most ECMO
centers have a prophylactic procedure in place to
change pump heads on a routine basis to avoid any
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acute failure of the pump head. If an acute failure
docs occur, the ECMO Specialist must be well
versed in the change out procedure,

Individual picces have also been known to crack
or fai! from frequent use and fatigue. These include
the pigtails and stopcocks. Prevention is the best
method to prevent emergent faiture. Avoiding over
tightening of stopcocks onto pigtails, and pigtails
onto connectors will lessen the chance of eracking
the luer conneetions, Using gauze to protect pig-
tails when clamping them will prevent the tubing
clamps® *teeth’ from indenting and cracking the
miniature tubing. Additionally, a routine of chang-
ing frequently used stopcocks, such as the venous
sampling port, will prevent the stopcock from
becoming ‘sticky’ or stiff with use and cventually
cracking. Stopcocks that are used on the Stopeock
Bridge may also fail with improper positioning
of the bridge, causing torque and stress on these
parts. Assuring that the bridge is secured without
inadvertent twisting and tension will minimize the
potential of this part failing.

Summary

Mcchanical complications are a possibility for
any ECMQ circuit at any time. The Boy Scouts’
motto, “Be Preparcd,” is a fitting one for any ECMO
Specialist to embrace. The better preparcd and
educated the Specialist is, the more likely that any
emergeney that oceurs will be handled quickly and
safely, with the best possible outcomc for the patient,
Every ECMO center should have comprehensive
policies and procedures for managing every poten-
tial circuit and cquipment failure possible.



Chapter 9 - ECMO Mechanical Complications

References

Fleming GM, Gurney JG, Donohue JE, Reme-
napp RT, Annich GM. Mcchanical component
failures in 28,171 neonatal and pediatric cxtra-
corporeal oxygenation courses from 1987 to
2006, Ped Crit Carc Med, 2009; 4:1-5,

Upp JR Ir, Bush PE, Zwischenberger JB. Com-
plications of neonatal extracorporeal membrane
oxygenation, Perfusion. 1994; 9:241-253.
Zwischenberger JB, Nguyen TT, Upp IR Jr, etal.
Complications of neonatat cxtracorporeal mem-
brane oxygenations. Collective experience from
the Extracorporcal Life Support Organization.
T Thorac Cardiovasc Surg. 1994; 107:838-848;
discussion 848-849,

Van Meurs K, Lally KP, Peck G, Zwischenberg-
er JB ECMO: Extracorporeal Cardiopulmonary
Support in Critical Care, 31d Edition, Ann Arbor,
Extracorporeal Life Support Organization, 2005,
Van Meurs K, Rhine W, Derish P. ECMO Spe-
cialist Training Manual, Sccond Edition, Ann
Arbor, Extracorporeal Life Support Organiza-
tion, 1999,

Chapter 9 Questions

L.

The following are signs and symptoms of oxy-
genator failure,

a) Increased Pre membrane pressure

b) Deereased oxygen and carbon dioxide
transfer

¢) Hematuria

d) Blood leak from the gas egress

What are 3 potential air traps in the ECMO
Circuit?

a) Bladder

b) Raceway

c) Oxygenator

d) Cannulas

What is an indicator of clot formation within
the neonatal heat cxchanger?

a) Deceased venous return

b) Decreased pre membrane pressure

¢) Increased post membrane pressure

d) Loss of heat cxchanger function

Tubing clamps should be guarded to protect the
tubing from cracks.

a) True

b) False

The proper technique for taking a patient off
bypass in the even of arterial air should have
the venous line clamped first.

ay True

b} False

Chapter 9 Answers

a, b, d
aand ¢
C

a
b
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Management of Anticoagulation and Blood Products during ECMO

Laurance L. Lequier, MD and Patricia Massicotte, MD

Objectives

After completion of this chapter, the participant
should be able to:

e  Qutline the routine heparin management of’
the ECLS patient

e Discuss the use of ACT measurements
in coagulation management of the ECLS

patient
o Discuss the risk associated with heparin
treatment
Introduction

During cxtracorporcal lifc support (ECLS)
there is continuous contact between circulating
blood and the foreign surface of the circoit. When
blood comes into contact with any non-endothelial
surface, coagulation is initiated. Normally the vas-
cular cndothelium maintains the fluidity ot blood
via a complex interaction between blood cells and
plasma factors resulting in a fine balance betwcen
procoagulant and anticoagulant activity., During
extracorporeal circulation this fine balance is lost
as procoagulant mechanisms are activated. In an
attempt to minimize this procoagulant activity and
prevent thrombosis in the extracorporeal circuit as
well as in the patient, an cxogenous anticoagulant
is necessary. This anticoagulant use can result in
bleeding in the systemic circulation. Blecding and
thrombosis occur regularly during the provision of
LECLS and can result in significant complications.

Activation of the Coagulation Systemn

When blood is exposed to the non-biologic
surfaces of an extracorporeal circuit a complex
inflamimatory respounse is initiated.! ECLS activates
multiple blood cclls and plasma protein systems as
part of this inflammatory response. This response
includes platelets, ncutrophils, monocytes, lympho-
cytes, and endothelial cells as well as the contact,
fibrinolytic, and complement systems, along with
the intrinsic and extrinsic coagulation pathways.?
Platelets are activated by adhcrence to the forcign
surface of the extracorporeal circuit leading to
further platelet aggregation and activation of the
clotting system. Platelet activation and consunmption
continues throughout the duration of ECLS. Cyto-
kines produced by activated neotrophils contribute
significantly to the inflammatory responsc to ex-
tracorporeal circulation.’ The intrinsic coagulation
pathway is likely the main stimulus of coagulation
during ECLS, however in those patients who have
had recent surgery, tissuc factor and the extrinsic
coagulation pathway play a major role as well. The
binding of activated monocytes to the extracorporeal
circuit also causes the release of tissue factor which
can stimulate the extrinsic coagulation pathway. The
alternative complement pathway, as opposed to the
classic complement pathway, (s mainly activated by
ECLS, Activation of both the contact and fibrinolytic
systems has been demonstrated by peak concentra-
tions of Factor XITa and fibrin degradation products
carly after the initiation of ECLS.* A number of
other markers of activation of the clotting system
including thrombin-antithrombin complex and
d-dimer have been measured in patients after the
initiation of ECLS, Such significant activation of the
coagulation system results in a pattern of consump-
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tive coagulopathy with demonstrated deficiencies
in both platelets and coagulation factors soon after
the initiation of ECLS, *¢

Heparin Management

As a result of the activation of platelets and the
coagulation system described above, anticoagula-
tion is necessary to prevent clotting in the ECLS cir-
cuit. An ideal anticoagulant for this purpose would
inhibit platelet and coagulation system activation
in the extracorporcal circuit, but still altow enough
activity to prevent bleeding in the patient. Such an
ideal anticoagulant is not currently available and
thercfore heparin remains the default anticoagulant
for ECLS. Heparin acts primarily by accelerating
the action of endogenous antithrombin (AT) and
ultimately inhibits thrombin and factor Xa.” Hepa-
rin inhibits thrombin after it is formed, but it does
not inhibit thrombin formation nor does it inhibit
thrombin already bound to fibrin,

Patients usually receive an initial bolus of hepa-
rin of between 50 -100 units per kg body weight at
the time of cannulation for ECLS. The bolus dosc
can be adjusted based on clinical factors such as
evidence of pre-existing bleeding, if for instance the
patient has had recent surgery or cardiopulmonary
bypass (CPB), and whether or not the heparin given
during CPB has been completely reversed. A heparin
infusion will be mixed and connccted to the ECLS
circuit immediately following initiation of ECLS,
When the measured activated clotting time {ACT)
drops to 300 sccond or lower, the heparin infusion
can be started at or 10-20 units/kg/hr, unless there
is excessive bleeding, Patients who arc experiencing
significant bleeding or who have just had cardiac
surgery may not be started on heparin immediately.

Heparin infusion rates will be titrated by
the BCLS specialist to maintain the ACT within
the ordered daily paramecters, The standard ACT
parameter range will vary from center to ceuter
depending on local experience and the type of moni-
toring equipment being usced.® Our own standard
ACT range is 160-180 seconds, for a non-bleeding
paticnt following initiation of ECLS using the
ISTAT analyzer with Kaolin ACT cartridge. This
is a starting guidcline and will be adjusted based
on specific patient condition and response to an-
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ticoagulation therapy. Generally, a lower range of
ACTs are desired for patients at increased risk for
bleeding or who are having clinical blecding, while
higher ACT’s are accepted when there appears to
be clot devcloping anywhere in the ECLS circait,
Adequate ACTS are typically achieved with infusion
rates of 20-40 units/kg/hour of heparin. Increased
urine output, the use of renal replacement therapy,
or the administration of platelcts will wsually result
in an increased heparin requirement to maintain
goal ACTs. Since heparin is dependent on circu-
lating AT for most of its anticoagulant activity, it
may be helpful to measure AT levels, particular]y
in the patient who has a high heparin requirement.’
Pooled plasma and recombinant AT concentrate arc
now available and can be administercd to patients
with low levels (less than 50% of nornal activity)
and results in a significant deereasc in markers of
prothrombin activation.'” The use of AT concentrate
is preferred over the administration of fresh frozen
plasma (FFP) for this purpose as giving standard
bolus infusions of FFP does not casily achicve
adequate AT levels in patients on ECLS.Y Frequent
boluses of FFP or continuous FFP infusions may be
needed to ultimately achieve an increased AT leve!
using FFP alone.

The ACT has been uscd for decades to monitor
and guide heparin therapy in extracorporeal ap-
plications. It is a crude monitor of heparin antico-
agulation requiring multiple serial determinations
to improve accuracy, but it is a low cost, bedside
test that is available around the clock.!? However,
the ACT has been shown to have poor corrclation
to the gold standard test, plasma heparin levels
(anti-factor Xa activity), both in adulis undergoing
cardiopulmonary bypass and critically ill intensive
care patients.'* " The ACT alone was shown to be
unrcliable at predicting plasma heparin concentra-
tion in children undergoing cardiopulmonary bypass
and more rccently in a series of nconates on VA
ECMO.">!¢, This may be due to lower physiologic
levcels of some coagulation factors in addition to the
effccts of hemodilution and hypothermia, More im-
portantly, children have decreased levels of AT com-
pared to adults, which may impair their response
to heparin and result in inadequate anticoagulation
when using ACT to guide heparin dosing.!” 1%

. The majority of ECLS centers use the ACT alone to
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dictate heparin dosage ”® Unfortunately the ACT is
not only aftected by heparin but also platelets and
other coagulation factors. A prolonged ACT, for
cxample, may be duc to a high heparin level and
therefore indicate that the amount of heparin being
given should be reduced. However, it may also be
duc to decrcased fibrinogen, platelets, or other co-
agulation factors in which case the plasma heparin
level and therefore heparin dose may be appropriate.
The ACT has served the ECMO comnunity well
for over twenty years and will continue to be the
most frequent measure of heparin anticoagulation
during extracorporcal support. However, because of
the potential shortcomings of heparin and the ACT
discussed above, it may be usefut to comnplement
frequent ACT measurements intermittently with
more elaborate tests like a plasma heparin (anti-
factor Xa) level.?!

Daily ACT parameters can be reviewed and
adjusted based on the therapeutic cffect of heparin
as it relates to the bleeding and thrombosis status of
the patient and ECLS circuit, as well as measured
daily unfractionated heparin levels. We measure
unfractionated heparin and serum antithrombin
levels every morning as a routine. We then maintain
a therapeutic heparin level 0 0.25-0.50 units/kg and
an AT level > 50% of normal activity, These levels
can be measured more frequently if there is clinical
blecding or thrombosis issues if your laboratory is
able to perform this service. As well, given that the
ACT is more likely to overestimate heparin effect in
children which may lead to inadequate anticoagula-
tion and possible thrombosis, some ECLS progranis
adopt a minimum heparin dosc of 10-20 units/kg/
hour despite the ACT valuc, Pediatric hematology
or pediatric thrombosis service consuitants can be
helpful to help tailor your individual anticoagulation
protocols.

Clinical Consequences

Blecding complications arc frequently encoun-
tered during the provision of ECLS and are the prin-
cipal cause of morbidity and mortality. In addition
to the need for anticoagulation to maintain patency
of the extracorporeal circuit, patients who require
ECLS may be predisposed to biceding in a number
of ways. Infants arc the most likely population to

recetve extracorporeal support and arc known to
have, at baseline, lower levels of coagulation fac-
tors than do older children and adults.” Paticnts
with cardiorespiratory coinpromise severe cnough
to require ECLS can demonstrate various degrees
of disseminated intravascular coagulation (DIC).
In one study, more than two thirds of infants and
children demonstrated significant coagulation factor
deficiencies prior to being placed on ECLS.® Over
haif of thesc patients continued to have coagula-
tion factor deficiency despite factor replaccment at
the time of cannulation. Ongoing consumption of
platelets and coagulation factors in the cxtracorpo-
real circuit during ECLS increases the chance of
bleeding complications.

Surgical site bleeding, the most common
source of bleeding, is reported in 6 — 32% of ECLS
patients with the highest incidence occurring in pa-
tients who have had recent cardiac surgery.™ Central
nervous system hemorrhage, the most potentially
devastating bleeding complication, occurs in 3 — 6%
of patients who have received ECLS with neonates
having the highest incidence., Hypoxcmia, acidosis
and cardiovascular instability prior to initiation
of ECLS, prematurity, coagulopathy, and jugular
vein/carotid artery ligation all increase the risk for
intracranial hemorrhage* The development of an
intracranial hemorrhage may requirc discontinua-
tion of ECLS.

In an cffort to reducc the risk of blceding
complications and/or fo treat clinical bleeding, sig-
nificant blood product replaccment may be required
during the course of ECLS, Transfusions of packed
red blood cells arc given as needed to replace any
blood loss and maintain a normal hematocrit (>
35%]). Frequent platelet transfusions of [0 ml/kg, or
1 unit per 5 kg, arc given to maintain a platclet count
>100,000 cells/mun® in most patients, particularly
neonatcs. The threshold for platelet transfusion
may be reduced in older patients with a lower risk
of intracranial hemorrhage and a stable ECLS run.
Fresh frozen plasma (EFP} is given in aliquots of
10 ml/kg as needed if the PT INR is > 2.0 and/or if
therc is significant bleeding. FFP may also be used,
as previously described, in an cffort to increase the
serum antithrombin level. Cryoprecipitate can be
given if the fibrinogen level is < 100 mg/dL.

115




Lequier L. and Massicotte P

Often the level of anticoagulation accepied may
be reduced in the face of clinically significant bleed-
ing, Surgical exploration with careful hemostasis
may be required in some cases. Topical eryoprecipi-
tatc with thrombin glue can be used at the surgical
sites to help control oozing. Additional agents, such
as aminocaproic acid and aprotinin, both inhibitors
of fibrinolysis, have been used successfully to man-
age significant surgical site bleeding.”* However,
aprotinin has recently shown to be associated with
renal dysfunction following cardiac surgery mak-
mg its use controversial.?’ There are also several
reports of using recombinant factor VIla for severe
intractable surgical site bleeding during ECLS with
good cffect at decreasing blood logs.*

Novel Auticoagulation

There is a relatively new class of anticoagu-
lants that bind to thrombin directly, independent of
circulating AT.* These anticoagulants demonstrate
more predictable pharmacokinctics and reduce
thrombin generation to a greater degree when com-
pared to heparin.® Two direct thrombin inhibitors,
argatroban and lepirudin, have been used in ECLS,
mainly in the context of pre-existing heparin in-
duced thrombocytopenia (HIT).** The advantage
of acting independent of antithrombin, make thesc
anticoagulants especially appealing for use in ECLS
for infants and children, not just in cases of HIT.
Dosing is adjusted by maintaining activated partial
thromboplastin time (aPTT) ratios of 1.5-2.5. No
reversal agent is currently available so care must
be taken to avoid over anticoagulation.

An ideal anticoagulation strategy for ECLS
would be to modify the extracorporeal circuit to
make it as non-thrombogenic as vascular endothe-
lium. Endothelial cells produce prostacyelin and
nitric oxide (NO) which inhibit platclet adhesion
and activation,* Both prostacyclin and NO added to
extracorporeal circuits have been shown to reduce
platelet consumption.® ¢ Incorporation of NO re-
leasing polymers onto the surface of extracorporeal
circuits not only reduced platelet consumption, but
also climinated the nced for systemic hepariniza-
tion in an animal model.*” Many centers are using
heparin-bonded circuits in an effort to make their
circuits more biocompatible and limit or eliminate

116

the need for anticoapulation during cardiopulmo-
nary bypass and ECLS. Somc have shown that
the use of these eireuits reduces platelet activation,
fibrinolysis and the inflammatory response. Others
have demonstrated decreascd blood loss and need
for blood product replacement when heparin-bonded
circuits were used, however the useful effects of
the coated circuits may be too short-lived to be of
benefit in longer runs of ECLS.*“ Some programs
have expcerience with a “nmlti-system therapy pro-
tocol” to achieve both frequent and accurate heparin
dosing including using dipyridamole to stabilize
platelet function, aspirin fo inhibit platelet aggrega-
tion, aprotinin to prevent excessive fibrinolysis, and
pentoxiphylline to reducc blood viscosity.*' This
protocol resulted in reduced bleeding and was as-
sociated with improved survival in a group of ECLS
compared to a group of historical control patients in
which heparin therapy and ACT monitoring alone
were uscd for anticoagulation.

Although there are scveral promising therapies
on the horizon, clearly further investigation is need-
cd to determine the optimal combination, duration,
and dosage of eoagulation inhibitors necded to limit
bleeding and thrombotic complications in paticnts
on ECLS. In the meantime, ACT-monitorcd heparin
infusions will continue to be a mainstay of antico-
agulation during the provision of extracorporcal
support, Plasma anfithrombin and unfractionated
heparin levels are complementary tests that are now
available to help guide heparin management and
are increasingly being used in many ECLS centers.
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Chapter 10 Questions

1.

Which blood component is consumed and re-
placed most often during ECMO:

a) red blood cells

b) platelets

¢) fibrinogen

d) plasma coagulation factors

What is the most significant blceding site during
FCMO:

a) gastric

b) surgical site

c¢) cannulation site

d) central nervous system

Heparin acts by accelerating the action of:
a) prothrombin

b) thrombin

¢) antithrombin

d) fibrin

Chapter 10 Answers
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Management of the Neonate on ECMO

Curt L. Shelley, MEd RRT-NPS AE-C and Nancy J. Rees, BSN RN

Objectives

After completion of this chapter, the participant
will be able to:

o Describe the national trends for Neonatal
ECMO

e Listand explain the inclusion and exclusion
criteria for Neonatal ECMO

o List and describe the diseases which re-
spond to ECMO

e  Declineatc the steps taken to place a nconate
on ECMO

o Describe the daily maintenance of a neonate
on ECMO

e  Describe the personnel and responsibilitics
each ECMO team member

e Describe the process of weaning from
ECMO

Introduction

In 1973, Esperanza, an abandoned infant in
Los Angcles, was {reated for Meconium Aspiration
Syndrome (MAS). The conventional treatment at
the time was not working and it appeared that she
was going to die, Utilizing a modified infraopcra-
tive cardiopulmonary bypass, Dr. Robert Bartlett
was able to allow her lungs time to heal from the
pncumonitis, inflammation and surfactant inactiva-
tion, which aspirated meconium causes.' Since then
22,867 Neonatal Respiratory ECMO cases have
been reported to the Extracorporcal Life Support
Organization {(ELSO) Registry, with an overall
85% survival raje. However, in contrast to Pediatric
Respiratory ECMO, Neonatal Respiratory ECMO

demand worldwide continues to decline.™® At its
peak, in 1992, 1516 Neonatal Respiratory cases
per year were being reported to ELSO. Since then,
the number of cases has dropped 58% fo the 631
cascs reported in 2008, A retrospective review of
the EL.SO databasc published in 2005 found that
the usc of inhalcd nitric oxide (iNO), high frequency
ventilation and surfactant all increased significantly.
During the study period between 1996 and 2003,
there was a marked decline in the total number of
infants treated with ECMO for MAS, RDS and
sepsis.* Confounding this finding though, is the fact
thaf the EL.SO databasc does not contain informa-
tion on patients treated with these modalities, and
subscquently did not require ECMO. However, the
inference can be madc that the lower number of re-
ported ECMO cases is, at least tangentially, related
to the usc of iINO, HFV and surfactant,

As our knowledge of the discase processes and
the technology of ECMO improve, varietics of pro-
cesses have emerged from the many ECMO centers,
all of which arc equally effective. We are going to
explore the most employed processes utilized to
treat neonatal respiratory failure via ECMO.

Inclusion and Exclusion Criteria

The goal of cach ECMO center is to identify
patients who would benefit from ECMQO while
aftempting to limit this paticnt population to thosc
whose risks for undesirable complications is ac-
ceptable. Despitc the advances noted carlier, the
target population remains at the 50 to 75% mortal-
ity risk quartile, bascd on oxygenation index and
PRISM scores, noted by Green in 1996 to be the
onc quartile that benefited froon ECMO.® No other
quartiles benefited above what was being offercd
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by conventional freatments. The objective becomes
how to identify this 50 to 75% quartile. The inclu-
sion criteria consist of}
o (Gestational age >34 wecks
o Intracranial hemorrhage risk increases
dramatically with paticnts with less
than 34 wecks gestation®
o Birth weight >2 kg
0 A higher mortality is associated with
birth weights less than 2 kg.” In addi-
tion, catheter size in this cohort will be
a limiting factor to venous blood flow.
Future thin-walled catheters, however,
may improve blood flow.
e Reversible lung discasc
o Chronic lung disease, morc than 10
to 14 days of mechanical ventilation,
and extended exposure to high oxygen
concentrations arc relative contraindi-
cations. Jrreversible conditions, such as
surfactant protein B deficiency, alveolar
capillary dysplasia or pulmonary hy-
poplasia, may not be detccted prior to
placement on ECMO. However, once
on ECMO, a definitive diagnosis can
be made.
o The absence of uncontrolled bleeding or
coagulopathy
o The heparinization necded to prevent
clotting within the ECMO circuit will
contribute to any coagulopathy and
potentially crcate uncontrollable hem-
orrhage.®
e No intracranial hemorrhage > grade 111°
o While the risk for intracranial hem-
orrhage is large in a population of
heparinized, previously hypoxic infants,
Grade I IVH can be managed with ju-
dicious use of heparinization, limiting
intravascular volume administration'®
and limiting the use of the bridge during
VA ECMO."
e Nouncorrectable congenital heart discase
0o A cardiac echo should be performed
prior to cannulation.
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o Unstable congenital heart patients
may require ECMO prior to corrective
surgery

e  Failurc of optimal medical managemecnt

o High frequency oscillator ventilation,
surfactant and iNO have all been either
utilized or determined to be not helpful.

o Lethal anomalics, such as Trisomy 13 or

18, would not benefit from FECMO. In ad-

dition, scverc or irrcversible brain injurics,

as documenicd with a head ultrasound or

CT, should be excluded.

o Decision to provide full support

Each of these criteria should be used as general
guidelines, not absolutes. Erring on the side of cau-
tion and providing ECMO for borderline cases will
allow for a conclusive diagnosis of abnormalities
in a calm, composed manner. Rushed decisions to
exclude ECMO may eliminate some patients who
could bencfit from ECMO and have productive
lives. This inclusion threshold should be at the 80%
mortality range. A study donc by Green showed
that the paticnts in the 50% to 75% mortality risk
quartile had significantly better mortality compared
to matched controls (29% vs. 71%, p< .05).12

The challenge is identifying patients who fall
in the 50% to 75% mortality quartile. There are
scveral calculations to cvaluate the mortality prob-
ability. The oxygen index (OI) remains the most
widely used duc to its reliability to predict death or
chronic hung diseasc.'?," The indications for ECMO
were determined over 25 years ago and subsequent
research has proven that they are still as valid as
they werc 25 years ago. In a study published in
2006, Bayrakei found the mortality risk increases
16 times when O > 33,2, 12

Neonatal Diseases

Congenital Diaphragmatic Hernias

Of'the 5721 Congenital Diaphragmatic Hernias
(CDH) cases reported to ELSO from 1985 to 2008,
51% of the patients survived.? A prospective cohort
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study done in 2007 by the Congenital Diaphragmatic
Hernia Study Group showed that survivability was
indircetly related to the size of the defect.'” Despite
increascd usc of iINO, ECMO usc in CDH cases
remains high.'® Accurate occurrence is difficult to
determine because some severc CDH cascs die in
utero and are spontancously aborted. However, it
is estimated that 84% of all CDHs arc left-sided,
14% are right-sided and 2% are bilateral.' Other
anomalies are commonly associated with CDH,
such as cardiac, gastrointestinal, genitourinary,
skeletal or ncural anomalies.' The compression of
the fetal lungs by the herniated viscera in the chest
cavity causes pulmonary underdevelopment and
lung hypoplasia. The survivability of CDH cases is
based mainly on the scverity of the lung hypoplasia
and the resulting persistent pulmonary hypertension
(PPHN).”

Meconium Aspiration Syndrome

The most successfully treated discase, with
a 94% survival rate, is Mcconium Aspiration
Syndrome (MAS). New therapies have prevented
less sick nconates from requiring ECMO, Newer
therapics being used to trcat MAS are volume
ventilation via synchronized intermittent manda-
tory ventilation (SIMV), high-frequency oscillatory
ventilation (HFOV), surfactant and iNO.? However,
‘there remains a population of MAS patients who do
not respond to the new therapies, possibly due to
outlying hospitals not transferring potential ECMO
candidatcs in hopes of successful treatment with
HFOV or iNO. Then when these non-responders
have demonsitated that newer therapies have
not worked, the continuing right-to-left shunting,
progressing hypoxia and precarious transport to
an ECMO center place these patients into a higher
morbidity cohort. This finding is supported by the
fact that the survival rate for MAS on ECMO has
dropped and the time on ECMO has increased.?!

The chemical pneumonitis, inflammation and
pneumothoraccs caused by ball-valve effect of
meconium respond extremely well to treatment
with VV ECMO.% A study done in 2007 found {hat
MAS patients had a significantly lower number of
complications per patient when compared {o non-
MAS patients. Therefore, by relaxing the entry

criteria more MAS paticnts would be treated with
ECMO, thereby improving patient outcomes.”
Delayed ECMO initiation, on the other hand, has
becn found te be a predictor of increased length of
hospital stay, with no significant change in survival
rates in infants with MAS, 22

Persistent Pulmonary Hypertension of the New-
born

Persistent Pulmonary Hypertension of the New-
born (PPHN) cascs requiring ECMO has dcereased
as the use of iNO has become prevalent.” PPHN is
defined as a constriction of the pulmonary vascula-
ture causing an increase in the pulmonary vascular
resistance, failing to relax in response to increasing
Sa0, resulting in hypoxemia.” In utero, pulmonary
vascular resistance (PVR) is greater than systemic
vascular resistance, At birth, due to the negative
intrathoracic pressurc caused by the chest wall mov-
ing and thc subscquent increase in Sa0,, the PVR
dccreases, the pulmonary blood flow increases and
the right-to-left shunting which was present due to
the open ductus artcriosus is stopped. However, if
the patient reinains hypoxic, the PVR will remain
high and the right-to-left shunt will continue to
allow dcoxygenated blood to circulate to the body.
PPHN can be causcd by any condition which leads
to hypoxia, thereby causing the ductus arteriosus
to open and aliow a right-to-left shunt. ECMO al-
lows hyper-oxygenated blood to be circulated and
thereby close the open ductus arteriosus and prevent
the right-to-left shunt from occurring, while the
underlying condition which caused the shunting,
is resolved.® Of the 3721 PPHN cases reported
to ELSO as of Dccember 2008, 78% survived to
discharge.? '

Respiratory Distress Syndrome

A critical component lcading to Respiratory
Distress Syndrome (RDS} is the dysfunction and
abnormal synthesis of surfactant.*” Despite posi-
tive results from treatment with antenatal steroids,
placental transfusions, immediate use of continuous
positive airway pressure (NCPAP), carly administra-
tion of surtactant, and gentle modes of ventilation to
minimize damage to immature lungs, ELSO reports
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that 1470 RDS patients have required ECMO, with
84% survivability.®

Sepsis

Scpsis is a leading cause of infant mortality.?
Whilc use of intrapartum antibiotic prophylaxis has
led to declines in perinatal sepsis caused by the bac-
teria group B streptococcus (GBS), interventions to
prevent perinatal sepsis due to other causes have not
yet been clearly defined.”® GBS commonly is pre-
sented as overwhelming vascular collapse. The car-
diovascular instability and coagulopathy caused by
GBS, while complicating the patient management,
is supported by the cardiac output and oxygenation
provided by ECMO. The 2007 Amierican College of
Critical Care Medicine Clinical Practice guidelines
call for ECMO in infant patients with refractory
shock.?? As of December 2008, 2580 patients have
been reported to ELSO, with a 75% success rate?

The ECMO Team

The ECMO Team is a collection of personncl
with unique skills, knowledge and abilities to work
as a team with a clear chain-of-command. According
to the Joint Commission on Acereditation of Healtir-
care Organizations, ineffcctive communication is
the most frequently cited root cause for sentinel
events.* Thercfore, the ECMO Team must be adept
at giving and receiving information. Programs may
be led by a senior surgeon, neonatologisi, or pediat-
ric intensivist but typically has the involveincnt of
all these departments. During cannulation surgery,
the surgeon is assisted by an OR team consisting
of a surgical assistant, scrub nurse and circulating
nurse. Other medical staff involved include the
neonatologist, pediatric intensivist, or pediatric sur-
geon trained in ECMO management, who medically
manages the patient.

Other subspecialty non-ECMO physicians,
such as nephrology, radiology, or cardiology, may
have input into thc management of the patient;
however, all orders should be communicated to and
approved by the attending ECMO physician, Next
in the chain-of-command is typically the ECMO
Coordinator or Manager, usually a senior nurse or
respiratory therapist with extensive ECMO training
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who has becn designated as the non-physician tcam
leadership. Perfusion staft may also have responsi-
bilities for priming, and in some cases, sit shifts on
the pump as a specialist.

The minute-to-minute care of the ECMO circuit
is the responsibility of the ECMO Specialist, argu-
ably the most important link of the ECMO chain
as he or she is at the bedside cvery minute of every
day. The ECMO Specialist is a perfusionist, RN,
or respiratory therapist specially trained in ECMO
management of the patient and the circuit. The
bedside nurse is responsible for general patient care
responsibilities, recording of events, and assisting
the ECMO Speeialist as necded. The bedside respi-
ratory therapist is responsible for the ventilator and
airway management.

ECMO Tuitiation

Prior to placing the patient on ECMO, a com-
plete history and physical cxamination should
be completed. Chest and abdominal radiographs,
complete biood counts and differential, blood type
and cross, coagulation studies, serum electrolytes,
BUN and crcatinine laboratory studies should be
completed. Cranial ultrasound and a cardiac echo-
cardiogram should be done to cvaluate the cxis-
tcnec of and extent of any intracranial hemorrhage
and cardiac anomalies. The existence of a cardiac
anomaly should not be considered an absolute con-
traindication. Howcver, having noted that, there
are scveral conditions that should be considered
as absolute contraindications, such as incurable
malignancy, advanced mulii-system organ failure,
extreme prematurity, and severe central nervous
system damage.”'

Once the decision to initiate ECMO is madc,
and consent from the parcnts has been obtained, a
pre-set sequence of tasks have to take place quickly.
The blood bank should be notified as early in the
process as possibie to begin washing and typing two
units of CMV negative, irradiated, packed red blood
cells for priming the circuit. Unless the ECMO
medical leadership has made the decision to usc un-
washed O- PRBCs, the washing of the prime blood
is the most time consunung factor of the cannulation.
Due to this time delay, many centers now use un-
washed, fresh RBCs and remove excess potassium
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via hemofiltration. An x-ray plate is placed under
the patient so that when the patient is draped during
cannulation, an x-ray can be taken to determine the
placement of the ECMO eannulas. A Foley catheter
should be inserted prior to heparinization.

Before this process begins, the following labs
arc drawn:

e Complete blood count, including hemoglo-
bin, hematocrit and platelet count

e Disseminated infravascular coagulation
(DIC) screen, including prothrombin time
and partial thromboplastin time

e Blood typc and screcn

o Tilcetrolytes, including potassium and ion-
ized calcium

e Blood urca nifrogen, creatinine, and glucose
concentrations

The surgery team is notified. As most cannula-
tions are performed in an intensive care unit, the
surgery team will neced to provide instruments and
supplics for the cannulation. Mcdical, nursing, and
respiratory staff must aftend to manage the patient
prior to and during the placement of the patient
onto ECMO.

The patient should be on a surgical warmer ca-
pable of ¢levating, If the patient 1s on HFOV with
non-fiexible tubing, the ventilator will have to be
raised and placed on a stand so that it is level with
the patient. It is preferable to replace the circuit of
any patient on HFOV with a heated-wire, flexible
circuit.

The pre-assembled ECMO pump and circuit,
fluid primed, is brought to the bedside, along with
the ECMO supply cart. Most ECMO centers use a
balanced-salt solution such as Normosol or Plasma-
lyte A as the fluid primer, instead of normal saline,
due to the approximation of normal electrolyte val-
ucs of the solutions. Following is one institution’s
practice for circuit prime.

(1) 10 ml of 25% albumin is injected into the
circulating clear fluid and allowed to circulate for
five minutes, coating the internal diameter of the
ECMO circuit with a protein layer that will help
prevent platelet adhesion to the plastic surface.

(2) Once two units of packed red blood cells
arrive at the bedside, medications arc added to each
unit prior to blood priming of the ECMO cireuit.
These medications are:

e 50 to 100 units heparin, depending on the

patient’s coagulation status

e 45 ml 25% albumin

e 25ml THAM

e 10 meq sodium bicarbonate

e 50 ml of Fresh Frozen Plasma {FFP) per

unit of blood has been added to this prime
recipe by several centers with good results
in preventing dilution of coagulation factors

e 300 mg calcium giuconate, added last to
prevent premature clotting of the prime
biood

(3) Using a blood filter, each unit of medicated
PRBCs is spiked via the priming spike of the ECMO
circuit and the clear fluid is slowly “chased” out of
the ECMO circuit at a rate of 50 ml/min.

{4) Aficr the blood has circulated in the ECMO
circuit through the priming bag, the following labs
are drawn on the circuif blood, prior to placement
on the patient:

e ABG, to calibrate the in-linc blood gas
monitor, if base cxcess is less than -20 then
add 10 meq NaHCO,

e Hematocrit, using hemofiltration the hema-
tocrit can be raised to >30%

e Potassium, and out of normal levels treated
by cither adding potassium or by quickly
hemofiltering off excess potassium

e lonized Calcium, again out of normal levels
arc freated prior to the initiation of ECMO

s Bascline Activated Clotting Time (ACT), in
light of absence of clotting factors, the ACT
should be clevated >500 seconds

As the ECMO circuif is being prepared, the
patient is prepared for cannulation. As most can-
nulations are done in an intensive care unit, stan-
dard principles of preparation and infcetion control
normally utilized in the operating room should be
adhered to, including “Time Out.” The bedside RN
continues to be responsible for monitoring and care
of the patient. The respiratory therapist is respon-
sible for the endotracheal tube and ventilator circuit
and prevention of an inadvertent extubation. A long
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extension medication line should be primed and at-
tached to cither a central (preferred) or a peripheral
venous access to allow for administration of blood
products and medications during surgery, while
the patient is draped and inaccessible, The manual
resuscitation device should be removed from the
bed, but still immediately available, to prevent
accumulation of oxygen under the surgical drapes
as a possible fire hazard due to the clectrocautery
in use, Once the patient and all tubing, EKG leads,
blood pressure transducers, and x-ray plate are all
properly positioned, the patient can be draped with
surgical drapes. During the actuat cannulation, the
bedside nurse or an MD will be called upon to ad-
minister thesc medications and blood products, so
they necd to be checked, drawn up in syringes and
readily available.

Cannulation

Ancsthesia for extrathoracic cannulation will
include a narcotic for pain control and a short-term
muscle relaxant. A local anesthetic is injected at
the surgical site to provide additional pain control,
but an anesthesiologist is not usually present for
BCMO initiation, In the absence of an anesthesiolo-
gist, the ECMO physician is responsible for patient
management and communication with the surgeon.
If the ECMO physician is the surgcon cannulating,
the neonatologist or intensivist is responsible for
the patient management until the surgeon is able to
direct the care. The surgeon, assisted by the bedside
nurse and respiratory therapist, will position the pa-
tient, typically with the head rotated to the left and
a shoulder rotl hypcrextending the neck to exposc
the right side of the ne

The anesthesia will includc a narcotic for pain
control, usually several doscs of fentanyl (anes-
thetic doses of fentanyl are 20-40 meg/kg). A local
injection of | or 2% lidocaine may be injected at
the surgical site to add to the pain control. A 0.}
mg/kg dose of pancuronium is administercd after
the narcotic, with extra doses available if one dosc
does not result in the desited effect. Once the neck
vessels are isolated and prior o ligating, a loading
dose of 50 to 100 units/kg of heparin is given to
systemically anticoagulant the patient and allowed
to circulate for five minutes. The dose is determined
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by the coagulation status, as measurcd by the PT
and the fibrinogen levels. The goal should be to
have an ACT higher than the normal range of 160
to 200 seconds, but not so high as to put the patient
at risk of excessive bleeding as would be expected
with an ACT of >500. Ranges of 200-250 scconds
will prevent the catheters from clotting off during
the procedure,

In the US, the historical overall preference has
been for venoarterial ECMO (VA); however, that
preference is changing toward venovenous ECMO
(VV).32 Venovenous ECMQO is associated with high-
cr survivability and lower morbidity, possibly due to
the advantages of avoidance of instrumentation and
ligation of the carotid artery, the avoidance of altcra-
tion of pulsatilc arterial blood flow patterns, and the
cerebral emboli protection VV ECMO provides.®
VV ECMO is not an option for infants too small to
instrument with a 12 fr. VV double-lumen eannula.
Keeping Poiscuille’s cquation in mind, wherc a
decrease in the radius of a tube by 50% results ina
4 times increase’ in resistance to flow®, the largest
cannula allowable should be used.

After choosing either venoaricrial or venove-
nous ECMO, cannulas of the appropriate size are
passcd to the surgical technician, while maintaining
sterility. After instrumentation of the right internal
jugular vein and possibly the right common carotid
artery, the cannulas arc allowed to fill with blood
from the paticnt and clamped. Pressing on the liver
will facilitatc the blood priming of the cannulas.

The priming bag can be squeezed to raise the
circuit venous pressurc to 60 to 75 cmH,O prior to
clamping off the circuit immediately prior to place-
ment on the paticnt. The resulting venous pressure,
post ECMO initiation, will allow for good flows
and possibly prevent the neced for volume pushes
to achieve target ECMO flow.

The person priming the ECMO circuit, usually
a perfusionist, ECMO Coordinator, or Specialist,
then pulls back the plastic covering of the sterile sce-
tions of the ECMO circuit and passes the tubing to
the surgeon. The arterial and venous lines from the
priming bag are attached to the appropriatc cannulas,
taking carc to de-air the tubing prior to attaching.
All tubing clamps are removed at this time via the
VBA routine, and the bridge is clamped (if using a
bridge with external clamp) or closcd oft if using a
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“hloodless bridge”. This sequence should be done
very quickly, within three sceonds if possible.

The ECMO flow is initiated at 50 ml/min and
over five to ten ininutes the flow is slowly increased
to 100 to 150 ml/kg/min flow, while monitoring
the venous pressure. The ECMO flow is titrated to
maintain a venous pressure greater than -25 emH,0
and according to desired flows.

Once ECMO flow is stabilized, an ACT, and
patient and arterial pump blood gas should be drawn.
The ACT may be clevated and the patient blood gas
should be approximating normal valucs. An ACT
should be drawn every 15-30 minutes and once
the value is <300 seconds, a heparin drip should
be starfed at 20-50 units/kg/hour and titrated to
maintain ACTs according to institutional guidelincs
. Becausc of the heparinization of the patient, all
venopunctures and injections of any kind should
be diligently avoided. Endotracheal suctioning
should be only as aggressive as nceded to clear
the endotracheal tube. Nasopharyngeal bleeding is
particularly difficult to staunch, so nasal suctioning
should be avoided.

The ventilator settings are lowcred to rest set-
tings. Depending on which type of ECMQ support
(VA or VV) is being utilized, these settings can be
either immediately implemented if the paticnt is on
VA ECMO, or slowly weaned to if the patient is on
VV ECMO. Nitric oxide, can be either furned off, if
on VAECMO, or weaned off over 8-24 hours, if on
VV ECMO. The pump flow should be optimized to
maintain Pa0O,as ordercd by the ECMO physician.
PaCO, should be normalized via the sweep gas to
maintain levels as ordered, usually beginning with a
range that approximates the patient’s current PaCO,
Changes made to the sweep gas requires re-checking
of an arterial pump gas in addition to a patient blood
gas.. If the patient is on pressor infusions, once
optimal oxygenation is obtained, the pressor can
be weaned gradually. AH fluids, such as TPN and
analgesics, should be moved froin the patient to the
venous side of the ECMO cireuit.

Daily Patient Management

Now that the patient has been heparinized and
the ACT is elevated, no arterial or venous punctures
or heel sticks should be performed.

Fluid, Electrolytes, Nutrition

Historically, enteral nutrition is withheld from
the neonatal ECMO patient duc to concern about
the potentiat to develop necrotizing enterocolitis.
However, there have been some retrospective re-
views that show that routine use of entcral feedings
of neonates on ECMO is feasible.* % 3 Whether a
conservative or liberal approach is taken regard-
ing cnteral nutrition, catabolism (breaking down
complex molecules into simple building blocks) is
severe in the ECMO patient. Therefore, judicious
usc of carbohydrates, lipids, and particularly protein
is needed to optimize lean body mass.?*

Due to the systemic inflammatory response after
initiation of ECMQO, and fluid resuscitation prior to
ECMO initiation, most patients become edematous,
resulting in a 5 to 30% increase in birth weight.®
Restricting daily fluid intake to 60-100 ml/kg/day
and diurctics will facilitate diuresis. Natural diuresis
will resume as cardiac output improves, capillary
lcak resolves and fluid mobilization happens.’ If
renal failure persists, despite aggressive diuretics,
hemofiliration can be easily incorporated into the
ECMO circuit (sec Chapter 17). Onc component
of fluid management that needs to be compensated
for is the fluid Toss inherent from the oxygenator.
Depending on which oxygenator is in use, insen-
sible water loss has been cstimated from 48 to 82
mi/day/lpm of sweep gas,®## with the Medtronic
Minimax being the highest and the Jostra Quadrox
D being the lowest.

Amino acids added to the TPN provide protcin
to the caloric intake. Some center restrict fat emul-
sion use because of concern for layering, agglutina-
tion, and clot formation in areas of flow stasis such
as the bladder and the oxygenator and can cause
cracked stopcocks.® Other centers use fat emulsions
and have not seen this phenomenon. Use should be
determined by your ECMO physician.

Scrum electrolytes, BUN and TPN labs should
be monitored at lcast daily. Sodium levels may
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become elevated if the patient is fluid restricted.
Potassium levels commonly become depressed
(mechanism not totally understood), necessitating
adding 3 to 6 mEqg/kg/day of potassium to the TPN.
Tonized caleium levels should be maintained >1.1
mmol/L. Minerals and trace elements should also
be added to the TPN,

Common labs and frequency {centcrs’ prefer-

ences vary):

e ACT: cvery one hour, more frequently if
cither out of range or if heparin is turned off.

e [fusing the CDI blood gas monitoring sys-
tem, blood gascs: pre and post oxygenator
should be done every 12 hours to calibrate
the CD1

o Patient gascs should be done every 4 to 6
hours. Some centers require patient gases
every 1-2 hours to monitor lactic acid levels,
CO, levels, and pH status.

e (CBC with differential and platelet count:
every 0 to 12 hours depending on the co-
agulation status.

e Na, K, Cl, HCO,, iCa and glucose: should
be done every 12 hours or as needed

e Coagulation studics: some centers moni-
tor PT, PTT, fibrinogen, anti-thrombin III
levels, and FSP , whilc others only monitor
fibrinogen along with the ACT.

e Plasma free hemoglobin daily, or in some
centers, only when significant hemolysis
is suspected

e TPN, total protcin and albumin: daily

e  Bilirubin: as indicated

e Blood cultures: if sepsis is suspeet or if
WBC count varics

Cardiovascular System

Neonatal respiratory ECMO cases frequently
have a compromised cardiac function due to myo-
cardiwm hypoxia. Pre-ECMO, the mean blood pres-
sure is maintained via volume infusions and pressors.
Oncc ECMO has been initiated, the pressors can be
weaned off, If the infant is on VA ECMO, the pres-
sors can frequently be weaned quickly. In contrast,
however, if on VV ECMO, the pressors have to be
weaned morc prudently due to the relianec on native
cardiac output to maintain a normalized MAP, With
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either type of support, the increase in myocardinm
oxygenation usually results in an increase in con-
tractility and output.

One aspect of a depressed myocardium is
cardiac stun. While the etiology of cardiac stun is
undetermined, it transiently appears more often in
patients who have suffered scvere hypoxia or in
whom the tip of the arterial catheter is placed too
close to the coronary arteries and the rctrograde
flow prevents proper aortic valve function. It is
characterized by a pulse pressure <1} mmHg or
when the patient’s PaQ, is within 50 to 100 mmHg
of the pump FiO,.* Infants in whom cardiac stun
develops appear to be more ill before ECMO and
have a higher mortality.*

Hypertension (MAP > 65 nunHg) is a com-
mon complication after the initiation of ECMO%
that should be aggressively treated. The risk for
intracranial hemorrhage in the heparinized patient
is high. The improvement of oxygenation of the
previously depressed myocardium wiil dramatically
increase the ventricular function, thereby reducing
the need for pressors, which should be weaned off
as quickly as possible.

Oxygen Delivery

The oxygen content equation is: (1.36 * Hgb)
* (8,0, = 100) + (0.0031 * Pa0,). Therefore, any
change in the ECMO circuit’s PaO, will have only
a minimal impact on the oxygen content. Changes
in the hemoglobin, however, have a tremendous
impact, Each 1 gm increase in the hemoglobin in-
creascs the oxygen content by 1.224 mi/dl. Contrast-
ing this, cach 1% incrcase in Sa0, only increascs
the oxygen content by 0.2 ml/dl and 10 mmHg
increascs in the Pa0), increases the oxygen content
by 0.031 mi/dl. Duc to this, transfusing to raisc the
hematocrit to 35% and running the ECMO flow
at 150 mikg/min will maximize oxygen delivery,
while inereasing the PO, delivered by the ECMO
pump (membrane blood gas) from 200 to 300mmHpg
will have a negligible effcet. In siinplistic terms, to
get more oxygen molecules to the tissues, filling the
train cars past full will not deliver more oxygen to
the tissue, but increasing the numbers of train cars
and making them move faster will.
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Pulmonary Systemn

While on ECMO, gas exchange by the native
lungs is not needed. Therefore, the ventilator is
weaned to “rest” settings intended to allow the
lungs to recover from the injury induced by high
ventilator scitings. In addition, the inflammatory
response, which typically happens after the initia-
tion of ECMOQ, is allowed to subside. With lower
tidal volumes the impaired lung compliance, caused
by inflammation and over stretching, can occur and
with time subsidc without the additional injury of
repeated overinflation.*® The pace of the ventilator
wean is dictated by the type of ECMO. If the patient
is on VA ECMO, the lungs have been bypassed and
complete gas exchange is done by the ECMO pump.
Therefore, the ventilator can be quickly twrned down
to rest settings and if tNO has been utilized, it can
be turmed off. In contrast to this, if VV ECMQ is uti-
lized, the ventilator should be weaned more slowly.
If the ventilator is quickly weaned while on VV
ECMO, the tungs could rapidly consolidate and col-
lapse, thereby causing cardiac distress and a drop in
cardiac output, Thereforc, the ventilator wean while
on VV ECMO should progress more slowly, taking
hours, rather than minutes. A final target venitlator
rest setting is center/physician specific with most
centers preferring a PEEP of 8 to 10 for respiratory
cases and 4 to 5 for cardiac cases. A respiratory rate
from 5 to 10 bpm is typical; however, each center’s
approach is different.*?

Infection Control

After placement on ECMO, the instrumenta-
tion and exposurc fo the plastic tubing and sensors
increases the probability for infection. This prob-
ability is especially acute for the nconate with an
immature immune systen. However, in spite of this
elevated risk, only 6.2% of cases reported to ELSO
listed a culture-proven infection as a complication,®
which has becn consistent since 2000.* An initial
drop in white blood cells and platelets is usually
encountered after placement on ECMO and cireuit
exchanges, due to the adhesion of these cells to the
oxygenator and the plastie tubing. In addition, it has
been demonstrated that cardiopulmonary bypass

causes systemic inflammatory response, which can
progress to an acute lung inflammation.*®

Most, if not all, infants would have been started
on antibiotics by the time ECMO was needed. De-
spife the contention that there is no definitive reason
to continue antibiotics once the paticnt is on ECMO,
most centers do continue ampicillin along with an
aminoglycoside or a cephalosporin to providc a
broad-spectrum antibiotic coverage. If a subsequent
infeetion were documented, an antibiotic to which
the infcction is susceptible would be indicated. Keep
in mind that studies have shown that vancomycin
clearance is decreased and volune of distribution is
increased in ECMO patients, therefore vancomycin
Tevels should be closely monitored.®

Renal System

Transient renal dysfunction after placement on
ECMO is commonly scen in the neonatal population.
Hypoxia, hypotension, and fluid resuscitation efforts
prior to ECMO and renal inflammatory response
to the ECMO circuit arc probable contributors to
this phenomenon. In the majority of cases, the re-
nal dysfunction spontaneously resolves within the
first 48 to 72 hours of ECMO. Acute Renal Failure
{ARF) is characterized by poot urine output and
elevated BUN and creatinine levels. Furoscmide, 1
fo 2 mg/kg every 12 to 24 hours or 0.05 to 0.4 mg/
kg/hr continuous infusion will facilitate urine out-
put.*® Chlorothiazide, 1 to 2 mg/kg every 12 hours
or dopamine at 5 micrograms/kg/hr have also been
shown to increase renal funetion.” In cases in which
the urine output does not improve after 48 to 72
hours, the hypoxia and hypotension suffered prior
to ECMO may have caused acute tubular necrosis
{ATN). Each glomerutus has a tubule that is very
dependent on oxygen delivery. Hypoperfusion of the
tubules will cause dysfunetion, which will subside
within 7 to 21 days, once the underlying hypoperfu-
sion is resolved. ™

Hemofiltration can be utilized to accomplish
rapid fluid and dissolved solutes removal, while
retaining proteins and cellular compenents. Remov-
ing fluid, while retaining whole blood, platelets and
plasma eoagulation proteins, allows the hematocrit
level to be optimized, thereby increasing oxygen
delivery and preserving clotting ability,
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Neurologic System

Patients placed on ECMO, as a rule, have suf-
fered hypoxia, hypotension, acidosis, hypercarbia,
possible CPR, repeated doses of inotropes, and
blood loss from instrumentation. After placement
on ECMO, the brain is subjected to blood flow
disruption from the ligation of the jugular vein and
possible right carotid artery, cerebral ischemia and
reperfusion.® Surprisingly, despite the high number
of invasive procedures and possible life-threatening
situations, one study found that 88% of survivors
at 11 and 19-month follow-ups were found to be
developmentally normal.® Neurological cxams
should be done frequently, with pupil checks at a
minimum, with each howrly circuit check. Seizure
activity is reported in 11% of all neonatal cases
reported to ELSO.! Phenobarbital is recommended
ag the first-line drug for anticonvulsant.*

A eranial ultrasound should be done prior to
placement on ECMO to determing the existencc of,
and extent of, any intracranial hemorrhage (ICH).
One study showed that 93% of ICHs occurred during
the first five days of ECMO. In light of the expense
ofhead ultrasounds, and the unlikelihood of an ICH
occurring — absent any elinical suspicion — after five
days of ECMO, some centers do not continue head
ultrasound studies, Others continue every other day
studies. >

Sedatives and anti-anxicty drugs, such as mor-
phine and midazolam are commonly used, as they
have been shown to not be absorbed as easily by
the ECMO ecircuit. When sedatives that are more
potent arc required, as during surgery, fentanyl
can be used if infused post-oxygenator. However
higher than normal doses are usually needed. One
study showed that 80% of fentanyl was absorbed
in a cireuit without an oxygenator, and 86% was
absorbed when a Quadrox D was added.”” The same
study showed that as much as 40% of the eirculat-
ing morphine was absorbed by the ECMO circuit.”’

Although a 2004 study demonstrated that rou-
tine placement of'a cephalad jugular cannula did not
provide significant benefit®™ many centers use this
catheter to augment flow on venovenous ECMO
and monitor cerebral saturations, Tygon tubing has
been shown, during prolonged roller pump use, to
suffer from spallation, which is the release of mi-
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croscopic plastic particles from the inside diameter
of the raccway, However, it has been shown that
after 72 hours of use, spaliation falls to almost zero
and there is no other alternative to Tygon fubing {or
raceways.” Therefore, while spallation remains a
theoretical neurologic concern, studies have not
shown any clinically observable impairment.

Hemaiology

Hemolysis is a constant challenge while on
ECMO. Red blood cells are injured due to the shear
forces caused by the pressure transitions through
the cannulas. The platelets arc consumed by the
silicone membrane oxygenators, as are the clotting
factors. Plasma frec hemoglobin levels can be used
to determine the level of hemolysis. Many centers
follow these daily to determine the degree of henio-
lysis in the cireuit, espccially related to fibrin/clot
formation. Maintaining a hematocrit >35% while
on ECMO, and raising that parameter to >40% only
prior to trial off, will help limit unnecessary blood
administration and maximize oxygen delivery just
before discontinuation of ECMO.

Communication

After placement on ECMO, the attending physi-
cian should conduct daily, bedside rounds with the
Specialist, ECMO Coordinator and bedside nursc.
During these rounds, any changes or events that
oceurred during the previous 24 hours should be
discussed and the plan-of-care adjusted accordingly.
The objectives for the day, the overall plan-of-care
and the end-point for the run should be discussed
and if nceded, adjusted. ECMO is a team effort.
That team ctfort is best focused when everyone is
aware of the overall goal and daily objectives, Daily
objectives, such as tests, ACT, blood pressure, blood
gas, and coagulation parameters should be reviewed.
Any out of range lab valucs should be discussed and
addressed. Everyoune should be aware of the daily
plan-of-care and his or her part of the team’s effort.
An crasable white-board, at the bedside, could be
used to list all the contact information for the ECMO
Coordinator, ECMO physician on-call, and perfu-
sionist on-call. The cmergency ventilator settings
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should be posted so that minimal communication is
necessary during an emergency

Additionally, shift change reports should also
review the overall goal and the daily objectives.
A written checklist facilitates a smooth transition
between shifts. All ECMO pump settings, infu-
sions, sweep gas, ventilator seftings, lab values/
parameters and medications due should be revicwed.
Oncoming and offgoing Specialists, prior to the
shift change, should assess the circuit. Each hour
the circuit should be asscssed, an ACT drawn, and
the heparin titrated.

ECMO Weaning

The eveniual wean oft ECMO must be part
of the discussion in each day’s rounds. After the
initial inflammatory responsc has subsided, the
urine output has retiuned and the lung function has
improved, the wean from ECMO can be attcmpted.
Center wean off ECMO using varying techniques.
Two methods are discusscd:

1. Trial-off Technique: The wean from VA
ECMO begins 12 hours, or move, prior to the frial
off. To prevent immediately tasking a full load to
the heart, an hourly wean of the pump flow by 10
to 20 ml/min is done with a concurrent increasc in
the ventilator support. The flow is slowly weaned
down to a target idling flow. Some centers consider
an idling flow of 100 ml/min to be sufficient, while
others use a flow of 50 ml/kg/min. Prior to the trial,
all infusions except the heparin, are moved to the
patient. Once the target flow is achieved and the
ventilatory support is increased to the settings to be
used post-ECMO, the cannulas arc clamped. The
cannula clamping follows the standard sequence
of Venous-Bridge-Arterial. To allow heparinized
blood to flush the cannulas while trialing off, they
arc flashed every five minutes by opening the venous
cannula, clamping the bridge and opening the arte-
rial cannula for five to ten seconds, then reversing
the sequence. A patient blood gas is taken every ten
minutes while trialing off. The length of the trial
off is not universally standardized. Duc to concemn
that clots could form in the clamped cannulas, some
cenfers limit the length of VA ECMO trials to 20
minutes, while others extend this time as long as
two to three hours. If the trial lasts more than 5

minutes, the sweep gas to the oxygenafor is turned
off and the heparin infusion is stopped. If the trial
lasts more than 20 minutes, a paticnt ACT should
be checked. After the trial off, if the patient is not
to be decannulated, the infusions are moved back
to the ECMO pump.

2. No Trial Off: Some centers do not do a trial
off unless it is a very unstable patient such as a CDH
patient (See Chapter 15). In these centers aftcr the
lung function starts to return (improved X-ray), the
ECMO flow is weaned by 10-20 mL per hour as the
patient’s blood gases allow until idling, usually 60
mL/min. This process usually takes 1-2 days. If the
patient idles for 4-6 hours with good blood gases, the
paticnt can be removed from ECMO successfully.

Trials off VV ECMO are much casier. Since
there is not any truc cardiac outpui support, the ven-
tricular function should not suffer. The isovolumic
property of VV ECMO allows for trials off without
a weaning of the flow and for extended trial times,
The ventilator support is increased from rest set-
tings. [f'the patient is to be immediately considered
for decannulation, all infusions except for heparin,
arc moved to the patient. The sweep gas tubing is
disconnected from the source and reconnected to
the exhaust port on the oxygenator, isolating the
membrane and preventing any gas exchange. The
heparin infusion is continued and ACTs are still
followed as per protocol. The patient’s SvO, can be
continuously monitored with the inline blood gas
monitor and a paticnt blood gas is taken after 20
minuics. This trial off can be maintained for several
hours as the heparin continues to be infused and the
ACTs are maintained. One of VV ECMO’s benefits
is the ability to cxtend the trial-off length so that
ventilator management can be fine-tuned and the
patient has the opportunity to demonstraie his or
her ability to survive off ECMO for several hours.

Conclusion

After 35 years of experience with nconatal
ECMO, the worldwide knowledge base has in-
creased so that future patients will benefit from
practitioners who have learned from the progenitors
of the field. We now know more about what discases
respond best to ECMO as well as what complica-
tions occur and how to deal with them. In addition,
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with this improved knowledge, the patient selec-
tion will grow to include not just the moribund, but
also the moderately severe respiratory and cardiac
failure patients,

Future frontiers for neonatal ECMO will include
circuits that prevent clotting, peristaltic pumps
and miniaturized devices thercby increasing the
potential patient population to those patients who
presently cannot be heparinized. Despite declining
use since 1992, future neonatal ECMO has bright
prospects to benefit a large population whose op-
tions are limited once oscillator ventilators and iNO
have been exploited.

130

References

I Bartlett R. Keynote Address and Patient Pre-
sentation, “One Patient at a Time.” Proceedings
of the 15™ Anniversary ELSQO Conference in
conjunction with AmSECT Pediatric Perfusion
Conference; 2004 Sep 9-12; Ann Arbor, Michi-
gan.

2  Beardsmore CS, Westaway 1, Killer H, Fir-
min RK, Pandya H. How does the changing
profile of infants who arc referred for cxtra-
corporeal membrane oxygenation affect their
overall respiratory outcome? Pediatrics. 2007
Oct; 120(4):€762-8

3 Extracorporeal Life Support Organization,
ECLS Registry Report, International Sunmary.,
2009,

4 Fliman PJ, DeRegnier RO, Kinsella JP, Reyn-
olds M, Rankin LL, Steinhort RH. Neonatal
Exiracorporeal Life Support: Impaet of New
Therapies on Survival. The Journal of Pediatries.
2006 May; 48(5):595-9.

5 Green TP, Moler FW, Goodman DM, Probabil-
ity of survival after prolonged extracorporcal
membrane oxygenation in pediatric patients
with acute respiratory failure. Extracorpo-
real Life Support Organization, Crit Care Med.
1995; 23(6):1132-9.

6 Hardart GE, Hardart MK, Arnold JH. Intracra-
nial hemosrhage in premature neonates treated
with extracorporeal membrane oxygenation
cotrclates with conceptional age. J Pediatr. 2004,
145(2):184-9

7 Revenis ME, Glass P, Short BL. Mortality
and morbidity rates among lower birth weight
infants (2000 to 2500 grams) treated with cx-
tracorporeal membrane oxygenation. J Pediatr,
1992;121(3):452-8.

§ Farrow KN, Steinhorn RH. ECMO, Extracorpo-
real Cardiopuhmonary Support in Critical Care,
3" ed. Van Meurs K, editor, Ann Arbor (MI):
Extracorporeal Lifc Support Organization; 2005,

9 ELSO. Paticnt Specific Supplements to the
ELSO General Guidelines. Extracorporeal
Life Support Organization. 2009 April. Avail-
able from: http://www.elso.med.umich.edu/



Chapter 11 - Management of the Neonate on ECMO

10

11

12

13

14

7

18

19

WordForms/ELSO%20Pt%20Specific%20
Guidelines.pdf

De Mol AC, Gerrits LC, van Heijst AF, Stra-
atman H, van der Staak FH, Leim KD. Intra-
vascular volume administrafion; a contributing
risk factor for intracranial hemorrhage during
extracorporcal membrane oxygenation? Pedi-
atrics. 2008;121¢0):c1599-603.

Dc Mol AC, Van Heijst AF, Van der Staak FH,
Liem KD. Disturbed cerebral circulation dur-
ing opening of the Venoarterial bypass bridge
in extracorporcal membrane oxygenation. Int J
Artif Organs. 2008;31(3):266-71.

Green TP. The impact of extracorporeal mem-
branc oxygenation on survival in pediatric
patients with acute respiratory failure. Pediatric
Critical Care Study Group. Critical Care Medi-
cine. 1996; 24(2):323-9,

Bayrakei B, Josephson C, Fackler J. Oxy-
genation index for extracorporeal membranc
oxygenation: is there predictive significance?
J Artif Organs, 2007;10:6-9,

Trachsel I}, McCrindle BW, Nakagawa S, Bohn
D. Oxygenation Index predicts outcome in chil-
dren with acute hypoxemie respiratory failure.
Am JRespir Crit Care Med. 2005;172;206-211.
Congenital Diaplragmatic Hernia Study Group,
Lally KP, Lally PA, Lasky RE, Tibboel D, Jak-
sie T, et al. Defect size determines survival in
infants with congenital diaphragmatic hernia,
Pediatrics. 2007 Sep;120(3):e651-7.

Lally KP, Lally PA, Van Mcurs KP, Bohn DI,
Davis CF, Rodgers B, et al. Treatment evolution
in high-risk congenital diaphragmatic hernia:
ten years’ cxperience with diaphragmatic agen-
esis. Ann Surg, 2006 Oct;244(4).505-13.
Langham MR, Kays DW, Ledbetter DJ, Frent-
zen B, Sanford LL, Richards DS, Congenital
diaphragmatic hernia: epidemiology and out-
come, Clin Perinatol. 1996; 23:671-688.
Kaiser IR, Rosentfeld CR. A population-based
study of congenital diaphragmatic hernia: im-
pact of associated anomalies and preoperative
blood gascs on survival. J Pediatr Surg. 1999;
34:1196-1202,

de Mello DE, Reid LM. Embryonic and early
fctal development of human lung vasculature

20

21

23

24

25

26

27

28

30

31

and its functional implications. Pediatr Dev
Pathol, 2000;3:439-449

Bhutani VK. Devcloping a systems approach to
prevent meconium aspiration syndrome: lessons
learned from muitinational studies. J Perinatol.
2008; Dec;28 Suppl 3:530-5.

Short BL. Extracorporcal membranc oxygen-
ation: use in meconium aspiration syndrome. J
Perinatol. 2008 Dec;28 Suppl 3:579-83.
Kugelman A, Gangitano E, Taschuk R, Garza
R, Riskin A, McEvoy C, Durand M. Extracor-
poreal membrane oxygenation in infants with
mcconium aspiration syndrome: a decade of
experience with venovenous ECMO. J Pediatr
Surg. 2005 Jul;40(7):1082-9.

Radhakrishnan RS, Lally PA, Lally KP, Cox CS
Jr. ECMO for meconium aspiration syndrome;
support for relaxed entry criteria, ASAIO .
2007 Jul-Aug;53(4):489-91.

Soll RF. Inhaled nitric oxide in the neonate. J
Perinatol. 2009 May;29 Suppi 2:563-7,

Latini G, Del Veechio A, De Felice C, Verrotti A,
Bossone E. Persistent pulmonary hypertension
of the newhborn: therapeutical approach. Mini
Rev Med Chem. 2008 Dec;8(14):1507-13,
Hansell DR. Extracorporcal Membrane Oxy-
genation for Perinatal and Pediatric Patients,
Respir Care. 2003 Apr;48(4):352-62.

Carniclli VP, Zimmermann LJ, Hamvas A,
Cogo PE. Pulmonary surfactant kinetics of the
newborn infant: novel insights from studies with
stable isotopes. J Perinatol. 2009 May;29 Suppl
2:529-37.

Schrag S, Schuchat A. Prevention of neonatal
sepsis. Clin Perinatol. 2005 Sep;32(3):601-15.
Bricrley I, Carcillo JA, Choong K, Cornell T,
Decaen A, Deymann A, et al. Clinical practice
parameters for hemodynamic support of pediat-
ric and neonatal septic shock: 2007 update from
the American College of Critical Care Medicine.
Crit Care Med. 2009 Feb;37(2):666-88.

2009 Critical Access Hospital Natioinal Patient
Safety Goals. Joint Commission. Available at:
http://www.jointcommission.org/PatientSafcty/
NationalPatientSafetyGoals/09 cah_npsgs.htm.
Accessed May 15, 2009, '

Van Meurs K, Lally KP, Peek G, Zwischen-
berger 1B, eds. ECMO:; Extracorporeal cardio-

131




Shelley C. and Rees N.

32

33

34

35

36

37

38

39

40

41

42

132

pulmonary support in eritical care. Ann Arbor,
MI; ELSO; 2005,

Karimova A, Brown K, Ridout D, Beijerlcin W,
Cassidy J, Smith J, et al. Neonatal extracorpore-
al membrane oxygenation: practicc patterns and
predictors of outcome in the UK. Arch Dis Child
Fetal Neonatal Ed. 2009 Mar;94(2):F129-32,
Determinants of blood vessel resistance. Avail-
able at: http://www.cvphysiology.com/Hemody-
namics/H0O03. htm. Accessed May 27, 2009,
Ohri Sk, Bjarnason I, Pathi V, et al. cardiopul-
monary bypass impairs small intestinal transport
and increascs gut permeability. Ann ThoraeSurg,
1993; 55:1080-1086.

Hanckamp MN, Spoel M, Sharman-IKoend-
jhiharie T, Peters TW, Albers MJ, Tibboel D.
Routine cateral nutrition in neonates on cxtra-
corporcal membrane oxygenation, Pediatr Crit
Carc Med. 2005 May; 6(3):275-9.

Hanekamp MN, Spoel M, Sharman-Koend-
jbiharie M, Hop WC, Hopman WP, Janscen B,
Tibboel D, Gut hormione profiles in critically ill
neonates on extracorporeal membranc oxygen-
ation. J Pediatr Gastroenterol Nutr, 2005 Feb;
40(2):175-9.

Pettignao R. Food for thought. Pediatr Crit Care
Med. 2005; 6(3): 371-2,

Anderson HL, Coran AG, Drongowski RA, Ha
HI, Bartlett RH. Extracellular flnid and total
body water changes in neonates undergoing cx-
tracorporeal membrane oxygenation. J Pediatr
Surg. 1992 Aug;27(8}:1003-7

Lawson DS, Holt D. Insensible water loss from
the Jostra Quadrox D oxygenator: an in vitro
study. Perfusion. 2007 Nov;22(6):407-10.
Camacho T, Totapally BR, Hultquist K, Nelson
G, Eawaz D, Sussmanc JB, WolfsdorfJ. Insensi-
ble water loss during extracorporeal inembranc
oxygenation: an in vitro study. ASAIO I, 2000
Sep-Oct;46(5):620-4.

Alexander PJ, Lawson DS, Cornell J, Craig
DM, Cheifetz IM. Insensible water loss from
the medtronic minimax oxygenator: an In Vitro
study. ASAIO J. 2006 Mar-Apr;52(2):206-10.
Buck ML, Wooldridge P, Ksenich RA. Com-
parison of methods for intravenous infusion
of fat emulsion during extracorporeal mem-

43

44

45

46

47

48

49

50

51

52

brane oxygenation. Pharmacotherapy. 2005
Nov;25(11):1536-40.

Short BL. Extracorporeal Membrane Oxygen-
ation. In: Avery G, Mhairi G, MacDonald M,
Seshia M, Mullett M, cds. Avery’s Nconatology.
6" ed. Philadelphia, PA: Lippincott Williams &
Wilkins; 2005: 622-33,

Martin GR, Short BL, Abbott C, O’Brien AM.
Cardiac stun in infants undergoing extracorpo-
real membrane oxygenation. J Thorac Cardio-
vasc Surg. 1991 Apr;101(4):607-11.

Scli LL, Cullen ML, Lerner GR, Whittlesey
GC, Shanley CJ, Klein MD. Hypcertension
during extracorporeal membrane oxygenation:
cause, cffect, and management, Surgery. 1987
Oct;102(4):724-30.

Hernandez LA, Peevy KJ, Moise AA, Parker
JC. Chest wall restriction limits high airway
pressurc-induced lung injury in young rabbits.
J Appl Physiol. 1989 May;66(5):2364-8.
Mugford M, Elbourne [, Ficld D. Extracorpore-
al membrane oxygenation for severe respiratory
failure in newborn infants, Cochranc Database
Syst Rev, 2008 Tul 16;(3).

Halter J, Steinberg J, Fink G, Lutz C, Piconic A,
Maybury R, et al. Evidence of systeimic cytokine
release in patients undergoing cardiopulmonary
bypass. J Extra Corpor Technol. 2005 Sep;
37(3):272-7.

Mulla H, Pooboni S. Population pharmaco-
kinetics of vancomyein in patients recciving
extracorporeal membrane oxygenation. Br J
Clin Pharmacol. 2005 Sep; 60(3):265-75.

van der Vorst MM, den Hartigh J, Wildschut
E, Tibboel D, Burggraaf 1. An exploratory
study with an adaptive continnous intravenous
furosemide regimen in neonates treated with
extracorporeal membrane oxygenation. Crit
Care, 2007;11(5):R111.

Bhatt Dr. Bruggman Ds, Thayer-Thomas JC, et
al. Neonatal Drug Formulary. 5 ed. Fontana,
CA: Neonatal Drug Formulary; 2002,

Acute Tubular Neerosis {(ATN) — Overview,
Causcs, Symptoms, Diagnosis, Treatment, The
nephrologychannel. Available at: hitp:/www.
nephrologychannel.com/atn/index.shtml. Ac-
cessed June 23, 2009.



Chapter 11 - Management of the Neonate on ECMO

53

54

55

56

57

58

59

Gazzolo D, Abelia R, Marinoni E, Di JTorio
R, Volti GL., Galvano F, et al. Circulating bio-
chemical markers of brain damage in infants
complicated by ischemia reperfusion injury.
Cardiovasc Hematol Agents Mcd Chem. 2009
Apr;7(2):108-26.

Khambekar K, Nichani S, Luyt DK, Peck G,
Firmin RK, Field DI, ct al. Developmental
oufcome in newborn infants treated for acute re-
spiratory failure with extracorporeal membrane
oxygenation: present experience. Arch Dis
Child Fetal Nconatal Ed. 2006 Jan;91(1):F21-5.
Taketomo CK, Hodding JH, Kraus DM. Pedi-
atric Dosing Handbook. 12" ed. Hudson, OHG:
Lexi-Comp, Inc.; 2005,

Khan AM, Shabarek FM, Zwischenberger JB,
Warner BW, Cheu HW, Jaksic T, et al. Utility
of daily head uitrasonography for infants on ex-
tracorporeal membrane oxygenation. J Pediatr
Surg, 1998 Aug;33(8):1229-32.

Preston TJ, Hodge AB, Riley JB, Leib-Sargel C,
Nicol KK. In vitro drug adsorption and plasma
free hemoglabin levels associated with hollow
fiber oxygenators in the extracorporeal life sup-
port (ECLS) circuit. J Extra Corpor Technol.
2007 Dec;39(4):234-7.

Skarsgard ED, Salt DR, Lee SK; Extracorporeal
Life Support Organization Registry. Venove-
nous extracorporeal membrane oxygenation
in nconatal respiratory failure: does routine,
cephalad jugular drainage improve outcome? J
Pediatr Surg, 2004 May;39(5):672-6.

Peek GJ, Thompson A, Killer HM, Firmin
RK. Spallation performance of extracorporeal
membranc oxygenation tubing, Perfusion, 2000
Sep;15(5):457-66,

Chapter 11 Questions

1. Excess potassium in the prime blood can be
treated with hemofiltration.
a) Tre
b} False

2. Adeercasc in the radius of a tube by 50% results
in increasc in resistance to flow by how much?
a) 2 times
b} 4 fimes
c) 10 times
d) 16 times

3. Why would the ACT of prime blood be cl-

evated?

a) Too much heparin

b) Not cnough Calcium
¢) No clotting factors

d) Not body temperature

4, While doing a trial off with VV ECMO, the

SvO, on the in-line blood gas monitor reads
72%. Is this a good thing?

a) No, the patient’s oxygenation is too low the
patient needs to be placed back on ECMO

b) Neither, the SvO, being displayed is not
relevant

¢) Neither, the reading is not accurate

d) Yes, the patient’s oxygenation is adequate

5. According to the Joint Commission on Accredi-
tation of Healthcare Organizations, what is the
most frequently cited root cause for sentinel
events?

a) Wrong medication administration
b) Surgical procedures

¢) Poor communication

d) Infection control

Chapter 11 Answers:
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Management of the Pediatric ECMO Patient

Jeffrey Sussmane, MD

Objectives

After completion of this chapter, the participant
should be able to:

e Discuss the common pediatric lung discases
treated with ECMO

¢ Outline the contraindications to ECMO in
the pediatric population

e  Outlinc the coagulation management of the
pediatric paticnt

Introduction

Pediatric ECMO is a unique application of a
well tested clinical modality."* The intensive na-
ture, cxpertise and long term clinical connnitment
required to safely and successfully offer this therapy,
requires that it should be offered in regionalized
ECMO centers, Teaching and research programs
assist in maintaining this cxpertise. Early consulta-
tion and transport may also dramatically improve the
opportunity for survival of the sickest of Pediatric
ICU patients.

Common Pediatric Diagnosis

Respiratory discases that are commonly consid-
ered for ECMO treatment when conventional {reat-
ment has failed include, ARDS or acute hypoxemic
respiratory failure, pneumonia (viral, bacteria, aspi-
ration), pulmonary cmbolus, post traumatic, asthma
or bronchiolitis (commonly secondary to RSV or
Influenza), acute chest syndrome (sickle cell), near
drowning, “persistent air leak syndrome”, and acute
respiratory failure secondary to curablc malignaney,.

Unique pediatric patients that receive chronic,
very modest ventilation support and suffer scvere
acufc “reversible injury” are occasionally consid-
ered, Thesc children should be revicwed on a case
by case basis with discussion with the family and
the ECMO physician.

Children with primary or predominately cardiac
dysfunction are candidates for ECMO (see chapter
13 for details). Common diagnoscs include cardio-
genic shock, septic shock, intractable arrhythinias,
post cardiopulmonary bypass support, and revers-
ible pulmonary hypertension.

Pediatric ECMOQO Respiratory Selection Guide-
lines

ECMO should be considered for any child with
“acute, life-threatening, reversible cardio-respiratory
failure” with unsuccessful applications of “maxi-
mum medical management”. There arc no widely
accepted pediatric definitions of “life-threatcning”,
“reversible pediatric cardio-respiratory failure” or
“maximum medical management,” Guidelines for
patient selection are discussed below,

When considering whether a patient has revers-
ible lung injury, one must consider the degree of
ventilatory support and its duration. Concerns for
irreversible lung injury are raised when a patient
has been on mechanical ventilation for 10 days or
more. Some do not consider ECMO if the paticnt
has been on ventilatory support over 7 days. Each
ECMO center must determine its limit based on
outcome data at their institution.

The Oxygenation Index (OT) is commonly uti-
lized for the pediatric population. An OT of greater
than 40 for > 6 hours while on a ventilator from 12
hours to 7 days has been suggested to predict 70%

135




Sussmane J.

mortality.® A PaO, /FiO, < 50 mmHg or a P(A-a)
0, > 600 mmHg may also suggest morbid respira-
tory failure. Patients with recalcifrant respiratory
acidosis, pH < 7.15, with hypercapnia, a static lung
compliance < 0.5 cc/cmH O/kg, as well as “persis-
tent air leak syndrome”, should also be considered
for ECMO therapy.

Cardiac and Septic Shock ECMO Selection
Guidelines

e Acufe, lifc threatening, but potentially
reversible cardiovascular decompensation
which is unresponsive to maximal medical
management including, when appropriate,
vasodilator and/or vasoconstrictive agents,
inotropic agents, antiarrhythmic agents, and
cardiac pacing.

e Progressive hypotension < 2 SD for age.

e LA or RA pressure greater than 20 mmHg
for more than 6 hours.

e Tachyarrhythmias or brady-arrhythmias
and/or low cardiac output secondary to
reversible toxic drug effects.

e SVO, <60%.

¢ Persistent acidosis , pH < 7.15

e CI<2.0L/m

e TLchocardiographic evidence of severe
biventricular failure — Ejection Fraction <
30% if combined with other evidencc of
madequate end organ perfusion.

¢ Oncology/ bone marrow transplant pa-

tients with maximal medical support and
unresponsive acidosis, hypotension, car-
diorespiratory failure. Accepted survival
opportunity from primary cancer nwst be
documented.

e Notc: Decreasing renal function defined
as urine < | mbkg/hr for 6 hours in any
of the above scenarios indicate a nced for
improved perfusion and need lor ECMO.

Common Pediatric ECMO Exclusion Guidelines
e The Age of the paticnt / days of ventilation:
o <2 ycars > 10 days,
o 2-8 years > § days,

o > 8years > 7 days.
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Tatrogenic lung injury from oxygen toxicity
or barotrauma /volutrauma plays a major
role in the development of itreversible lung
injury. Most centers may agree that a PEEP
greater than 15 cm H,0, a mean airway
pressure (MAP) greater than 25 cm HO,
a peak inspiratory pressure greater than 45
cm H O for >7 days may inducc irrevers-
ible injury.

Major life threatening hemorrhage (ex-
cluding pulmonayy hemorrhage) or severe
coagulopathy that may likely be uncontrol-
lablc on Heparin

Immunosupptessed is a relative contrain-
dication. Prognosis would need to cxten-
sively discussed with the primary clinical
team and family prior to consideration for
ECMO.

Acute or chronic severe central nervous sys-
tein injury including encephalitis, persistent
vegetative state, encephalopathy, meningi-
tis, hypoxic ischemic encephalopathy or in-
tractable seizurcs, Recent cerebral-vascular
accident or sgvere traumatic brain injury are
potential exclusions duc to risk of intracra-
nial hemorrhage, Worrisome physical exam
findings include fixed and dilated pupils, or
pupil asymmetry of 2mm or greater.
Severe chronic lung discase (CLD} as the
primary disorder. Patients with CLD who
devclop acute viral illnesses such as RSV
bronchiolitis and are not responding to
conventional therapy can be considered for
ECMO therapy.

Fixed clevated pulmonary vascular resis-
tance.

Scvere chromosomal abnormalities (Tri-
somy 13 or 18). Trisomy 21 is not a con-
traindication.

Paticnts with metabolic or oncological dis-
casc where the prognosis from the primary
disease is poor

All paticnts less than 1 year should have an
echocardiogram and cardiology consulta-
tion to rule out major uncorrected cardiac
malformations. While ECMO in some in-
stances may be required, most patients
will need repair of congenital heart disease
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in order to wean off ECMO. Addition-

ally, cardiac function or carotid branching
pattern off of the aorta may influence the
approach to cannulation (V-A versus V-V),
Certain cardiac diseases such as severe
aortic insufficicncy and coarctation of the
aorta are a relative contraindications to V-A
bypass. Bypass of non-critical coarctations
have been undertaken, but post-membrane
pressurcs must be monitored closcly and if
increased, flow will need to be decreased.

o Uncontrolled septic shock should be as-
scssed individually and in some circum-
stances ECMO may be appropriatc.

¢ Uncorrected DIC should be assesscd indi-
vidually.

e Ongoing cardiac arrcst unless there is an
cstablished ECPR program with predefined
patient sclection criteria and proccdures for
rapid initiation of ECMO. — see Chapter
16 for full discussion of use of ECPR for
arresting patients

e Prolonged hypoxic ischemic insult

Patient Management Guidelines

Mcmbrane Oxygenator — The sclection of an
oxygenator should be specifically tailored to the
expected respiratory requirements, and the cxpected
punp flow rates. Thesc should be calculated by the

“rated membrane flow.” This is the flow rate at which
the venous blood will be expected to rcach the inlet
of the oxygenator with 75% saturation and be fully
saturated (100%) at the outlet of the membranc.
The following guidelines may be useful. Most small
pediatric patients utilize the siliconc Medtronic ®
1500 that is rated for patients up to 19 kgs. The
Medtronic ® 2500 is rated for patients up to 70 kgs
but is generally utilized for patients up to 40 kgs.;
and the Medtronic ® 4500 is rated for patients <
96 kgs but is generally reserved for patients < 60
kgs.. The Medtronic Minimax ® Hollow fiber is
rated up to 20 kgs. And the Maxima ® Hollow fiber
is rated to 100 kgs. The Quadrox-D ® membrane
has rceently had success over a broad weight range
outside of the nconate.

General guidelines for clinical management
of the pediatric patient include the following pa-

" rameters.

1. ACT’s betwceen 160 - 220 (flow dependent)
(note: represents ACT utilizing the 1-Stat®

Systcim
2. VA ECMO - Patient PaO, between 60-80
mmHg
3. VV ECMO - Paticnt Pa0), between 45 and
80 mmHg
4. pHbctween 7.35 - 7.45
5. VAECMO —Hgb 13-15
6. VV ECMO —Hgb 15
7. VA ECMO Hct greater than 40
8. VV ECMO — HCT greatcr than 45
9. PaCo0, between 35 — 45 mmHg
10. Platelet count 75,000 or greater if bleeding

is a concern

11. Urine output = > 2ml/kg/hr

12. Heparin drip to maintain above ACTs; gen-
eral range 25 to 50 units/kg/hr

a. A child with poor renal function
will most likely have a decreascd
heparin requircment (less than 30
units/kg/hr).

b. Lasix will increase the heparin
requircment

¢. A child with a hemofilter will have
an increase heparin requirement

13. VA ECMO Flow (calcutated) = 100ml/
kg/min x .8 (80% of estimated cardiac
output)

14. Regulate ECMO flow to maintain ve-

nous saturation of 70 - 75%

15. VV ECMO Flow = 80-120 ml/kg/min

a. Regulate flow to maintain true
mixed venous saturation 65-85%

b. Monitor diffcrence between “arte-
rial” and “venous™ circuit satura-
tions (see included chart).

c¢. Calculate “Recirculation Fraction”

d. Calculate “Effcctive Flow”

c. Manage pulse-oximeter saturation
and true arterial blood gas mcasure-
ments.

16. Fluid maintenance = 80-100 ml/kg/day

17. Caloric intake, 60 - 90/kg/day

18. Na 2 - 4 meg/kg/day requirements
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19. K 2 - 3 meg/kg/day requirements
20, Cat++ 25 - 30 mg/kg/day requirements
21. Lasix (I-2 mg/kg) is often nceded in the
following circumstances:
a. Deereased urine output (less than |
ml/kg/hr)
b. Elevatcd blood pressure
¢. Incrcased positive fluid balance
22. Narcotics as needed (refer to your unit
protocols). Note, if fentanyl is uscd, the
silicone membrane oxygenator absorbs
fentanyl. This will prevent achieving
therapeutic levels until the membrane is
saturated. Remember this when changing
a circuit out with a silicone membrane. At
least 1 hour of scdation medications need to
be added to the new circuit prior to change.
23, Sedative/anticonvulsant as needed (rcfer to
your unit protocol).
24. Taralytic agents as needed

Special Considerations for the Pediatric ECMOQ
Patient

The ECMO run is often longer and less pre-
dictable for the pediatric patient than the neonatal
respiratory ECMO patient. In general, the more
sudden or acute the decompensation the quicker the
discase process may respond to appropriatc therapy.
The previously healthy pediatric patient placed on
LECMO for a rapid deterioration may respond in a
few days. If a child is placed on ECMO for respira-
tory failure that has not responded to aggressive
maximal therapy for several days then the course
may be very protracted. It is not possible to give
firm guidelines, and successful pediatric ECMO
runs may last many weeks. The length of time on
the pump should be continually asscssed with the
clinical condition of the child. It is comimon to
have a long run with very slow improvement. If
multi-organ failure develops, then continuation of
ECMO may not be warranted. Providing the family
with the known limitations of ECMO therapy early
in the ECMO course will help parents understand
recommendations from the ECMO tean on continu-
ation or stopping ECMO when critical events occur
during the ECMO run.
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Lungs

It is important during extracorporeal support, to
recognize that the ECMO circuit, not the ventilator,
is maintaining the child’s blood gases. The ventilator
is sct at minimum levels to allow the lungs to “rest”,
and prevent the development of ventilator associ-
ated complications such as barotrauma, and oxygen
toxicity. The importance of good pulinonary care
for the patient on ECMO cannot be over-sircssed.
Timely pulmonary recruitment rmust be attempted
for any successful decannulation. Bronchoscopy
may be very helpful in diagnosing and treating
causcs of lung collapse.

Central Nervous System (CNS)

The most significant, primary or second-
ary, complications in the ECMO patient may be
CNS-related, cither cercbral ederna, infarction or
mtracranial hemorthage. CNS probleims seem to
be related to pre ECMO disease, levels of hypoxia,
acidosis, and/or hypercarbia. Accordingly, ncuro-
logical checks mwust be incorporated into the routine
carc. Included in the neurological check are: pupil
size and rcaction, level of consciousness, reflexes,
and movement. Careful observation of any seizure
activity is important, as seizurcs require prompt
treatment. CT scans of the brain may be influential
in determining course of therapy. Ultrasound may
be considered in younger patients with an adequatc
fontancl.

Hemofiltration

Initially, aggressive recognition and management
of oliguria is important. In cascs of persistent low
urine output and hypervolemia, hemofiltration may
be undertaken to maintain intake and output balance.
In these cases, it is casily facilitaicd by the ECMO
circuit (see Chapter 17 for details).

Dialpsis
When a patient needs hemodialysis, despite

hemofiltration, this process is also facilitated by use
of the ECMO eircuit (sce Chapter 17 {or details).
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Apheresis Utilizing the ECMOQ Circuit

Apheresis is indicated when a clinical need to
separate blood components arises from a patient’s
medical condition (sec Chapter 18 for details).

Special Considerations for Clinical Care

Blood Prodnct Administration

The pediatric ECMO patient has a greater risk
Tor developing significant bleeding complications on
ECMO, especially related to chest tubes and other
invasive procedures, than the ncwborn on ECMO.
Blood product administration recommendations are
listed below.

Packed Red Blood Ccells {(PRBCs)

PRBCs may be administered into the circuit via
a pre bladder pigtail. In cases of transfusion over
an hour or more, an auto syringe or infusion pump
sct-up should be used. Once the fransfusion is com-
plete, the access port is flushed with sterile saline
and capped. Great caution must be used to avoid air
embolus for any pre-pump access for medications
or blood products.
PRBCs may be administered in the following in-
stances to: '
a. Maintain the hemoglobin 12-15
Hgb
b. Maintain thc hematoerit 35-45 Het
c. Maintain central venous pressure
greater than 5 as a volumc replace-
ment if indicated by hgb/het
d. Maintain mecan arterial pressurc
within age indicated ranges as
volume replacement as indicated
by hgb/het
e. Replace paticnt blood loss duc to
fab sampling or hemorrhage or
circuit emergency
f.  Replace volume for hypovolcmia
if indicated by hgb/hct for low
venous return pressure or pump
“chatler™

g. Increase oxygen delivery by ability
to increase pump flow, to maintain
physiologic needs in unstable
patients

Fresh Frozen Plasma (FFP)

FFP is administered in the same manncr as
PRBCs. It may be given in the following instances:

a. Volume replacement for hypovole-
mia with PRBCs in ratio of 1 FFP
to 3 PRBCs

b, Massive hemorrhage

c. Persistent decreasc in activated
clotting times (ACT’s) resulting
in an incrcase in total units/kg/
hr heparin administration or defi-
ciency of antithrombin 11T (ATIL)

d. Hcparin administration less than
25 units/kg/hr (evidencce of DIC)

¢. Persistent deereases in ACT’s with
an increase in heparin units/kg/hr
(low heparin levcls, from increascd
excretion, or immunologic intoler-
ance).

. Massive transfision reaction

Platelets

Platelets must only be given through a periph-
eral venous line or when necessary post-oxygenator.
An access port with double stopcocks is positioned
on the Y for this purpose. The access port is de-
bubbled first and only 10 - 20ml luer tip syringes
are to be used. Platelets may be given directly to the
patient if they arc pooled or centrifuged. Once the
transfusion is complete, the access port is flushed
with sterile saline.

The platelet level should be maintained high,
greater than 100,000 if possible. This may be
achieved by transfusing one or morc centrifuged
platclets (seven units of pooled platelets).

Cryoprecipitate
The administration of eryoprecipitate into the
ECMO circuit is not recomimended. If physician

orders and paticnt status merit such use, the recom-
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mendation is to give via a peripheral IV directly to
the patient and inonitor ACTs accordingly, uniess
no other access is available.
Cryoprecipitate may be adininistered in the follow-
ing instances:
a, if the fibrinogen level is less than
200 mg/dl
b. if the fibrin split products are
greater than 40 mg/di
c. uncontrollable hemorrhage (fibrin

glue)

Protocol for Platelet and Cryoprecipatate Ad-
ministration

The infusion of platelets and occasionally cryo-
preeipitate is a necessary procedure during ECLS,
Present BCLS technology describes an extreme
thrombocytopenia related to extracorporeal circula-
tion, particularly when using the silicone membranc
oxygenator for gas exchange. The purposc of this
protocol is to easc the complexity of this procedure,
and insure stability in patient oxygenation and
coagulation status. ACTs should be repeated every
15 minutes and adjustment of the heparin drip may
be required to maintain ACTs in the desired range.
Doubling the heparin infusion dose during platelets
administration will maintain ACTs within desired
range. The bridge must remain clamped during
infusion. Previous therapeutic heparin dosc can be
resumed post infusion with ACT’s monitored every
I5 minutes for at least 45 minutes.

General guidelines:

e Maintain ordered parameters during ad-
ministration. Transfusion may need to be
slowed (5ml cvery 15 minutes) if difficul-
tics arise.

e DPlatelets may be administered in the fol-
lowing instances;

o Tomaintain a platclet count greater
than 75,000

o Uncontrollable hemorrhage

o When the platelet count is desired
to be at a higher level such as in
the casc of [IVH or elective surgical
procedure
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Amicar®

Epsilon- Aminocaproic Acid { Amicar ® )
inhibits the zymogen formation of plasmin from
plasininogen. Plasmin is responsible for the break-
down of the fibrin clot. Amicar & decreases lcvels
of systemic plasmin thereby increasing the fibrin
clot formation and inhibiting fibrinolysis. This
decreases the amount of bleeding, particularly in
peri-operative patients, If available, do a thrombo
elastogram (TEG) prior to Amicar ® administration.
The most effective use of Amicar is to give it before
a surgical procedure, €.g., chest fube placement and
then maintain a drip for a period of time depending
on the clinical state of the patient.

The dose is = 50 - 100 mg/kg bolus over one
hour continuous drip of 10 - 40- mg/kg/hr. This drug
will help aftain hemostasis in the anticoagulated
ECLS patient, It will also precipitate fibrin {orma-
tion and clotting in the extracorporeal ¢ircuitry, so
the length of treatment should be related to the risk
for bleeding in the patient if not used. Amicar ® is
indicated only for paticats at high risk for hemor-
rhage. This includes all post-op paticnts, (i.e. con-
genital diaphragmatic hernia, post-op cardiac repair,
ete.), Of note, Amicar is renally excreled, so if the
paticnt has oliguria, the dose should be adjusted.
Amicar ® therapy is regulated to maintain:

ACT 160-200 (flow dependent)
FDP 10-40

Fibrinogen >200

Platclets >150
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Editorial
David C. Stockwell, MD MBA

Criteria for ECMO arc not as refined as they
are in the nconatal population because of the wider
variety of lung discase, more diverse outcomes, the
influence of chronic discasc states, and difficulty in
diagnoses irreversible lung discase in the pediatric
population. This chapter outlines one centers ap-
proach to this difficuit decision process. There are
many areas of pediatric ECMO that need forther
investigation including blood product triggers, as-
sessment of cardiac function and the proper use of
pain control and sedation in this population. Our
European colleagues use very low dosc scdation
&/or no pain medications resulting an awakc/alert
paticnt on ECMO with good outcomes. Further
investigation into this approach will help determine
recominendations in this area
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Chapter 12 Questions
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A paticnt on ECMO has a platelet count of
80,000 and necds platelets, The patient has a
CVL only, where should the platclets be given
and why? You are giving the platelets post-ox-
ygenator, why would you refrain from flashing
the bridge?

A patient on ECMO has increasing ACT’s and
the Heparin drip is at the lowest allowable
dose of 25 units/kg/hour, without effect on the
ACT’s. Describe possible reasons for this and
your interventions.

You arc at full flow when the bladder pressure
begins to decrease and intermittently shuts off
the pump. Describe the possible problems and
your interventions,

The PaO?2 is best regulated by adjusting:
a) blood flow from the roller pump

b} oxygen gas sweep

¢) blood volume to the ECMO circuit
d) hemoglobin

Oxygen content refers to;

a) amount of total oxygen carried in plasma
b} amount of total oxygen bound to hemoglo-
bin

c) amount of total oxygen carried in blood

d) oxygen concenfration in the oxygenator
membranc surface

Under what circumstances would you change
the Sweep? Why?

How is the flow determined for Pediatric patient
on ECMO?

How do you know that the oxygenator be used
is the appropriate size for the patient ?

Chapter 12 Answers

1.

“n

Central venous cathcters in small or ncw-
born ecmo patients may be placed very
close to the ecmo venous catheter, This in-
creasc the likelihood of membrane dysfunc-
tion with the infusion of platelets quickly
into membrane via the central catheter. If
this risk is high than the platelets should

be given post membrane, with the assur-
ance that the bridge remained elamped, to
avoid recirculation and dircct membrane

eXposure.

Heparin requires ATIII for it’s clinical
anticoagulation effect. Low levels of ATII
arc the most common scenario, especially
in critical newborns and during long cemo

runs where FFP has not been given ad-
equately.

: Deereased baldder pressure equates to

decreased venous return from the patient.
This may be physiologic with intravascu-
lar depletion, or mechanical with venous
obstruction due to mechanical or strue-
tural changes, Catheter position, (eritical in
double lumen support), tension pneumo or
hemothorax, pncumo or hemopericardium

are also emergencies.

a

c

Sweep controls the patieni pCO,. Incrcased

sweep decreases the patient pCO2, De-
creased sweep increases the patient pCO,,.

The ECMO flow is determincd by patient
weight and metabolic condition. This is
identical to newborns except the maximum

flow for Pediatric patients is generally lower.
A careful determination of the manufacturer
specifications that give the rated flow of the

membranc to the patients size in kilograms

is crucial for a successful ECMO support.
Estimate of metabolic requirements based

on disease and condition lead to an educated

choice for the appropriatc ECMO pump

flow to support the patient,
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Competencies °

EQUIPMENT

Muintains and operates equipment within establislied guidelines.

TASK/TOPIC

COMPETENCIES

Met Compe-
tency
(Date&
Initials)

Learning
Contract
(Date &
Initials)

ECMO Pump & Related
Tiquipiment -
Routine Use

e States location, purpose and indication of use.
e Cleans cquipment per dept policies.

= Statcs cquipment’s limitations.

e Identifics resources to troubleshoot.

e Statcs location of operator’s manual,

& Takes precautions to avoid damage.

s Demonstrates start-up, operation, shut-down.
e Takes precautions to avoid theft.

o Locates/uses supplics for operating.

« Documents as necessary.

o Follows P&Ps for preventative & routine maintensmce.

ECMO Pump & Related
Equipment-
Emergency/Replacement
Procedures

e If applicablc, states procedures for protecting paticnt
when cquipment fails.

e States procedures for obtaining replacement/back-up
equipment.

» States procedures for getting cquipment serviced.

Infusion Pumps -

e Statcs location, purpose and indication of use.
o Cleans equipment per dept policies

e States equipment’s limitations.

o [dentifies resources to troubleshoot.

= States location of operator’s manual.

e Takes precautions to avoid damage.

» Demonsirates start-up, operation, shut-down.
s Takes precautions fo avoid theft.

« Locates/uses supplics for operating.

« Documents as necessary.

o Follows P&Ps for preventative & routine maintenance.

Infusion Pumps---Emer-
gency/Replacement Pro-
cedures

o If applicable, states procedurcs for protecting patient
when equipment fails.

« States procedures for obtaining replacement/back-up
equipment.

e States procedures for gefting equipment serviced.
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EQUIPMENT {
Maintains and operates equipment within established guidelines. )

Met Compe- Learning [

TASK/TOPIC COMPETENCIES tency Contract
{Date& (Date & {

Initials) Initials) (

ECLS Circuit e Demonstrates the appropriate technique inassessing (
the ECLS circuit, {

e Pcrforms a thorough paticnt asscssment, (respiratory,
ncurological, camrualae site, and vital signs) and the
intcrpretation of the assessment. {

e  Discuss the interpretation of clinical signs and
symploms appropriately and communicaies with
physicians. |

»  Demonsirates or deseribes the reiationship of
BCLS blood flow to oxygen delivery and oxygen
consumption. (

¢ Reviews the relationship of sweep gas and carbon
dioxide removal

¢ Evaluates the interpretation of the patient arterial [
biood gas and the appropriate response with sweep )
and ICFR. !

»  Kentifies the correct interventions for laboratory i
values.

e Reviews for the correct adjustments necessary for
maintaining the prescribed saturation of venous ;
blood.

e  Monitors the cumulative daily input and output fluid
status of the ECLS patient. Maintains howrly O {
record status with the bedside nurse. '

e Performs the various interventions in the manage-

ment of hemorrkage (i.e., camulac site, TV sites,
0], ete.).
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Management of the Cardiac ECMO Patient

Ruth Ferroni, BSN, RN, CCRN, John Berger, MD and Jennifer J. Schuette, MD

Objectives

After completion of this chapter, the participant
should be able to:

e rcvicw the criteria for using ECMO in the
cardiac patient

e outlinc major differenccs between using
ECMO for respiratory failure versus car-
diac failure

e summarize the daily management ol the
cardiac ECMO patient, including potential
complications, fab assessment, neurological
evaluation, and weaning straicgics

e  discuss special coagulation issues rclated to
the post-operative cardiac patient

400

e review special management strategies re-
quired for the cardiac patient with mixed
pulmonary and systemic circulations

Introduction

Extracorporcal life support (ECLS), or extra-
corporeal membrane oxygenation (ECMO), is be-
ing increasingly used to support the circulation of
patients with cardiac failurc who are unresponsive
to conventional therapies.' (Figures 1, 2, 3 and 4)
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Figure 1. Annual cardiac runs world-wide in the neonatal population (age 0 to 30 days). (Source: ELSO registry,

2008; the 2008 data is incomplete.)
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The Extracorporeal Life Support Organiza-
tion (ELSO) reports survival rates of 23-71% for
paticnts placed on ECMO for cardiac indications,
with variation based on age and the ctiology of the
cardiac failure. These indications can be broadty
characterized info the following groups: congeni-
tal heart discase, cardiac arrest, cardiogenic shock,
cardiomyopathy, myocarditis, and misccllaneous
cardiac causes. {Scc Appendix for survival data
based on age and etiology of cardiac failure.} At onc
time, paticnts with single ventricle physiology were
not considercd to be ECMO candidates, but this
is no longer the ecasc?; in fact, mechanical cardiac
support is used electively in some centers during
the immediate post-operative phase atter Norwood
Stage I surgery (the initial paltiation for hypoplastic
left heart syndrome and its variants).* Mcchanical
circulatory support can also be a useful strategy in
the management of graft dysfunction after pediatric
cardiac transplantation in both the early and latc
post-operative periods.*

Cardiac ECMO Indications

Each patient being considcred as an ECMO
candidate in the setting of cardiac faiture should be
carefully evaluated in terms of the following two
issues: 1) the likelihood that his or her cardiac failure
is due to a potentially reversible process and 2} his
or her risk of mortality without ECMO versus the
risks inherent in undergoing ECMO. A patient is
considered a candidate for ECMO in the sctting of
cardiopulmonary failure that s refractory to maxi-
mal mcdical management and that has potentially
reversible causc. Unfortunately, a prediction equa-
tion such as oxygen index has not been devcloped
thaf reliably and quantitatively predicts the need for
ECMO in the cardiac population, ECMO should be
considercd for support of pediatric cardiac patients
in the following clinical scenarios®:

e pre-operative stabilization

o  pre- orpost-procedurc stabilization for high

risk cardiac catheterization proccdures

o failure to wean from cardiopulmonary

bypass

e progressive postoperative heart failure (i.e.,

low cardiac output syndrome)

¢ intractable pulmonary hypertension

e refractory dysrhythmias

o cardiac arrest in the post-operative setting

¢ myocarditis

e acute respirafory failure exacerbated by
congenital heart disease

e dilated cardiomyopathy as a bridge to
ventricular assist device or to evaluate for
candidacy for a ventricular assist devicc

Coniraindications to ECMO:

e end stage, irreversible, or inoperable car-
diac disease unless the patient is a cardiac
transplant candidate

e significant ncurological or end-organ im-
pairment

¢ uncontrolled bleeding within major organs

s cxtremes of size and weight

e inacccssible vessels during cardiopulmo-
nary resuscitation

e family and/or paticnt directives to limit
resuscitation

Tn patients with congenital heart disgase who
also have multiplc other non-cardiac anomalies,
such as genetic defects or dysfunction of other or-
gan systems, a discussion with the family prior to
operative cardiac repair should address the appropri-
ateness of ECMO during the post-operative period.

Cardiac Versus Pulmonary ECMOQO

Cannulation

Vessel selection is according to the surgeon’s
preference. Paticnts undergoing rapid deployment
(i.e., ECMO initiation with CPR in progress, or
E-CPR} are frequently in the carly post operative
phase, and a transthoracic approach is the most ef-
ficient in the majority of these cases. Maintenance
of good CPR, as cvidenced by a good pulse tracing
on the arterial line, palpable central pulses with com-
pressions, and an end-tidal CO, reading of greater
than 15-20 mmHg will likely improve outcome in
ECPR patients.* 7 Surface cooling by placing ice
on the head is used in many centers during and
immediately after the arrest phase to reduce neuro-
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logical sequelae.® The remainder of the procedure
is comparable to standard cannulation of an ECMO
patient. Neck and femoral vessels may be used and
may be preferred to reduce the risk of infection
when time permits; transthoracic cannulation can
also be transitioned to neck and/or femoral sites in
the sctting of prolonged ECMO suppont.

One clinical situation that merits particular
attention at the time of cannulation is the patient
with cavopulmonary connections, such as patients
wheo have undergone bidirectional Glenn or Fontan
repairs, A sccond venous caniula may be necessary
to achicve adequatc venous rcturn to the ECMO
circuit; whenever possible, the first venous cannula
should be placed in the supcrior vena cava (SVC) or
neck vesscl in this subsct of patients, allowing for
adequate venous drainage of the head. If the upper
venous circulation is not adequately drained, clevat-
ed SVC pressurcs in combination with low systemic
arterial blood pressures place these patients at risk
for inadcquate cerebral perfuston pressure, possibly
contributing to a poor neurological outcome.®

Oxygen Saturation Monitoring

Paticnts with two ventricle complete repair and
no residual mixing of the pulmonary and systemic
circulations should have an oxygen saturation of 95
to 100%. The systemic venous saturation (SvO,)
should also be in the normal range, or approximatcly
70 to 80%. Patients who are placed on ECMO for
cardiac failure due to conditions such as myocar-
ditis, cardiomyopathy, transplant rejection or dys-
rhythmias should also have oxygen saturations in
the normal range since there is (in most ¢ascs) no
anatoinic mixing defect.

Patients with mixing of the pulmonary and sys-
temic circulations, such as single ventricle patients
who have not progressed to complete repair, are
unable to physiologically produce a normal arterial
saturation of 100%, When ECMO is first inifiated, if
patients arc being essentially fully supported by the
ECMO circuit, oxygen saturations may be quitc high
because the majority of the blood flow is bypassing
the heart—whcere most if not all pulmonary and
systemie mixing occurs. As the patient is weancd
from ECMO and more blood flows through the heart,
mixing will incrcase and the patient will return to
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his or her expected oxygen saturation bascd on the
cardiac anatomy. Paticnts with complete mixing
lesions should be expected to have arterial oxygen
saturations of 70-85% and a PaO, on an arterial
blood gas of 30-45 mmHg when ECMO support
is minimal.

Thc use of ECMO for the support of paticnts
with aortopulmonary shunts (such as the Blalock-
Taussig shunt) is another challenging clinical sce-
nario for the ECMO specialist. ECMO pump flows
may need to be increased to 150 to 200 mT./kg/min
to provide adequate systemic flow becausc of run off
into the pulmonary circulation through the shunt,'%"
If inadequate systemic perfusion remains an issuc
in the patient with an aortopulmonary shunt, as in-
dicated by persisicnt metabolic acidosis, pulmonary
overcirculation on chest radiograph, and hyperoxe-
mia, consideration may be given to partially clipping
the surgical shuant to balance the two circulations
(this requires a surgical procedurc while on ECMO).
Therc is no consensus on this infervention, however,
and other authors suggest that altering shunt flow
may worscn outcome.”? If flow through the shunt
is altered, shunt flow will need to be re-established
as ECMO support is weancd to assure adequate
pulmonary circulation. An alternative strategy is to
rcmove the membrane oxygenator from the system;
this takes away the pulmonary vasodilatory effcets
of the oxygen, potentially diminishing pulmonary
overcirculation while improving systemic perfusion.
This maneuver cssentially converts the ECMO cir-
cuit to a ventricular assist device, however, and lung
function must be adequate for this to be successtul.
If this maneuver is implemented, oxygen saturation
goals should be adjusted accordingly.

Patients with healthy lungs should not havc
the ventilator adjusted to “rest” scttings; if pos-
sible, ventilator scttings should be manipufated to
ensurc that the pulmonary veins are delivering blood
that is 100% saturated to the left atrivm, This will
maximize oxygenation to the coronary circulation,
which is derived primarily from the left ventricle
even during ECMO if there is any appreciable ven-
tricular ¢jection. Providing adequate oxygenation
to the heart will hasten myocardial recovery. The
majority of ECMO-supported cardiac patients are
maintained on ventilator settings of 30-40% oxygen,
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16-20 breaths/min, 5 em PEEP and a tidal volume
of 6-10 ce/kg.

The postoperative cardiac patient may have
shunting at the atrial level, the ventricular level, and/
or through a surgical shunt. In fact, there may be
mutltiple shunt locations depending on the type of
defect and the surgical repair, The ECMO specialist
must be aware of the patient’s cardiac anatony, the
location and direction of any anatomic or surgical
shunts, and how thec measurements from the arterial
line and the in-line SvQ, saturation monitor might
be affected. Depending on the patient’s anatomy
and the presence or absence of a Icft afrial vent, the
in-line SvO, monitor may not be a refiection of the
adequacy of cardiac output.

Near-infrared spcctroscopy (NIRS) is a non-
invasive optical technique used to monitor regional
oxygen saturation (rSo,); thesc devices measure
the concentration of oxygenated and deoxygenated
hemoglobin, thereby determining the underlying tis-
sue oxygenation.”? The detectors can be placed on
the forehead to assess cerebral oxygenation, as well
as over splanchnic beds such as the abdomen and
flank to mcasure tissue oxygenation in thosc areas.
Most devices utilize two detectors, one mcasuring
the total tissue oxygenation and the other measuring
the superficial fissue oxygenation only; this allows
for the contribution of the superficial {issues to be
climinated from the final 1So, read by the device.
Although studies undertaken in pediatric post-oper-
ative cardiac patients comparing rSo, as measured
by a NIRS device with saturations measured in the
superior vena cava (SVC), right atrium (RA), and
puhmonary artery (PA) have shown a statistically
significant correlation between the two measurc-
ments, there 1s a such a wide range of agreement
that using this number as an absolutc surrogate for
mixed venous saturation is probably not possible
at this time.'*'* More rescarch is ongoing utilizing
this promising and non-invasive monitor of tissue
oxygenation.

Daily Management of the Cardiac ECMO Patient

An understanding of the paticnt’s cardiac anat-
omy is cssential for the ECMOQO specialist; cxpecta-
tions regarding oxygenation and hemodynamics for
a given patient can be clearly formulated only after

the cardiac anatomy is welt understood. One of the
initial asscssments that can be made on the ECMO
patient is the degree to which the myocardium is
rccovering; this is reflected in the pulse contour and
pulse pressure (i.e., a difference between the systolic
and diastolic readings). Since the extracorporeal
pump creates a flow that is essentially non-pulsatile,
the more support being offered by the ECMO circuit,
the flatter the arterial line tracing will be. As the
patient recovers function and less support is being
contributed by the pump, the arterial wave form
will demonstrate an increasing pulse pressure. Some
degree of ventricular ejection is preferred, even eatly
on in the ECMO course, as this is usually the main
source of coronary blood flow.

Atrial Decompression

There are times when the degrec of myocardial
failure is so significant that even a small amount of
blood flow going to the lungs and retuming to the
heart may not be adequately ejected. This can result
in atrial and ventricular distension and thus worsen-
mg function, a downward spiral that will not allow
the heart to recover, Additionally, if left unchecked,
this increase in pressure can be transmifted back into
the pulmonary circulation, resulting in pulmonary
edema and pulmonary hemorrhage. Echocardiogra-
phy can be uscful in detecting atrial and ventricular
distension and to guide the need for intervention.

Options to decompress the heart include: 1) di-
reet placement of an additional cannula (or “vent’™)
into the lcft atrium (which requires an open chest);
or 2) a transcatheter approach to creatc a connec-
tion between the lefi and right atria, or enlarge a
connection if one exists but is inadequate (the latter
approach allows for blood returning to the LA to
flow into the RA and then the ECMO eircuit rather
than into the left ventricle.) Patients with single ven-
tricle anatomy usually will have adequate commu-
nication between the atria, making decompression
unneccssary—although if these patients do poorly
even after ECMO is initiated, the atrial connection
should be reassessed. The left atrial vent is then
connceted into the venous return line of the ECMO
circuit. Since the vent will be contributing presum-
ably 100% saturated blood flow coming from the
pulmonary veins and then mixing with the systemic
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venous blood, the Svo, sensor may no longer be a
reflection of the adequacy of oxygen delivery'® and
other measures to asscss the adequacy of systemic
pertusion are required.

Hemodynamic Moniforing

It is important for the ECMO spccialist to moni-
tor hemodynamic parameters along with ECMO
pump flow rates to assess the adequacy of cardiac
output. The venous pressures (central venous pres-
sure [CVP], right atrial pressure [RAP], and left
atrial pressure [LAP]) should be monitored; global
increases in venous pressurcs despite adequate
pump flows may suggest inadequate ventricular
function or tamponade-type physiology. Discuss the
optimal pressure ranges with the ECMO physician
and pace volunc resuscitation according {o these
parameters.

The artcrial line wavcform characteristics
should also be monitored, A mean arterial range of
35-45 mmHg for nconates and greater than 60 -70
mmHg in larger children and adults is gencrally
accepted. Although the failing ventricle benefits
from ECMO to allow for recovery of function,
completely “resting” of the ventricle by providing
too much bypass flow (i.¢., allowing essentially no

ventricular gjection) may be detrimental to the heart..

It is important that the heart regains normal contrac-
tion and conduction function as soon as possible to
avoid involution of the myocardium and formation
of ventricular thrombus. Inotropic support during
ECMO for cardiac patients is usually substantially
decreascd compared to pre-ECMO Ievels. These
patients are routincly maintained on low dose dopa-
minc and vasodilator infusions; increasing inotropic
support to aid ventricular cjcction may be imple-
mented earlier in other cardiac patients compared
with those on ECMO purely for respiratory support.
The successtul outcome for cardiac patients has been
shown to corrclate with early rcturn of contractile
function'’, although survivors have been reported
after prolonged support (over 250 hours).

A pootly functioning heart is susceptible to
dysthythinias, and any rhythm change should be
reported promptly to thc ECMO physician. AV
synchrony should be re-established as soon as pos-
sible. Teinporary pacing, antiarrhythmic agents and
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cardioversion/defibrillation have been used to return
the heart to sinus rhythm during ECMO, While it
may be possible to maintain adequate systemic per-
fusion and ECMO flows while not in sinus rhythm,
the heart may overdistend in the presence of certain
dysrhythmias (in particular ventricular fibrillation)
and this may cause irreversible myocardial injury,

Anti-Coagulation Management

As with pulmonary ECMO, systemic antico-
agulation with heparin is necessary to prevent clot
formation in the ECMO circuit. If can be quite chal-
lenging to balance control of post-operative bleeding
while minimizing formation of clots in the ECMOQ
circuit in the immediate post-operative phase. The
ECMO physician will often elect to give a smaller
bolus dose of heparin (0-50 units/kg rather than the
usual 50-100 w/kg in the non-post-operative patient)
at the initiation of ECMO, A contintous heparin
infusion is begun once the ACT result is less than
300 seconds; it is thought that post-operative blecd-
ing is more commonly secondary to loss of clotting
factors rather than heparin administration, so it is
extremely unusual to manage a patient on ECMO
without heparin even in the face of a documented
coagulopathy. If it docs become ncecssary to discon-
tinuc the heparin in the face of major and persistent
bieceding, a sccond circuit should be primed and
available duc to the risk of sudden circuit failure
resulting from clot formation.

ACT paramecters will vary according to the
ECMO flows being used; a patient with post-oper-
ative bleeding and high ECMO flows may have an
ACT goal of 150-170 scconds, whereas a patient
with minimal bleeding, on low flows and with some
concern for clot formation in the circuit may require
ACTs of 200-220 seconds. Blood product adminis-
tration of platelets and clotting factors may rapidly
decreasc the ACT, so it should be monitored closely
(every 15 minutes) during blood product administra-
tion, Bleeding on ECMO can usually be controlled
with transfusion of clofting products whilc adjust-
ing the heparin infusion to keep the ACT in a lower
range. As ECMO flows are decrcascd and circuit clot
becoines more of a risk, ACTs parameters must be
adjusted accordingly.
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Ventilator Managemeit

Ventilator management is focused on adjust-
ing the settings to achieve normal pulmonary vein
saturation, thus providing richly oxygenated blood
flow to the coronary circulation. This is fairly easy
to accomplish with normal lung function and com-
pliance. However, exposure to cardiopulmonary
bypass can resulf in pulmonary endothelial injury;
pre-existing pulmonary parenchymal discase can
posc an additional clinical challenge, Thus, ECMO
may be supporting both the heart and lung in some
patients, Changes in ventilator seftings are guided
by physical assessment, lung volumes/compliance,
blood gas results, and daily chest radiograpls, In the
patient with lung injury, a balance must be struck to
minimize ventilator associated barotraumas while
maximizing oxygen delivery to the heart to encour-
age recovery of function. Typical “rest” settings
used in the respiratory failure ECMO patient can
exacerbate myocardial ischemic damage and delay
recovery, and therefore are rarcly indicated.

Elevated pulmonary vascular resistance (PVR),
cither pre-existing or secondary to exposure to
cardiopulmonary bypass and then to the ECMO
circuit, may further hinder oxygenation in the
patient relying in part on native pulmonary blood
flow for oxygenation. Inhaled nifrie oxide (iNO) or
sysfemic vasodilators (such as mihiinone) should be
considered in these patients.

Sedation, Pain Management and Neurological
Assessment

Sedation and pain management in the cardiac
ECMO patient may differ somewhat from the re-
spiratory failure ECMO patient. Older patients who
are cannulated via the neck and/or via the femoral
approach may be more awake, allowing for move-
ment provided they are stable on moderate ECMO
settings. Patients cannulated through a sternotomy
incision usually require heavier sedation, and often
paralytics, to maintain cannulac position and stable
pump flows. Continuous intravenous infusion of a
muscle relaxant may be warranted; however, once
the patient has stabilized, it is preferable to use in-
termittent boluses to allow for a basic neurological
assessment o be done.

The rate of intracranial hemorrhage in neonatal
cardiac patients treated with ECMO has increased
from 4 - 8% to 10 -18% since the 1990°s (ELSO
Registry data, 2008). Possible causcs include repair
of more complex congenital heart lesions resulting
in added risk, changing strategies in anticoagula-
tion, the increasing usc of ECMO to assist in the
resuscitation of patients in cardiac arrest, and other
factors. If patient condition permits, a sedation
“holiday” can be considered to better assess neu-
rological function; it should be kept in mind that a
patient who has received prolonged sedation and/
or paralytic, especially in the setting of impaired
hepatic or renal funetion, may have an unusually
prolonged drug effect.

Roufine head ultrasound should be donc per
institutional protocol in paticnts with an open fon-
tanetlc; further neurological studies (EEG, head CT)
may be warranted based on the patient’s clinical
exam, but the benefits of obtaining this information
should clearly outweigh the risks of undertaking the
study. If a patient suffers a significant neurological
injury while on ECMO, a discussion regarding the
appropriatencss of continued ECMO support should
take place between the family and the medical feam.

Fluid Management

Fluid overload is a common problem in the post-
operative cardiac patient; causative factors include
the need for post-operative fluid resuscitation, de-
creased urine oufput as a result of low cardiac output,
and capillary leak associated with the inflammatory
responsc to cardiopubnonary bypass and with reper-
fusion injury. Diuretic therapy should be started as
soon as possible, provided adequate hemodynamic
pressurcs and pump flows can be maintained. Fre-
quently it is necessary to utilize hemofiltration to
remove excess fluid, and this should be initiated as
soon as it becomes clear that the responsc to diuretic
is inadequate to achieve fluid balance. Cannulae
position and security should be carcfully monitored
as the patient diurescs, as the cannulas can shift as
the swelling diminishes. Routine re-positioning
should always be donc as patient condition permits;
cven minimal movement, such as tilting rather than
turning the patient, can help to mobilize fluid and
maintain skin integrity. It is unlikely that the paticnt
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will successfully wean off of ECMO until the overall
fluid balance is approximately cven,

Complications

Bleeding

Bleeding is the most frequent and serious
complication of ECMO. The interactions of the
blood elements with the cardiopulmonary bypass
and ECMO circuits as well as endothelial damage
duc to surgical trauma make the managemcent of
hemorrhagic complications challenging. In cardiac
ECMO patients, the risk of severe hemorrhage is
highest in the immediate post-operative phase, when
patients are likely to suffer from a multifactorial
coagulopathy caused by dilution of clotting facfors
while on cardiopulmonary bypass, hypothermia,
hypoxia, and acidosis,

Severe bleeding requires prompt replacement
with the appropriate blood products (platelets, fresh
frozen plasma, and/or cryoprecipitate), and may
also require Jowering of ACT parameters and ad-
ministration of antifibrinolytic medications. Blood
produets are administered to maintain paraineters
established by the ECMO physician; typical transfu-
sion thresholds in the post-operative cardiac patient
arc as follows:

e packed RBC to maintain a hematocrit of
35-45%

o platclets to maintain a platelet count of
>100,000

e FFP to maintain fibrinogen >150

Additional blood products (cryoprecipitate, fac-
tor VIT} may be required in the post-operative patient
with difficult to control bleeding, keeping in mind
that excessive correction of the ECMO paticnt’s
coagulopathy can lead to clot formation in the cir-
cuit. For this reason, platelets and cryoprecipitatc
should be administered post-oxygenator or directly
into the paticat’s TV access in order fo minimize this
potential problem.

Rapid infusion of blood products must be
closely monitored; the CVP, RAP, and LAP should
be followed to prevent overdistention of the heart
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during administration. Tonized calciam and potas-
sium should be monitored closely (cspecially in
the setting of large volume PRBC transfusions)
and maintained in the normal range. The patient’s
temperature should be maintained in the normatl
range to promote normal coagulation function, un-
lcss the care team has requested initiation of mild
hypothermia {34-35°C) for ncuroprotection aftcr
cardiac arrcst.

Hemostatic agents such as aminocaproic acid
arc considered for persistent blceding if blceding
persists despite ACT adjustment and appropriate
blood product repletion. Aminocaproic acid acts
by inhibiting plasminogen activators, interfering
with fibrinolysis and allowing for more stable clot
formation. Generally, a toading dose of 100 mg/kg
is infuscd over 60 minutes in D3W, followed by a
maintenance dose of 33.3 mg/kg/hour (the dose is
adjusted to 15 -20 mg/kg/hour for renal failure.) The
cireuit must be closely observed for evidence of clot
formation; discontinuation of the heparin infusion is
not recommended during the administration of awi-
nocaproic acid as this may increase the risk of clot
formation within the circuit. The goal is to control
the patient’s bleeding while still maintaining the
viability of the ECMO circuit. Aminocaproic acid
infusions can also be used to control bleeding in the
sctting of planned surgical proeedures undertaken
while on ECMO.

Recombinant Activated factor Vila (rFVia) is
another hemostatic agent that some centers have
reported using with success to control excessive
bleeding while on ECMO. It forms a complex with
tissuc factor (TF) to activate factor X, which then
induces thrombin formation from prothrombin. This
results in the formation of a stable fibrin plug that is
resistant to premature lysis. Since the effectivencss
of the drug requires combining with TF and platelet
accumulation at the site, it is thought that the best re-
sponse occurs in the setting of surgical bleeding. The
duration of rFVIIa hemostasis is dose-dependent;
blood loss has been shown to decrease dramatically
after 1 to 2 doses.” The potential for excessive clot
formation in the circuit or thromboembolic events
affecting the paticint remain a concern, so it is gen-
erally reserved for scverc, uncontrolicd blceding,

Surgical bleeding may require chest exploration.
Large amouats of blood and clot in a body cavity
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act as potent stimulus for fibrinolysis, resulting in
a vicious cycle of continuous blecding. Repeated
chest exploration may be necessary, Aggressive
stripping of the chest tubes is neccssary to reduce the
chance of tamponade. The ECMO specialist needs
to be aware that topical hemostatic agents, such as
absorbable hemostat and thrombiu spray with pack-
ing, may be placed directly into the chest cavity after
surgical exploration. Packing these agents around
the hearf can contribute to tamponade, which can
oceur even with the mediastinum open. An increase
m filling pressures and heart rate, followed by loss
of venous refurn and a drop in venous saturation,
indicates a nced for re-exploration to rule out tam-
ponade. Cardiac tainponade impedes the flow of
venous return to the pump, sometimes abruptly, A
quick method to determine if loss of venous return
is duc to tamponade versus hypovolemia is to furn
the pump flow down 10-20 ml/min; Loss of venous
return will continue to be an issue if tamponade is
occurring, If the problem is decreased circulating
volume, turning the pump flow down will allow for
adequate venous return to the pump. Keep in mind
that it may be difficult to differentiate between vol-
ume depletion and impending tamponade as both
may, at least initially, respond to volume infusion,

Residual Cardiac Defects

A residual cardiac defect should be suspected
if the post-operative patient fails to wean from
ECMO, despite apparent return of cardiac function
and recovery of other end organ injuries. A cardiac
catheterization may be required to confirm this di-
agnosis, and if a residual defect is discovered further
surgery may be required (19). Potential residual
defects include an incompletely repaired or previ-
ously undiagnosed ventricular septal defect, new or
previously undiagnosed aortopulmonary collaterals,
and sipnificant gradients across the pulmonary or
systemic outflow tracts. Such patients may or may
not nced continued ECMO support after their re-
operation,

Emergencies that require temporarily coming off
ECMO

Rarely, an uncxpected event such as air in
the circuit requires temporary but sudden discon-
tinuation of ECMO for a brief period of time. In
the pulmonary ECMO patient, hand bagging or
“cmergency” ventilator scitings often allow ad-
equate support until ECMO can be resumed. In the
post-operative cardiac patient with poor ventricular
function, sudden discontinuation of ECMO support
can result in cardiac arrest, with closed or open chest
CPR required until ECMO support can be restored.
Code medications should always be readily avail-
able at the bedside, and the ECMO specialist and
bedside nurse should be aware of which members
of the tcam are the immediate responders to an
ECMO code situation and how they can be reached
emergently.

Weaning from ECMO

In the post-operative cardiac patient, return of
ventricular function capable of sustaining adequate
cardiac output usually occurs within 48-72 hours
after the initiation of ECMO; this recovery time
course correlates witl suceessful patient outcomes. !
However, weaning must be individualized for each
paticnt, and some patients may require a slower
weaning proeess to successfully wean froin ECMO.
As flows are weaned, adequacy of cardiac output as
assessed by venous saturation (or, in the patient with
mixing, arterial-venous saturation difference), urine
output, acid-base balance, and NIRS measurcments
will help to determine the readiness for decannu-
lation. Of note, if a left atrial vent was placed, it
must be removed to aliow for successful weaning;
adequate cardiac output cannot be achieved if onc
continues to remove blood from the left atrium. An
cchocardiogram at very low flows or with the circuit
clamped can provide additional information regard-
ing contractility and cardiac filling. Vasoactives may
need to be added or increased in order to success-
fully scparate from the ECMO circuit, keeping in
mind that some vasoactives may increasc afterload
and result in more work for the ventricle. Thus it is
cssential to keep vasoactives in a dose range that
adcquately supports function without overworking
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the recovering ventricle. Prior to decannulation, the
following should also be assessed:

o fluid balance (if needed, excessive fluid can
be removed with hemofiltration)

e pulmonary vascular resistance (the patient
may require nitric oxide to be added prior
to decannulation if pulmonary hypertension
is documented or the risk is high)

e Jung function (ventilator settings should be
adjusted to assurc adcquatc oxygenation
and ventilation)

If the patient is able to tolerate “idle” flows
(10-15% of predicted cardiac output), this supggests
a readincss for decannulation. Prior to clamping
the circuit, goal hemodynamic and oxygenation
parameters should be reviewed with the medical
tcam. Adequatc oxygen delivery for 60-120 min-
utes with the circuit clamped should be followed
by separation from ECMO.

If there is very poor or no functional cardiac
recovery after 3-5 days, the healthcare tcam should
discuss options and possible ouicomes with the
family. These patients may be candidates for hcart
transplantation and/or a ventricular assist device.
The decision regarding if and when to list a patient
for transplantt should be made by a multidisciplinary
team which includes cardiovascular surgery, cardiol-
ogy, and critical carc medicinc; the family’s wishes
should be paramount in this process. Sincc the aver-
age time to receive a heart transplant is between four
and six weeks, it is advantageous to list a paticnt
once functional cardiac recovery scems unlikely.
Patients with multiple genetic anomalics may or
may not be appropriate candidates for ECMO
post-operatively, and a discussion with the family
and members of the medical tcam prior to surgery
should include options of support that could be used,
if needed, in the post-operative period.
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Appendix: Qutcomes in Cardiac ECMO

The following table sumimarizes the cumulative cardiac ECMO expericnce organized by age group and
diagnosis (source: ELSO Registry, 2008)

Total Runs Tf;:;% I&-tllll']s) Lﬁ'}f:i.g:?)u v?\‘:(; % Survived
E Neonate 3,114 142 1,198 1,136 36%
% % Infant 1,824 146 1260 769 42%
';%n é Child 977 136 1133 421 43%
5 Adulf 92 127 733 30 33%
% Neonate 44 113 517 10 23%
E | fant 45 122 533 18 40%
% Child 71 115 - 525 27 38%
S Adult 57 70 257 14 25%
% | Neonate 37 165 621 14 38%
§ Infant 25 150 1157 10 40%
Eﬂ Child 51 124 428 20 39%
:% Adult 133 112 900 56 42%
_Ew Neonate 92 214 867 57 62%
% Tnfant 103 225 1073 54 52%
;§ Child 300 201 1490 173 58%
z
5 Adult 142 132 842 52 37%
. Neonate 41 264 868 20 49%
% Infant 51 222 1246 34 67%
g, Child 143 191 1207 94 66%
8 Adult 35 176 761 25 71%
Neonate 280 194 1871 114 41%
g Infant 259 [6] 936 119 46%
& Child 413 153 1026 189 46%
Adult 569 114 965 183 32%
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Chapter 13 - Management of the Cardiac ECMO Patient

Chapter 13 Questions

L

All of the following are contraindications to the
usc of ECMO in a paticent with cardiac disease
EXCEPT:

a) end stage or inoperable discasc

b) single veniricle physiology

¢) cxiremes of size and weight

d) significant neurological impairment

e} directives to limit resuscitation

Which of the following can result in inadequate
venous return to the ECMO cireuit in the post-
operative cardiac ECMO patient?

a) cardiac tamponade

b) hypovolemia

¢) dysrhytmia

d) aandb

g) ab,andc

Interventions commonly undertaken to control
bleeding in the post-operative cardiac patient on
ECMO include all of the following EXCEPT:

a) mainfaining a platelet count over 100,000

b) maintaining fibrinogen over 150

¢) use of aminocaproic acid

d) chest exploration

e) discontinuation of the heparin drip

Chapter 13 Answers

LW opy —
O oo
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Adult Extracorporeal Life Support

Elaine Cooley, RN BSN, RRT and Robert Bartlett, MD

Objectives

After compiction of this chapter the participant
should be able to:

¢ Understand criteria for going on ECLS

e Undcrstand daily management routine

e  Understand differences related to diagnoscs

¢ Understand the management of difficult cascs

Introduction

ECLS was first utilized in 1971 for support of an
adult pafient with respiratory failure. Arandomized
trial published in 1979 showed no benefit, and re-
search on ECLS for adult respiratory failure stopped
for a decade.! With refined techniques, some centers

reported success in the 1990°s and another random-
ized frial demonstrated the valuc of ECLS in 2007,

ECLS is used for acute severe respiratory fail-
urc (ARDS). This may be caused by primary injury
(viral or bacterial pneumonia) or secondary failure
(sepsis, shock lung trauma}, The need for ECLS for
adult cardiac support is also growing, Adult cardiac
support may be required for acute cardiac failure
duc to myocarditis or infarction, or post surgical
myocardial stun,

As of January 2008, the ELSO registry recorded
over 2,500 adult patients supported by ECLS.
Respiratory patients accounted for 56% of these
patients, 32% cardiac and 11% ECPR. The adult
ECLS respiratory patient averaged 247 pump hours
percase, The longest recorded case was 2616 pump
hours (~109 days).?

Adult Respiratory Cases
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Figure 1: Annual Adult Respiratory ECLS Cases
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Adult Diaghoses and Survival
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Figure 2: Outcomes

ECLS for Respiratory Failure

ARDS is characterized by refractory hypoxemia,
persistent pulmonary inflammation, and increased
vascular permeability.® Classification of ARDS
ineludes primary lung injury (bacterial, viral or as-
piration pneumonia, vasculitis, or other primary lung
disease) or sccondary lung injury (shock, trauma,
sepsis, pancreatitis, ctc).?

Acute Lung Injury (ALI) and ARDS include
x-ray findings of bilateral patchy infiltrates, PF
ratio <200, and poor lung compliance (<0.5cc/cm
H,0). These patients have capillary leakage, local or
generalized edema and abnormal V/Q relationships.

Despite maximal medical therapy, ARDS
mortality ratcs remain 30%-50%. This mortality
is secondary to refractory pulmonary failure and
multiorgan failure,

Patients with “severe” ALI or ARDS are classi-
ficd as having a PF ration <100, A-aDO, >600mmHg,
or transpulmonary shunt fraction >30% despite and
after maximal medical treatment.* The usc of ECLS
is indicated in this group of patients. Acute respira-
tory failure can also be caused by status asthmaticus.
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ECLS is used to keep these patients alive while the
primary condition is treated.

Patient Selection

Case selcction depends on both the paticnt con-
dition and the capabilities of the team. Questions to
be asked remain the same regardless if the patient is
in your unit/hospital or at a referring hospital. There
arc 4 main concerns to identify:

o Is the underlying process reversible

e Do logistics allow you to provide ECLS to
this patient

e Docs the paticnt have a reasonable chance
for survival

e Does the patient have any contraindications
for ECLS

Thesc are not always easy to answer, There may
not be time to determine if the underlying process
is reversible, or if the neuro status is adequate. The
best interest of the patient and family wishes must
be discussed before a decision is madc,
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Indications and coniraindications vary widely
between settings. The following Indications/Contra-
indications are recommended by ELSO.?

Indications: Acute severe lung failure with
high mortality risk despite optimal conventional
therapy. ECLS is considered at 50% mortality
risk. ECLS is indicated in most circumstances at
80% mortality risk. Scverily of illness and mortal-
ity risk is measured as precisely as possible using
measurements for the appropriatc age group and
organ failure.

Respiratory Failure:

1. Hypoxic respiratory failure due to any cause
(primary or secondary respiratory failure).

a. 50% mortality risk, consider ECLS: Pa0O,/
FiO, <150 on FiO, >90% and/or Murray
scote 2-3

b.  80% montality risk, definite ECLS: PaO,/Fi0,
<80 on Fi0, >90% and Murray score 3-4

2. CO, retention (asthma, permissive hypercapnea)
PaCO, >80

Contraindications: Relative Contraindica-
tions — most confraindications are relative, balanc-
ing the risks of the procedure (including the risk of
using valuable resources which could be used for
others) vs. the potential benefits.

Respiratory Failurc:

1. Mechanical ventilation at high settings
(FiO,> 90%, P-plat >>30) for 7 days or more

2. Major pharmacologic immunosuppresion
(absolute neutrophil count <400/mi3)

3. Age: no specific age contraindication buf
consider increasing risk with increasing age

4. Weight: over 100 kg (or some centers use
a BMI of ~40) '

Specific Patient Considerations:

L. Non fatal co-morbidities maybe a
relative contraindication based on the
individual case (i.e. diabetes and renal
transplant and retinopathy and PYOD
complicated by severc pneumonia)

2. Bridging to fung transplant: generally
bridging to lung transplant is impracti-
cal because of limited donors.

3. Preexisting conditions which affect the
quality of life (CNS status, end stage
malignaney, risk of systemic bleeding
with anticoagulation).

4. Futility: patients who are too sick, have
been on conventional therapy too long,
or have a fatal diagnosis

5. Contagious diseases which could be
a risk to the treatment feam may be
considered a contraindication (HIV,
Hepatitis C).

Pre ECLS Management

Many referral patients will improve with a
standardized management protocol without the
need for ECLS,

The University of Michigan ARDS Protocol is:

Mechanical Ventilation

e TPressure Controlled ventilation (limiting
inspiratory pressure to 30 cm H,0)

e Best Peep based on SvO,

e Titrate FIO, for Sa0, >90% & SvO, >70%

e Inverse LLE

Monitoring

e Continuous Sa0,

¢ Continuous SvO,

a  Arterial Line

e PA catheter

¢ Ventilator tidal volume pressure and minute
ventilation
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Treatments

e Prone positioning (12-18 hrs/day)

e Normal hematocrit (iransfuse with PRBC’s
to Het of 40-45)

e Diuresis to dry weight (Furosemide drip
or CVVH)

e Chemical sedation or paralysis if nceded

e Full enteral or parenteral nutrition

e FEarly trachcostomy

e Control fever

e Corticosteroids in paticnts with no pulmo-
nary improvement after 7 days

If paticnt does not respond to this protocol (P
ratio under 200) then ECLS is indicated

Circuit & Equipment Requirements

The basics include a pump (roller or centrifugal),
membrane oxygcnator, and monitoring devices
(pressure, sataration, ABG’s, clot formation, bubble
detection, flow). Ports for withdrawing or infus-
ing medications and blood products arc necessary.
Pumps must be sciceted and managed to prevent
high negative inlct pressure which causes cavitation
and hemolysis. Cavitation and hemolysis occurs
when the inlet pressure exceeds ~ minus 200mmHg.
The membrane Tung must be made of solid {not
porous) materials. In 2008 thesc devices in the U.S.
arc the Medtronic (spiral coil) and the Quadrox D
from Maquet.

Respiratory patients greater than 40kg can go
on ECLS with a clear primed circuit, Any sized
paticnt can be placed on a clear primed circuit in
an emergency, though the nconates do not respond
as well to this method. Albumin (12.5 g) and CaCl
(1g) arc added to the prime. Once on ECLS a dosc
of a diuretic should be given {o help excrete the ad-
ditional crystalloid. It usually takes ~ 4 to5 units of
PRBC’s to return the Het to the 40-45% level, Renal
failure requiring renal replacement therapy oceurs in
~ 40% of adult respiratory cases and ~50% of adult
cardiac cases. (2) This requires a hemofilter to be
placed into the ECLS circnit
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Access for Respiratory ECLS

Venovenous cannulation is the preferred method
for respiratory failure patients.

Cannula sclection is very important to provide
maximal support to the patient. It is advisable to
have lines placed in the veins or arteries of vessels
to be used for ECLS. Thesc can be changed over a
wire to ECL.S cannulas. The [argest cannula with the
least resistance is needed to maximize your drainage
potential, Percutancous access is possible in 90%
of adult patients. The technique for cannulating is
discussed in another chapter,

Currently, two veins must be used for VV access,
A Double Lumen Catheter (DLC) for adult patients
is expeeted to be on the market in 2008, Venovenous
mode can be performed utilizing AF (atrial-femoral)
ot FA (femoral-atrial) method. Most patients arc
managed with FA. Paticnts that arc >50 kg do well
with FA, Drainage occurs from the right femoral
vein (RFV) and rcinfusion through the right inter-
nal jugular vein (R1JV) to the atrium. Paticnts that
have high intra abdominal pressures, are pregnant,
or have any condition that iimpedes drainage from
the RFV should usc the AF mode. Drainage occurs
from the RIJV (atrium) and rcinfusion is through
the RFV, Studies performed in the 1990°s showed
reduced recirculation in the FA mode.®

Management on VV ECLS
Management ot the VV patient can be broken

down into 5 categories.’
I.  Flow and rest scitings

2. (as exchange

3. Anticoagulation

4. Monitoring

5. Other patient management
FLOW

Initially flow is incrcased to maximal, then sct
to maintain optimal oxygen delivery, Optimal sup-
port is scen when the ECLS flow maintains a Sa0,
>85% (accounting for some recirculation),

Ventilator settings: typical rest settings are pres-
sure 25/10, rate 5 (i.c. ratio 2:1), FiO,
2-3
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GAS EXCHANGE
Sweep gas (typically 100% oxygen source) is
used to regulate the PaCO, at a normal value.

In the absence of lung function, VV ECLS can
supply all metabolic oxygen requirements, but the
arterial saturation is usually 75-80%. This is ample
oxyhemoglobin saturation for normal systemic
oxygen delivery as long as the cardiac output and
hemoglobin concentration are normal. However,
arterial hypoxemia makes ICU staff uncomfortable.
Education regarding oxygen delivery is important.
Avoid the temptation to turn up the ventilator sct-
tings abovec rest scttings during VV support.

ANITCOAGULATION

Heparin is the gold standard used for antico-
agulant in ECLS, Other drugs such as Argatroban
or Lepirudin have also been used (with concern for
HIT) for anticoagulation.

Bleeding is the number one complication on
ECLS. Measuring the ACT at the bedside is the
most comimon mcthod for monitoring and filtrating
heparin cffect. The activated clotting time can be
reduced if needed for bleeding complications. Anti-
coagulation is a very complex topic and is reviewed
in greater detail in another chapter.

MONITORING

Monitoring the patient on VV ECLS is best
done with Sa0, (patient) and SVO, (circuit) moni-
tors, Thesc monitoring devices allow you to analyze
for recirculation, lung improvement or worsening
respiratory status. A PA catheter is cxtremely useful
for monitoring of the VV patient to monitor filling
pressure, cardiac output, and pulmonary vascular
resistance.

OTHER PATIENT MANAGEMENT

Patients on VV ECLS that have severe respira-
tory failure may requirc other interventions to help
maintain adequate support, Paticnts are managed
with minimal sedation. If VV oxygen dclivery is
not adequatc to meet oxygen demands, patient
oxygen consumption can be lowcered with paralysis
and systemic coolant. Tracheostomy dccreases the
need for sedation and facilitates weaning from the
ventilator after ECLS. Use of paralytics is reserved

for those patients who can not bc maintained with
a 8a0, of >70%. Long term use of paralytics can
cause significant muscle fatigue/wasting and can
contribute to an extended rccovery post ECLS.
There arc centers who keep their ECMO patients
alert and awake throughout their ECMO run. Limit-
ing sedation so that the paticnt is comfortable but can
answer questions (with adequate support indicators)
is an appropriate goal.

Resting the lungs is the most important goal
while on ECMO. Maintaining the Fi0, at 50% or
less and limiting the inspiratory pressure below
30cm H,O helps to minimize further damage to the
fungs. Other rest and recruitment measurcs for the
fungs include:

e Proning - 12-18 hrs/day

e  Maintain ventilator rest settings

o Bronchoscopy /BAL as needed for diagno-
sis and clcaring the airways

e Tracheostonty carly after initiation of ECLS

e Diuresis — Lasix drip or CRRT as needed
to achieve “dry weight.”

e Aggressive management of any infectious/
surgical process that may be contributing
to the situation.

e Appropriate nutrition —enferal feeds if toler-
ated, otherwise TPN

There is no hemodynamic support while on VV
ECMO. The use of inotropes, vasodilators, blood
volume replacement, etc. should be used to support
the hemodynamic nceds, Patients on VV who losc
cardiac function require conventional CPR.

Daily manageiment of these paticnts includes a
CXR to cvaluation [ung inflation and eannula place-
ment. CBC and platelets are measured daily. Other
tabs depend on the patient disease and condition.
Coagulation is discussed in another chapter and will
not be discussed here.
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Routine daily care of the ECMO patient in-
cludes the same basic care for any 1CU patient:

e Pain

e Skin Integrity

e  Pulmonary Toilet —move side to side if you
do not prone

e Mouth Care

e Eye Care

e Nutrition

e  Neuro asscssinent

However, cxtra care must be used in prevention
of bleeding. This includes:

o  (entle suctioning

e No percutaneous puncturcs

e  Removal of any lines or tubes can lcad to
bleeding

e  Gentle placement of NG/OG/Dophoff —use
extra lubricant

e No subQ injections

o No placement of chest tubes (or any surgical
procedure) without use of Bovie

Evaluation of Support

Dectermining adequacy of support for the adult
V'V patient can be a lesson in paticnece! Understand-
mg oxygen delivery and consumption concepts arc
critical in managing these patients. In VV mode,
infusate blood mixes with systemic venous blood
return, At typical blood flow, the ratio of infusion
blood to deoxygenated right atrial blood is usually
around 3:1. If there is no native lung function, this
results in arterial PCO, 41, PO, 40, Sat 80% and
0O, content of 17c¢O,/dL in the pulmonary artery.
If there is no native tung function, this will be the
composition of the gases in the arterial blood. It is
important to realize that systeinic arterial saturation
around 80% is typical during VV support. As long
as the hematocrit is over 40% and cardiac function
is good, systemic oxygen delivery will be adequate
at this level of hypoxemia.
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As the lungs get better you will see a step-up in
the PA SvO, to Sa0, reading,.

Trial and Decannulation

Preparation for trial off VV ECLS: Increase ven-
tilator settings and be sure you have appropriate vol-
ume/medications on hand. Then discontinue the gas
sweep to the oxygenator. If adequate gas cxchange
and hemodynamics arc maintained by native lung
function for 1-2 hours, cannulas can be removed. If
lung function is bordertline, cannulas can be left in
place for 12-24 hours. Removal of percutaneously
placed cannulas requires pressure held for 20-30
minutes. Patients with a percutancously placed
femoral venous cannula should have a Doppler
Scan of the leg veins 2-3 days post-decannulation.
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Patients found to have deep vein thrombosis (DVT)
are managed with an inferior vena cava (1VC) filfer.

Cardiac Support

Paticnts in cardiac failure require VA ECLS, In
the ELSO registry, the average time on ECLS was
123 hours. Survival overall was 32%. The subgroup
with myocarditis had 70% survival.* Adult cardiac
support may be required in an ECPR setting for
an acute myocardial infarction (MI}), pulmonary
embolus (PE), or cardiovascular collapse. It may
be used as a bridge to ventricular assist device
(VAD) support, or for post-op inability to come off
cardiopulmonary bypass (CPB).

Emergent Referral

Emergent ECLS is referred to as ECPR (Ex-
tracorporcal-Cardiopulmonary Resuscitation) and
may be requircd for those patients in extrernis that
experience sudden complete cardiovascular collapse.

The ability to respond with ECLS in a short period
of time (5-15 minutes) will depend on how your
program is set up, A rapid deployable system must
be utilized. Some centers keep a pre-primed circuit
at all times, others utilize a centrifugal pump and
microporous oxygenator that can be prepared within
5 minutes. All supplics should be in one area that can
be quickly moved to wherever the patient is located.
The blood bank must be notificd immediately for
the need of cmergency blood. The usc of ECPR for
patients in active cardiac arrest varies between insti-
tutions. ECLS is usually used in a witnessed arrest
of 5 minutes or less with monitoring demonstrating
adequate perfusion (sfrong pulse, pH>7.2). Survival
for adult ECPR is 26% in the ELSO rcgistry.

VA Access
Venous access can be either the RIJV or RFV.

Arterial access can be through the right common
carotid artery (RCCA), but the FA is preferred. 1f

Cardiac Cases By Year
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Figure 3: Adult Cardiac Cases
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the FA is used, a distal reperfusion cannula can be
placed in the post tibial artery (PTA),

Patients that are cannulated through the groin
and also have a component of respiratory failure
may expcrience a phenomenon of perfusion mis-
match, also somctimes identified as North-South
Syndrome. Paticnts with North-South syndrome
present with low upper body extremity saturations,
while the lower extremity saturations are normal,
The native cardiac output has improved and LV
oufput is blocking the perfusion of oxygenated blood
from the return cannula in the RFA.

Treatment is placcment of a perfusion cannula
in the RIJ'V to allow oxygenated blood to be infused
into the RA. This is called VA-V ECLS. Monitoring
a patient cannulated VA through the groin is best
achieved by utilizing thc saturation probe on the
right hand. You can read more about this physiology
in the chapter on ECLS physiology.

Aswith the pediatyic population, some adults arc
placed on ECLS for inabtlity to wean from CPB or
immediately post-op. Typically the CPB cannulas
are used and the chest is left open and covered with

a plastic drape. Sedation requirements for cannulat-
ing VA arc the same as with VV. Once the patient
is stable on ECMO, scdation/narcotics should be
turncd off to assess neurologic status. Sedation can
be restarted to keep the paticnt comfortable.

Management

The same basic principles applied to the VV
patient apply to the VA patient. The main difference
is that inotropes are not required and the arterial
pressurc is nonpulsatile.

Sedation should be at a level where the patient
is comfortable but awake. Patients with an open
chest require frequent assessment for pain and
sedation, Patients on VA ECMO that have normal
lung function may be more comfortable extubated.
This allows for normal breathing and decreascs the
risk of a nosocomial infcction/pneumonia, If the
ventilator is used, keep it at rest settings, Typically
VA patients that arc being supported for primary
cardiac failure do not require proning, or not able
to be proned sccondary to open chest,

Cardiac ECLS by Diagnosis

16 years old and over

Congenital Defect
Cardiac Arrest
Cardiogenic Shock
Myocardiopathy
Myocarditis

Other

Runs % Survived
85 32
52 21
122 44
133 33
33 70
515 32

ELSO Registry January 2008

Figure 4: Adult Cardiac Outcomes
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Assessment of Support

In VA ECMO infusate blood mixes with blood
in the aorta. The ratio of infusion to native aortic
blood flow is typically 8:1. If native fung function
is normal (O, content 21ccO,/dL) and the FiO, is
0.21, this results in PCO, 40, PO, 200, saturation
100%, PO, 100, saturation 98%, content 20ccO,/dL.
NOTE: the forgoing is true if infusion blood going
inte the femoral artery and flow 1s rctrograde, The
mixing will occur somewhere in the mid aorta. The
higher the flow rafc, the higher the level of mixing.
During scvere respiratory failure, at typical VA
fow rate (80% of cardiac output), this can result in
desaturated blood from the left ventricle perfusing
the aortic arch and coronarics and fully saturated
infusion blood perfusing the lower 2/3 of the body
(North-South syndrome- see above).

Arterial oxygenation monitoring depends on
the location of blood reinfused and location of the
arterial line. Patients on VA utilizing the RCCA
should be monitored from the left radial artery.
Patients on VA-V bypass atre best monitored by the
arterial linc in the right radial artery. Placement of
saturation probes follows the same logic. Knowing
the physiology of your patient and where the reinfu-
sion of oxygenated blood goes is vital in making an
accurate assessment of support,

Trial and Decannulation

Trialing off VA ECMO is more cormplex than
on VV. Some institutions start a second heparin drip
to the patient ~ 15-20 minutes prior to the start of
the trial, Others may wean flow buf not completely
clamp off bypass. Some ECLS programs set a
time frame for VA ftrials, Decisions must be made
to either go back on ECLS or decannulate within
that time frame. VA trials can be sfressful for the
paticnt and the circuit. Flashing the cannulas every
10-15 minutes can alter the patients’ hemodynam-
ics and potentially incrcase the risk of introduction
ol emboli.

Make sure you have the necessary pressors/
introps and volumc available. Veatilator scttings do
not usually play as significant a rolc for the cardiac
patient. The main focus is maintenance of blood
pressure and perfusion. If blood pressure can be

maintained on a modicum of pressor support while
supporiing adequate perfusion, then the patient can
be decannulated. If cannulated percutaneously, the
cannulas arc pulled and pressure applied. If they
werc placed by cuf-down, the sitc will be re-opencd
and thc vessels cither repaired or ligated (depending
on location}. Chest cannula can be removed at the
bedside or if your policy requires, taken out in the
operating room.

Troublesome Diagnosis and Treatments (5)

Management of air leaks:

e  Small pneumothorax — (cstimated 20% or
less with no hemodynamic compromise and
no enlargement over time) is best managed
by waiting for absorption with no specific
treatient,

e Symptomatic pneumothorax — (> 20%,
cnlarging, or causing hemodynamic com-
promise) should be freated by external
drainage, using a small tube with appropri-
ate preparation.

e  Massive air leak or bronchopleural fistuta
(BPF) — defined as less than half of the
inspired volume coming out as expired
volume — can be managed by ECLS, in
fact it is sometimes a specific indication
for ECLS. As in any BPF, the first objcctive
is to evacuate the pleural space so that the
lung contacts the chest wall, leading to ad-
hesions with closure of the visceral pleura.
During ECLS this can alimost always be
managed by a single chest tube placed on
high continuous suction (20-50 ¢m/H,0),
then limiting inspiratory pressure and vol-
e, In some cases, it may be nceessary to
manage the airway by continuous positive
airway pressure at 10, 5, or even 0 c/H,O
for hours or days. When the air leak has
sealcd, airway pressure is gradually addced
until conventional rest settings arc reached.
Recruitment of the totally atclectatic Tung
may take onc or morc days.

BPF with a massive air leak directly

from a bronchus or the trachca (after lung
resection or trauma for example) should

167




Cooley E. and Barilett R.

be managed initially as outline above, but
direct endoscopic or thoracotomy closurc
is often required.

Pulmonary Embolism

Many paticnts with primary or seccondary ARDS
will have small (segmental) pulmonary emboli on
contrast CT or angiography. Such emboli do not
require any specific treatment aside from the hepa-
rinization, which accompanies ECLS. When major
or massive pulmonary embeolism is the causc of
respiratory/cardiac failure, venoarterial ECLS can
provide very successful management if cannulation
and extracorporeal support can be instituted before
brain injury occurs. Paticnts with major PE treated
with ECLS have a 65% survival rate. (8)

After VA access and successful ECLS is estab-
lished, document the extent of pulmonary cmbolism
by appropriate imaging studics. Massive pulmonary
emboli will usually resolve or move into segmen-
tal branches within 48-72 hours of ECLS support.
The patient can be weaned from ECLS then from
ventilation and managed with pulmonary cmbolism
prophylaxis. Almost all such patients are managed
with placement of an IVC filter. If heart/lung fune-
tion has not recovered within two days, or if there is
a secondary reason to get the patient off ECLS (GI
bleeding for example), the patient should undergo
pulmonary thrombectomy with cardiopulmonary
bypass support, When thrombectomy is donc it is
usually nccessary to continue ECLS for days until
lung function is normal. A study of PE patients over
a 14 ycar time span revealed a 62% survival for this
group at one center.(8)

Lung Biopsy

The causc of severc respiratory failure may
be unknown when the patient is started on ECLS.
Although lung biopsy is the next step in diagnosis,
it is potentially dangerous in patients on ECLS
with anticoagulation. If pulmonary function rap-
idly improves during ECLS (the fust few days)
lung biopsy may be dclayed until the patient is off
anticoagulation. However, if pulmonary function
is not improving and the primary diagnosis is not
known, lung biopsy can and should be done within
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the first week on ECLS. Lung biopsy is best done

by thoracotomy (or thoracoscopy) rather than trans-
bronchially because of the risk of major hemorrhage

into the airway with transbronchial biopsy. As with

any thoracotomy during ECLS, it is best to leave

the chestopen, covered by an adhestve plastic drape,
with definitive closure after ECLS. (5)

Rare conditions

ECLS has been used for rare causes ot pulmo-
nary failure with variable success, When considering
ECLS for a specific diagnosis for the first time in
any given center it may be helpful to consult the
ELSO registry for the worldwide experience with
that condition. Examples are:

e Vasculitis

e Autoimmunc lung discase

e  Bronchiolitis Obliterans

e  (Goodpasture syndrome

e  Rare bacterial, fungal, or viral infections

e Bridge to and from lung transplant
Conclusion

The use of ECLS in the adult respiratory and
cardiac population is growing. As more centers gain
experience in the management of the adult ECLS
patients, the overall survival may improve, With ex-
pericnce, one center had an average 5-year survival
ratc of 78% for adult respiratory failure. While adult
ECLS is labor intensive and fraught with challenges,
there is no better reward than seeing your patient
return with their family at your next ECMO picnic!
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Chapter 14 Questions

L.

ARDS is characterized by:

a). Refractory hypoxemia

b). Persistent pulmonary inflammation
¢). Increased vascular permeability
d). All of the above

Whenis ECLS indicated in most circumstances?
a). When mortality risk is 50%
b). When mortality risk is 40%
¢). When mortality risk is 80%
d). When mortality risk is 60%

What is a refative contraindication for ECLS?
a). Pt. on high ventilatory support for 3 days.
b). Pt. on high ventilatory support for 6 days
¢). Pt. on high ventilatory support for 10 days
d). There are no contraindications for ECLS

Patients greater than 40 Kg can go on ECLS
with a clear prime circuit.

a). True

b}. False

Patients on VV ECLS are better supported with
less recirculation if they arc cannulated and flow
in which direction?

a). Atrial-Femoral (AF)

b). Femoral-Atrial (FA)

What is an acceptable arterial saturation for a
patient on VV ECLS?

a). Must be at lcast 95%

b). Must be at least 90%

¢). Must be at least 85%

d). Greater than 80% ok if Het. is greater than
40,

If your VV patient has a PA saturation of 85%
and the arterial saturation is 85%, what does
this tell you?

a). The pt. is not well supported

b}. The monitor is not working properly

¢}. The patient must need more Hemoblobin
d). The patients’ lungs are not exchanging oxy-
gen
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8. What is the greatest risk to the patient whenyou  Chapter 14 Answers
cannulate the groin vessels for VA ECMO?

a)., Not enough ECMO flow available I. d

b). Loss of pulses in the affected foot 2. ¢

c). Inability to turn patient 3. ¢
d)A&C 4, a

5. b

9. Your patient has a small pncumothorax, What 6. d
should you do? 7. d

a). Have a surgcon place a chest tube immedi- 8. b
ately 9. ¢

b). Increase the FIO, on the ventilator 10, d

¢). No specific treatment — wait for adsorption
d). All of the above

10. You have placed your patient on with a clear
prime circuit. What should you be thinking
about?

a). Give a diurctic

b). Increase Het. to 40-45%

¢). Start a hemofifter immediately
dr,A&B '
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Medical and Surgical Management of the Congenital Diaphragmatic Hernia Patient on

ECMO

Wolfgang Stehr, M.D., David Powell, M.D., and Billie Short, M.D.

Objectives

After complction of this chapter, the participant
should be able to:

e Discuss an overview of the pre-ECMO
treatment of the CDH patient

e  Qutline carc of the CDH patient after being
placed ou ECMO

e Describe complications in the CDH patient
that may occur on ECMO

e Describc management of surgical repair
on ECMO

Introduetion

The use of cxtracorporeal membrane oxy-
genation (ECMO) has revolutionized the care of
infants born with a congenital diaphragmatic hernia
(CDH). Despite significant scientific efforts there
is still disagreement and lack of understanding of
preoperative ventilation strafegies, as well as clear
knowledge as to which paticnts are likely to benefit
from ECMO and what the correet timing of hernia
repair is for the infant treated with ECMO. Histori-
¢ally, due to its high mortality, repair of CDH was a
true surgical emergency. In the 1970’s, ECMO was
first utilized as a rescue therapy following repair of
CDH when conventional methods failed.! In the
1980s, advancements in neonatal intensive care and
a better understanding of the pathophysiology of
pulmonary hypertension associated with CDH led
to a stratcgy involving preoperative stabilization
and delayed surgical intervention.? Retrospective
reviews demonstrate an improvement of survival
in infants treated with ECMO from 56% to 71%.%*
This chapter will outline the advances in the care

of the congenital diaphragmatic hemia patient pre-
ECMO and discuss the approach used for treatment
with ECMO.

CDH occurs in one in every 2500 live births.
The most frequent posterolateral Bochdalek hernia
results from a failure of closure of the pleuroperi-
toneal membrane segregating the chest from the
abdomen during the eighth weck of gestation. The
resultant unilateral hernia is associated with a vari-
able amount of bilatcral pulmonary hypoplasia and
pulmonary hypertension. The overall surface area
of the alveoli and the vascular bed in infants with
CDH is reduced. These smaller vessels are morc
prone to developing resistance such that cven subtle
insults can lead to profound increases in pulmonary
vascular resistance.’® Figure 1 shows the typical
left sided CDH x-ray. The sclective activation of

Figure 1. X-ray findings seen a typical left
diaphragmatic hernia patient. Note that the
nasogastric tube is in the left chest.
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thromboxane synthetase pathways precipitated by
CDH may in part contribute to pulmonary hyperten-
sion.** ECMO may allow for a rest period in which
homeostasis of prostanoids can be achieved and
lead morc importantly to resolution of pulmonary
hypertension.

Indications for ECMO

For an infant with a pre- or postnatal diagnosis
of CDH, no criteria are absolutely predictive of out-
come in gencral nor of the success of conventional
therapy. Infants who underge CDH repair without
requiring ECMO support have a near onc hundred
percent survival rate.”® Analysis of the Extracorpo-
real Life Support Organization (ELSO) database
failed to identify reliable predictors of mortality in
CDH paticnts requiring ECMO, There was a trend
toward improved survival in patients who tolerated
medical management for greater than 18 hours, had
a longer gestational periode, a birth weight greater
than 3.5 kg and a pre-ECMO pH greater than 7.4 or
a P CO, less than 49.*

The most often-sited indication for ECMO in
CDH patients is a “fatlurc of conventional medical
management.” Traditional medical management
strategics consist of mechanical ventilatory and
vasopressor hemodynamic support and sedation
in an cffort to coutrol pulmonary hypertension
by hyperventilation and maintaining post-ductal
oxygen saturations grcater than 90%.” Achicving
these goals required high respiratory rates and high
peak inspiratory pressurcs resulting in pulmonary
barotramma. The lung injury resulting from this
approach was clearly responsible for much of the
historic morbidity of CDH infants. New intensive
care strategies and technologies emphasize lower
inspiratory pressures, permissive hypercapnia and
spontaneous respirations in an attempt to minimize
barotrauma.®*® High frequency oscillatory ventila-
tion (HFOV) has been uscd as rescue therapy for
children failing conventional ventilator management
in the preoperative management of CDH.

Inhaled nitric oxide (NO) therapy has been
successful in managing pulmonary hypertension in
CDH patients, NO is a potent vasodilator derived
from endothclial cells, In this sctting, NO excrts its
effects on the pulmonary vasculature and is rapidly
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metabolized before reaching the systemic circula-
tion.!12 Unfortunately, in a randomized trial, the
national inhaled nitric oxide study group (NINOS)
did not find any benefit for CDH paticnts treated
with NO in terms of need for ECMO or mortality."
In addition to the pulmonary hypoplasia and hyper-
tension noted, some studies have documented lung
immaturity in the patients with CDH. Attempts to
improve function of the immature lungs by means
of surfactant administration has been associated
with improvement in lung compliance, puhnonary
vascular resistance and gas cxchange in a fetal lamb
model of CDH, ' however surfactant therapy shows
no bencfit in CDH patients in terms of survival, need
for ECMO or development of chronic lung disease."
Classic objective eriteria for institution of ECMO
therapy include alvecolar-arterial oxygen gradient of
greater than 600 mmHg for 4 hours, oxygenation
index greater than 40, P O, <40 mmHg, or pH <
7.15 for 2 hours.

Exclusion Criteria

Available cannula sizes limit ECMO therapy
to CDH infants weighing at least two kilograms.
The required systcmic anticoagulation for ECMO
bypass, and the associated increased risk of intracra-
nial hemorrhage (ICH) in premature infants limits
eligible paticnts to a gestational age greater than 34
weeks. ™' Similarly, due to concerns for rebleeding,
a child who has already suffered an ICH grcater
than grade 11 is generally excluded from ECMO.
Infants with cvidence of ongoing bleeding and co-
agulopathy are rarely considercd for ECMO therapy.
Neonatcs with concomitant lcthal anomalies arc not
considered for ECMO. The initial investigation of
all children with CDH should include an echocardio-
gram to evaluate for anatomic cardiac defects since
CDH is frequently associated with other anomalics
inciuding congenital heart disease.

Technical Considerations

Compared to venovenous (VV) ECMO, veno-
arterial (VA) ECMO offers the added advantage of
circulatory support and is less subject to mediastinal
shift noted in patients with CDH. Recent studics,
however, bave shown that VV ECMO may be as
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efficient in supporting CDH patients as VA ECMO.
121 Although renal complications and inotrope usc
are less common with VA ECMO, VV ECMO is
associated with fewer cerebral infarcts and sei-
zures and the maintenance of pulsatile oxygenated
blood flow through the lungs inducing production
of endogenous nitric oxide,resulted in improved
coronary blood flow and avoidance of inecrcased
left ventricular aficrload.!”!

ECMO acceess is usually performed via a trans-
verse or oblique incision in the right neck. For VA
ECMO CDH patients are prefercntially cannulated
via the right internal jugular vein and right common
carotid artery, for VV ECMO via the right intcrmal
jugular vein. Placement of central venous access
through the right neck is thercfore contraindicated in
CDH patients. For VA ECMO, the tip of the venous
cannula is placed at the level of the right atrium and
the tip of the arterial cannula at the junction of the
innominate artery and the aseending aorta. Proper
cannulae position is confirmed by chest radiograph
(Figure 3) or echocardiography. Optimal position-
ing of the catheters can be difficult in patients with
CDH because herniated abdominal viscera in the

Figure 2. The typicai picture of a patient with
congenital diaphragmatic hernia on venoarte-
rial ECMO, The ECMO cannulae are shifted
to the right, indicating the shifl of the heart
into the right chest.

thorax tend to the shifl the mediastinum. If there are
concerns about catheter position &/or VRM alarms
after going on ECMO, a echocardiogram should
be donc. Because of the sift of the heart, venous
catheters that look I position on x-ray can be either
against the wall or through the foramen ovale into
the left atrium,

Diaphragin Repair

With the recognition that associated pulmo-
nary hypertension and hypoplasia are the major
contributors to mortality, rather than the presence
of abdominal viscera in the chest (Figure 2), the
timing of diaphragmatic hemia repair has shifted
from cmergent to delayed. ECMO support allows for
time to achicve pulmonary vascular bed stabilization
with subsequent surgical repair.”>* The optimal tim-
ing for repair (prior to ECMQ, while on ECMOQ, or
after completion of ECMO) remains controversial.
Patients who require ECMO after emergent repair
have a marked reduction in their survival rates.
One approach for those infants who require ECMO
is to perform the CDH repair after stabilization of

Figure 3: Surgical view of the bowel and liverin
the chest of a congenital diaphragmatic hernia
patient.
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pulmonary hypertension and immediately prior to
decannulation. ECMO can then continue postop-
cratively if undergoing the repair leads to deterio-
ration of the patient’s condition. Repair while on
ECMO is associated with an increase in bleeding
complications and high mortality.*?* Hemorrhagic
complications can be decrcased from 58 to 21% by
postponing repair until pulmonary hypertension has
improved enough to allow weaning off ECMO and a
period of observation on conventional ventilation.”’
This strategy has led to optimizing survival rates in
CDH patients requiring ECMO to 78%.%%!5?* The
CDH patient who can not wean from ECMO prior
to repair likely has scvere irreversible pulmonary
hypoplasia. Discussion about salvage CDH repair
on ECMO should include acknowledgement of the
pOoOr Prognosis.

Management on ECMO — What the ECMO
Specialist Should Know

Compared with other neonatal ECMO patients,
the presence of a CDH requires recognition that
abdominal contents is in the chest. Distended stom-
ach or intestinc in the thorax can cause mediastinal
and vena caval shift, resulting in decrcased venous
return and venous return monitor (VRM) alarming
may occur. If this bowel gas cannot be reduced by a
sump nasogastric tube, the infant may nced further
scdation to reduce gastric/bowel gas entrapment,
Neonatal ECMO patients in our center are not
paralyzed unless absolutely necessary to reduce air
entrapment and maintain venous flow.

Patients undcrgoing CDH repair prior to or
while on ECMO support are at risk for major post-
operative bleeding.

o Management of patients placed on ECMO
after surgical repair of the CDH —

o Because of the bleeding risk, ACTs
and coagulation management should
focus on preventing bleeding. In our
institution this is achieved by maintain-
ing ACTs of 160-170 scconds (Hemo-
chron), platelets >150,000mm3, and
fibrinogen >150mg%.
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ECMO blood flow rates are being main-
tained at Jeast at 120mL/kg/min during
this coagulation management phasc.
When the chest x-ray improves and
the ECMO physician determines that
the patient can be weaned, the ECMO
flows are weaned hourly as tolerated to
idle. We limit the idling time to 4 hours
to prevent increased bleeding since the
ACTs during this time are between 190-
200 seconds. ACTs arc increased when
flow is <150mL/min to reducc fibrin
formation in the circuit.

After successful idling period the pa-
tient should be taken off ECMO

For patients who do not idle success-
fully, a trial “off” ECMO can be per-
formed by clamping the venous and
arterial lines above the opencd bridge.
The main risk associated with this pro-
cedure is clot formation in the ECMO
cannula resulting in a potential throm-
bus of the cannula or superior vena
cava. Thercfore the catheters should
be “flashed” (see below) every 5 min-
utes to prevent this and as soon as the
paticnt has been “off” ECMO for >30
minutes, a heparin infusion should be
started on the patient side, Flashing the
catheters consist of opening the arterial
and venous clamps, closing the bridge
and allowing fresh blood to enter the
catheters. This should only be done
for a few scconds, but repeated every
5 minutes, '

I the patient is not stable after the “oft”
trial, the ECMO blood flow should be
turned back to 120 mL/kg/min and
the patient allowed to stabilize, ACTs
should be reduced as above. These
deseribed “off” trials can be performed
daily to determine when the patient is
ready to be decannulated,

At our institution, after the paticnt has
been on ECMO for 21 days without im-
provement, we recommend terminating
the ECMO therapy. This is discussed
with the parents during the consenting
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process on the day the paticnt is placed
on ECMO,

Management of patients placed on ECMO

pre-surgery

o ACTs may be maintained as you would
for any non-surgical ECMO patient.

o Higher levels of sedation may be re-
quired to prevent air entrapping in the
stomach or bowel and hercby compro-
mising venous returm.

o Most centers will perform CDH repair
after a successful idling period after
the patient is successfully “ofl” ECMO,

Management of paticnts on ECMO during

CDH repait.

o Surgery on ECMO does not usually
result in acute blecding complications,
but bleeding will start in the surgical
arcas after 6-12hrs, so management
of ACTs and coagulation is important.

ACTSs in our institution arc kept at {50-160

scconds (Hemochron) during surgery and

for 4-6 hours post surgery. They are then
increased to 160-180 seconds after this
timc period

Amicar is usually started 60 minutes prior

to surgery with a initial bolus followed by

a continuous drip.

Platelets are maintained >150-200,000 dur-

ing the surgery and at least 24 hours post

surgery and fibrinogen is kept >150.

ECMO flows arc kept >120ml/kg/hr until

it is decided to attempt to wean.

Patients are weaned off by 24-48 hours post

surgery. Most require a 24 hour period of

stabilization and then are weaned rapidly
by weaning flows by 50mL/min per hour.

Complications during ECMO

o Blecding is the biggest complication
for the CDH paticnt repaired either pre
or on ECMO

o Venous return problems are common
and require management of the gas
entrapment in the stomach/bowel. Re-

member that volume is the number one
cause of VRM alarms for most paticnts,
but cathetcr placement in the beginning
of the run can be a common cause in
the CDH patient and bowel gas entrap-
ment is the next most comimon in the
CDH patient.

o Long-runs require meticulous manage-
ment of ACT/coagulation, and lung
recruitment. We change our circuits
out if marked increases in fibrin/clots
are noted and/or if we are at 10 days of
ECMO (concern for raceway integrity).

e An average CDH run in our
institution is 10 days — one
should not operate on a patient
on ECMO with a 10 day circuit
that has fibrin/clots. It is safcr
to change it out and wait until
the patient is stable, since this
inereases the risk of having
complications from the circuit
due to low ACTs, The usc of
Amicar may help if the circuit
can’t be changed out.

e 1f you have to changc the
circuit out, pre-treating the
circuit with steroids is advised
to decrease the activation of
complement and other vaso-
active mediators that result in
worscning lung function.

CDH Qufcome

While ECMO has contributed to improved
survival in infants with CDH it is not without
complications. Carcful monitoring for potential
hemorrhagic, neurologic and infectious complica-
tions arc required and can necessitate discontinuing
ECMO and death.

The overall incidence of bleeding in patients
with CDH treated with ECMO is as high as 43% and
may lead to death in up to 4.8%. Sites of hemorrhage
include the surgical sitc, if the repair is undertaken
before or during ECMO, ICH (thc most common
cause of hemorrhage-related mortality), pubnonary,
gastroinfestinal, urinary and umbilical.”” The use
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of antifibrinolytic therapies significantly reduccs
bleeding at the surgical site, as well as red blood
ccll transfusions,”

The truc survival rate for patients with CDH is
difficult to predict due to the unknown number of fe-
tuses that don’t survive to delivery and patients who
are too ill to survive transport. The multiple institu-
tion Congenital Diaphragmatic Hernia Study Group
has attempted to determine the effect of ECMO
on CDH survival.”?” The overall survival for CDH
patients requiring ECMO is approximately 68%. A
survival ratc of 38.5 % was seen in paticnts who
without ECMO would have a predicted mortality of
greater than 80%. Right heart failure, hypoplastic
lungs, sepsis, and intracranial hemorrhage have
been identified as causes of long-term mortality. 2%

Amongst surviving CDH patients, at least one-
fifth to two-thirds will display neurodevelopmental
problems.*® CDH patients may be more susceptible
to neurologic injury than other infants requiring
ECMO.* Other long term morbidity includes
chronic lung disease, gastroesophageal reflux and
malnutrition,’'* Gastroesophageal reflux is a major
probiem in the CDH patient. Long-Term concerns
for severe esophagitis need to be a concern passed
on to the primary physician so proper treatment and
follownp can be arranged.

Summary

ECMO therapy has clcarly saved the lives
of many infants born with CDH. As the neonatal
care of infants with CDH evolves, lcss invasive
and morbid therapies will likely decrease the necd
for ECMO. Until then, ECMO continucs to allow
successtul navigation of the critical period of pul-
monary hypertension.
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Chapter 15 - Medical and Surgical Management of the Congenital Diaphragmatic Hernia Patient on ECMO

Chapter 15 Questions

1. The CDH patient ptaced on ECMO pre-surgery
may have all following problems on ECMO
except:

a) Increased risk for blceding

b) Average run time of 10 days

¢) Require increased sedation secondary to
bowel gas entrainment and reduced venous
return

d) Venous return problems carly in the run can
be secondary to catheter placement due to the
shifting of the mediastinum.

2. Ifsurgery is done on ECMO, blceding complica-
tions will occur within the first 1-2 hours
a) True
b) Falsc

3. Your patient has idled successfully and the
surgeons want to go to the OR, but your circuit
now has multiple areas of clot/fibrin formation.
It is best to go ahead with the surgery and get
the patient oft ECMO instead of changing the
circuit prior to ECMO,

a) True
b) False

4. 1f you have to change the circuit, it is best to
pre-treat with steroids to deercase the effect of
activation of complement and other vasoactive
mediators on pulmonary function.

a) True
b) Falsc

Chaptcer 15 Answers
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Extracorporeal Life Support during Cardiac Arrest (ECPR)

Heidi J. Dalton MD, FCCM and Sharad Menon MD

Objectives

After completion of this chapter, the participant
should be able to:

e Discuss the indications for ECPR

e Discuss the contraindications for ECPTRR

o Outline the team members needed to pro-

vide ECPR
o Discuss thc outcome of the ECPR patient
population
Introduction

A primary goal of cardiopulmonary resuscita-
tion is to achieve ncurologically intact survival.
While some recent reports find that 2/3 of patients
can be successfully resuscitated to return of spon-
tancous circulation (ROSC) following in-hospital
cardiac arrest, intact neurologic survival remains
poor for many paticnts. Those patients who have
prolonged (>30 minutes) episodes of conventional
cardiopulmonary resuscitation (CPR) prior to ROSC
have dismal outcomes.' A recent revicw of the Na-
tional Registry of Cardiopulmonary Resuscitation
databasc revealed a rate of survival to discharge of
27% for pediatric in-hospital cardiac arrest, with
65% of survivors having a “good” neurologic
outcome, although outcome was assesscd by chart
veview for discharge status and not long-term cvalu-
ation.®Other studies have shown similar results with
a high ratc (63-70%) of ROSC after CPR, but with
lower survival to discharge rates (10-27%).%%

The succcss of extracorporeal support in provid-
ing cardiopuhnonary support for a variety of patients
has led to use of cxtracorporeal life support (ECLS)
or extracorporeal membrane oxygenation (ECMO)
as a resuscitation adjunct for patients failing con-

ventional resuscitation. ECLS and ECMO will be
used interchangeably in this text. The use of ECLS
in circumstances of cardiac arrest has come to be
termed “ECPR?”, for extracorporcal lifc support dur-
ing CPR. While ECPR was originally described in
patients following repair of congenilal heart defects
who suffered a sudden arrest, it has now been used
in a variety of circumstances for patients both with
and without primary heart diseasc. Multiple centers
have reported successiul use of ECPR in adults and
children. However, because of the cost, the com-
plexity of the technique, and the resources required,
ECPR is not offercd in all centers as a rescue for
pediatric paticnts with refractory cardiac arrest. The
increasing importance of such programs, however,
is highlighted by recommendations such as that of
the American Heart Association, which statcs, *“ .. .10
consider extracorporeal CPR for in-hospital cardiac
arrest refractory to initial resuscitation attempts if
the condition leading to cardiac arrest is reversible
or amenable to heart fransplantation, if excellent
conventional CPR has been performed after no
more than scveral minutes of no-flow cardiac ar-
rest, and if the institution is able to rapidly perform
extracorporeal membrane oxygenation.” One large
pediatric study has shown that good outcome can
be achieved when extracorporeal CPR is started
after 30 to 90 minutes of refractory standard CPR
for in-hospital cardiac arrests.’

Table 1 shows the summary of published fit-
erature regarding pediairic cxtracorporeal cardio-
pulmonary resuseitation. Most of the paticnts in
these scries were cardiac patients with survival to
dischargc rates of 8% to as high as 80%. Duration of
CPR prior to ECLS ranged from 4 to 127 minutes.’
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If you decide to do ECPR

The key to successful deployment of ECLS
during resuscitation is appropriate equipment,
personnel and teamwork. Planning ahcad for an
ECPR cvent starts with identification of WHO is
an appropriate patient and, equally important, who
is NOT. As an example, some centers will only
perform ECPR in the Cardiac ICU environment,
some anywhcre within the ICU, somc anywherc
in the hospital, and some centers will also consider
patients who arrive in the ED in arrest as appropriate
candidates, To prevent confusion, it is best to have a
defined protocol that outlines which patients ECPR
will be considered appropriate for and to make surc
that those clinicians who carc for patients (ED, cath
lab, ICU, floor patients, ete) arc aware of these cri-
teria, While there are no universally agreed upon
criteria for who 1s NOT a candidate for ECPR, there
arc paticnts that the medical care team (and family
as appropriate) do not feel appropriate for ECPR
consideration. If possible, these paticnts should be
formally identified to nursing staff and care per-
sonnel to prevent confusion in the event of arrest,

Despite protocols and planning, however, it is likely
that events will arise that will make it difficult to
ahways know which patients ECPR should be initi-
ated for. Thus, the ultimate responsibility of calling
for ECPR should be designated to one person—usu-
ally an ICU physician or surgeon (either attending
or fellow) who is present at the resuseitation and
is part of the ECPR tcam. Whatever mechanism is
designed to initiate ECPR, calling for it carly in the
resuscitation is best. It is much easier to CANCEL
an ECPR implementation it is to initiate it during a
prolonged rcsuscitation.

The team typically consists of cardiothoracic
and/or general surgcons, ECLS specialist/perfusion-
ist, intensive care specialist and nursing staff famil-
iar with initiation and management of a patient on
ECLS. Each member of the team should understand
their particular role. Maintaining efficiency by use of
mock “ECPR” codes or “water drills” for thesc often
rare cvents is useful. Identifying personnel who are
responsible for entering orders, getting blood, run-
ning for supplies, “crowd control”, family updates,
and communication are as vital roles to the teain as
the personnel who actually place the cannulas and

Table 1. Modified from: Fiser RT, Morris MC. Extracorporeal Cardiopulmonary Resuscitation in Refrac-
tory Pediatric Cardiac Arrcst. Pediatr Clin N Am 55(2008) 929-41,

Author Patient Population | No. of patients Number of Duration of CPR in Minutes:
successfully survivors to median (range) or McantSD
cannulated discharge

Aharon, et al Post-cardiotomy 10 & (80%) 42 (5-110)

Alscufi, ctal 1CU 80 27 (34%) Favorable outcome: 46 (14-95)
Untavorable outcome: 41 {19-110)

Dalton, et al (ref 8) Cardia 11 6 (55%) 42 (42-110)

Cengiz, et al ELSO registry 161 64 (40%) Not reported

Del Nido, ct al (ref 7} Post-cardiotomy 11 6 (55%) 65+ 9

De Mos, et al ICU 5 2 (40%) Al 31-77
Survivors: 35-48

Duncan, ct al Cardiac 11 7 {64%) 55 (20-103)

Hamrick, et al <{¥Yr old post-cardi 12 1 (8%) Not reported

otomy

Parra, et al Cardiac 4 4 (100%) 16 (12-20)

Posner, et al ER 2 1 (50%) 50-90

MacLaren, et al Septic shock 18 10 (55%) Not reported

Morris, et al (ref 19) 1CU 64 21 (33%) Survivors: 50 (5-105)
Non-survivors: 46 (15-90}

Shah, et al Cardiac 27 9 (33%) Not reported

Theurani, ct al Cardiac 15 11 {73% 54 (4-127)
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start the circuit. The cardiopulmonary resuscitation
is continued by a physician who is FOCUSED on
ensuring that proper CPR is continued—failure to
give adequate perfusion with CPR will be associated
with poor ECPR outcomes. Recent reports of the
inadcquacy of compressions and poor CPR tcch-
niques by resuscitating personnel as well as other
reports of improved conventional CPR outcomes
with optimal compressions and CPR techniques (but
without nced for ECPR), highlight how important
the process of CPR is, whether ECPR is required
or not. While CPR is in progress, the ECPR circuit
is primed and readied for conncetion to the patient.
Soine centers maintain a pre-primed, sterile circuit
which is used for ECPR and some centers usc a
compact circuit which is setup but primed only
when BECPR is required. New pumps and oxygen-
ator systems allow for primning times of only a few
minutes, as compared to the traditional roller head/
silicone lung systems which required much longer
priming times. Pre-primed circuits have been stored
for up to 30 days without noted infection or other
complications when put in use,

To truly have an ECPR system, all required per-
somnel should be available in-house 24/7. However,
if this is not possible, a system that gets required
surgical and initiation personnel to the bedside in a
maliter of minutes is needed. While good survival
has been obtained with prolonged resuscitation prior
to ECPR, a shorter duration of pulseless activity is
always desirable.

Another important aspect of a successful ECPR
tcam is {o have a well-designed means for cannula-
tion, Cannulas arc placed in the cervical, femoral, or
thoracic sites as paticnt situation and size dictates.
Because of the varied size of pediatric patients as
compared to adults, obtaining timely vascular access
resulting in adequate pump flow can be challeng-
ing. In addition to appropriate surgical personnel,
needed equipment such as a cannula cart complete
with varying sizes of catheters for all sizcs of pa-
tients, a tray or instrument set for insertion, drapes,
appropriate conncctors and other items need to be
immediately available at the bedside. One other
caution is in the circumstance where transthoracic
cannulation is undertaken. As many surgeons are
used to having trained serub nurse personnel assist
with opening chests and placing cannuias in the

OR, ensuring that thesc processes also flow well in
an emergent situation outside the OR environment
should be practiced to prevent frustration and fray-
ing tempers when an actual event occurs.

As patients undergoing ECPR have either little
or no intrinsic cardiac output, paticnts are cannu-
lated with a venoarterial approach except for unusual
circumstances. Once cannulation is complete, radi-
ography or echocardiography is performed to assess
cannulation placement. Echocardiography oftfers the
advantage that cardiac function can also be assessed.
In cascs of scvere left ventricular dysfunction,
consideration is given to placement of a left atrial
catheter via blade septectomy or a transthoracic left
atrial cannula placement to decompress the left side
of the heart. Failure to decompress the feft heart in
instances where the aortic valve poorly opens can
lead to puhmonary venous hypertension and mas-
sive pulmonary hemorrhage. This will then turn
a primary cardiac failure patient into a pulmonary
and cardiac failurc patient, making recovery even
more difficult,

Post Cannulation Care

Although there are no pediatric studics that
demonstrate the effectivencss of hypothermia post-
arrest in improving outcome, the current trend is
fo maintain the patient’s core body temperature
between 33-35°C for 24-48 hrs. A randomizced trial
of hypothermia versus normothermia after cardiac
arrest is in progress and results are cagerly awaited.
Unfortunately, this frial will not be completed for
several years so conventional wisdom will have fo
guide patient earc decisions in the meantime. One
issue, on which clinicians agrec even now however,
is that preventing fever following arrest is optimal
and this goal can be easily obtaincd with ECLS
temperaturc control. Other goals following cannula-
tion are to maintain normal blood pressure for age
by adjusting flow on pump while being on minimal
vasoactive support. The patients are placed on “rest-
ing” ventilatory support with a low rate (<10 breath/
min), high PEEP to maintain some lung inflation
(8-15 emH20) and low inspired oxygen concentra-
tion (<0.4). Sweep flow and FiO, delivery adjust-
ment arc used for normalizing blood gas parameters.
Anticoagulation with unfractionated heparin while
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on ECMO is titrated to maintain activated clotting
times between 180 and 220 seconds.

A few practical points regarding patient care
are to pay close attention to normalization of or-
gan function and acid-basc balance once ECLS
has begun. Scveral reports have outlined the fact
that failure to normalize lactate levels and acidosis
within 24 hours and to reverse renal and hepatic
insufficiency are all associated with poor outcome.
Soine have suggested that failure to normalize these
parameters may result from a sensc of security that
being on ECLS brings, without realizing that the
support provided is inadequatc and taking measures
to improve it. In hypothermic patients, following
clinical exam for adequacy of support is difficult,
as these paticnts arc often peripherally vasocon-
stricted and skin color is poor. Following lactate
levels, acidosis, mixed venous saturations, urine
output, brain oximetry, and other adjunct measures
of tissue perfusion are all helpful during ECLS sup-
port. Of paramount importance following arrest is
the need to assess ncurologic function as much as
possible. This may best be accomplished by clini-
cal cxam, eliminating scdation or neuromuscular
blockade until neurologic activity such as patient
movement can be assessed. Other measures such as
EEG monitoring, CT scan, and evoked potentials are
other ways to monitor brain function non-invasively.
Although NIRS monitoring is currently used in many
centers, the true reliability of these monitors in as-
sessing brain blood flow and long term ncurologic
outcome is unknown.

Single-ventricle paticnts pose special consider-
ations for post-ECLS support. The optimal oxygen-
ation status is unknown, although most clinicians
maintain patients on room air and allow saturations
in the 80’s similar to what would be observed in
the “natural” state if ECLS was not in place. These
patients frequently require increased blood flow
to support both pulimonary and systemic circula-
tions, especially if they have a Blalock-Taussig
shunt. Single ventricle patients may also rcquire
additional cannulas to obtain adequate venous
drainage, especially if the patient has a completed
Fontan procedure where the IVC/pulmonary and
RA circulations may bc separate.

Failurc of cardiac function to return within 72
hours of cannulation has been associated with poor

184

outcome. While function may not have returned to
a level to allow separation from the ECLS circuit,
a continuous improvement in cardiac and other
organ function should be observed afler successful
ECPR. For patients who are post-cardiotomy, car-
diac catheterization should be strongly considered if
cardiac function does not return guickly to identify
any residual lesions which can be repaired cither
surgically or with cath lab interventions. ~“Myocar-
dial stunning”, which is the term given for asystole
or minimal contractility noted following initiation
of ECLS, is often seen in the first hours following
initiation of VA ECMO for ECPR. While the cxact
etiology of this is unknown, it may relate to changes
in cclular calcium concentration (thus maintaining
normal ionized caleium tevels is important) or from
the sudden increase in the left ventricular afterload
and decreased left ventricular preload that occurs
with VA ECMO. While this condition scems to be
sclf-limited in many paticnts, others respond to
cardiac pacing, vasoactive manipulations including
afterload reduction with milrinone or nitroprusside,
and some require emergent left atrial decompression
to prevent pulmonary venous congestion and pul-
monary hemorrhage. Maintaining the intracardiac
filling pressures at low-normal levels to augment
epicardial blood flow is also an important compo-
nent of cardiac recovery.

Although renal insufficiency or failure requiring
renal replacement therapy or filtration to maintain
fluid balance is frequent in ECPR patients, it should
be remembered that renal failurc and use of dialysis
is associated with worse outcome. The lack of pul-
satility during VA ECLS support may be one factor
in the development of renal insufficiency, although
again, no specific etiology other than a proposed
period of poor perfusion to the renal system has
been identified as the ultimate cause of renal diseasc
during ECLS.

Other paticnt management issues (feeding, seda-
tion, medications, etc.) should follow routine ECLS
care algorithins.

Advantages and Disadvantages
By providing cardiac and pulmonary rest and

adequate tissue perfusion while on ECMO, ECPR
provides a period of stability for resolution of the
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underlying pathologic problems which led to the
refractory cardiac arrest in the first place..

By regulating temperature in the mild hypo-
thermic to normothermie range through the ECMO
circuit and thereby avoiding hyperpyrexia in the
immediate post resuscitation period, acute exacer-
bation of neurologic injuries associated with fever
can potentially be avoided.

Outcome

Review of the ELSO Database finds that a total
of 1781 patients have been placed on ECPR, of
whom 634 (36%) were discharged or transferred
alive from the ICU (Table 2).12

In a recently published meta-analysis of ECPR,
288 patients werc identified with 40% surviving to
hospital discharge. Venoarterial ECMO was used in
99% of patients and 63% werce cannulated through
an open chest. Median length of duration of ECMO
was 4.3 days, The overall occurrence of complica-
tions was high (59%). The most commonly occur-
ring complications were neurological (27%), renal
(25%), sepsis (17%), bleeding (7%) and multisystem
organ failure (9%).2

Another review [rom the National Registry of
CPR found 199 pediatric patients placed on ECMO
during arrest with an overall survival of 44%. In 59
survivors who had neurologic outcome recorded,
95% had favorable outcomes based on Pediatric
Cerebral Performance Scores. By multivariate

analysis, pre-arrest renal insufficiency, metabolic
or clectrolyte abnonmality at the time of arest, and
use of sodium bicarbonate or tromethamine were
associated with decreased survival, Underlying
cardiac illness was associated with an increased
survival to discharge.'

Inanother study from a single institution overa
six year period, 32 children underwent ECPR out of
a total of 329 in-hospital cardiac arrests. Eighty-two
percent of the patients had an underlying cardiac
discasc. Overall 73% of thc patients survived to
hospital discharge and 75% of survivors had no
change in their PCPC and POPC (gross ncurological
outcome) scores from baseline to discharge, Of pa-
tients who received chest compressions >60 minutes,
40% survived without gross neurological injury.”

In another report, 80 children undergoing ECPR
with various underlying pathologies, including 39
postoperative paticnts from a single institution, the
survival rate was noted to be 34% with a mcan
duration of CPR of 40 minutes. Most importantly,
the duration of CPR prior to ECMO initiation did
not correlate with survival and good ncurological
outcome was obtained even in patients undergoing
prolonged CPR.*

Another study analyzing the ELSO database
over a period of 13 years noted 682 patients un-
dergoing ECPR with a 38% survival to discharge.
Risk factors for death included pre-ECMO pH<7.2,
non cardiac pathology, CPR while being on ECMO,

Table 2.
Total Patients Survived ECLS Survived to DC/ Transfer
Neonatal 492 309 (63%) 184 (37%)
Pediatric 908 473 (52%) 348 (38%)
Adult 381 138 36%) 102 (27%)
Total 1781 920 (52%) 634 (36%)

ECLS Registry Report, International Summary July, 2009
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renal, neurological, and pulmonary hemorrhage
complications.”

One fact regarding ECPR outcome that requires
further investigation is that cardiac patients arc often
reported to have improved outcome when compared
to non-cardiac patients, Whether this represents
disparity in access to ECPR between cardiac and
non-cardiac patients (as many cardiac ICUs have
ECPR systems which are not always available to
other patients, and may have cannunlating personncl
who are famifiar with cannulating in arrest situations
and using multiple access sites) or underlying physi-
ologic factors which inake non-cardiac paticnts less
amcnable to survival is unknown at the current time,
An addendum to the ELSO registry that has been
designed to capture specific data on cardiac arrest
patients may help give more detailed information
regarding factors which help predict what patients
and what features are associated with good and bad
outcomes in the future ! ?

A recent study which sought to identify risk
factors for aeute neurological injury in children
undergoing ECPR, found 22% of patients had acute
neurological injury, which was defined as occur-
rence of brain death, brain infarction, or intracranial
hemorrhage identified by ultrasound or computer-
ized tomography imaging. Brain death occuired
in 11% of patients, cerebral infarction in 7%, and
intracranial hemorrhage in 7%. The in-hospital
mortality rate in patients with acute neurological
injury was 89%.%

Summary

ECPR has been successfully used to rescue
many patients with refractory cardiac arrest with
good short-term neurological outcomes. For ECPR
to be most successful, it must be deployed rapidly
while the patient is undergoing excellent CPR, Early
activation of the ECPR team could possibly shorteu
CPR duration and might improve survival and
outcome. More research needs to be done to refine
the populations and circumstances which offer the
best outcome with ECPR, evaluate the cost/benefit
ratios, and establish the long-term neurodevelop-
mental outcomes in survivors. Variability in patient
care techniques from center to center, equipment
used, and protocols followed also make it difficult

186

fo extrapolate one center’s experience to another.
To even attempt to standardize how ECPR is per-
formed, needed information as to the optimal means
of providing support should be obtained through
collabottive efforts.
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Chapter 16 Questions

I.

188

What mode of ECMOQ is predominantly used for
patient undergoing ECPR for refractory cardiac
arrcst?

a) VvV

b) VVDL

c) VA

d) VA+V

Survival rate amongst children requiring pro-
longed conventional CPR (greater than 30 min)
has not been attained

a) True

b) False

AHA’s rccommendation for initiating ECPR for
in-hospital refractory cardiac arrest includes:
a) condition leading to cardiac arrest is revers-
ible or amenable to transplant

b) paticnt has received execlient CPR with no
more than several minutes of no flow cardiac
arrest

c) patient can be rapidly placed on ECMO

dy All of the above

Patient on VA ECMO with severe left ventricu-
lar dysfunction arc at increased risk for develop-
ment of severc puhlmonary venous hypertension,
pulmonary cdema and hemorrhage. Immediate
nicasures to resofve the pulmonary venous hy-
pertension would include:

a) Increasing the ventilator oxygen level

b) Lowering the pump flow rate and allowing
more blood to enter the puhnonary circuit

¢) Providinga left atrial vent either divectly via
mediastinal cannulation or doing a blade atrial
septectomy in the cardiac catheterization lab.
dy Toignore the problem as the patient is fully
supported on VA ECMO

5. Attention to CPR while preparing for ECPR
initiation is unimportant, as the patient will soon
be supported well with perfusion supplied by
the ECLS circuit .

ay True

b) False

6. The prognosis is best for which of the follow-

7.

ing patients undergoing ECPR for refractory
cardiac arrcst:

a) patients with underlying respiratory disease
b) patients with underlying cardiac diseasc
¢) patient in septic shock

d) patient with multiple trauma

In a recently published study reviewing the
National Registry of CPR, noted all of the fac-
tors to be associated with decreased survival for
patients undergoing E-CPR ,except:

a) pre-arrest renal insufficiency

b) metabolic or electroiyte abnormalities

¢) underlying cardiac illncss

d) use of bicarbonate or tromethamine

Chapfer 16 Answers
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Hemofiltration and Hemodialysis on ECMO

Daphne C. Hardison, RN, BSN and Geoffiey Fleming, MD

Objectives

After completion of this chapter, the participant
should be able to:

o Define hemofiltration vs. hemodialysis and
outline criteria for usc

e Outline equipment needed

e Pros and cons of Setup Options

o Clinical management goals.

Background

Acute renal failure (ARF) is the rapid dcteriora-
tion of renal function that may be associated with
adequate urine output (non-oliguric) or with dimin-
ished to absent urine output (oliguric). ARF has been
categorized by the location of dysfunction within
the renal system and includes: pre-renal, post-renal
and intrinsic ARF. Although these categorizations
give a simple anatomic reference when considering
causes of ARF, these categorics have significant
overlap and are inadequate for precisc nomenclature.
A strict definition for ARF is lacking but accepted di-
agnostic eriteria include an increase in serum levels
of creatinine (SCr), glomerular filtration rate (GFR)
or blood urea nitrogen (BUN).'! Current consensus
guidelines utilize a change in SCr norimalized to
the patient’s own baseline rather than an absolute
threshold level for all paticnts. One such consensus
criteria for ARF, the RIFLE criteria, utilizes either
serum creatinine or urine output to estimate glo-
merular filtration rate in order to categorize ARF into
Risk of renal injury, Injury to the kidney, Failure of
kidney function, Loss of kidney function, and End-
stagc kidney disease’ . This adult scoring system was
modified for pediatric use by normalizing creatinine

to body surface area as an estimation of glomerular
filtration ratc, the pRIFLE criteria,

Acute renal failure (ARF) in the pediatric in-
tensive care unit occurs commonly, with a wide
variation in the reported incidence, ranging from
4.5 % to 85 % depending upon the criteria used
for the definition of ARF. *!" The majority of ARF
cases are secondary to hypotension lcading to poor
renal perfusion and systemic inflammatory response
syndrome {(SIRS) of severce scpsis, with only 7% of
ARF mediated by primary renal disease. In a recent
study of pediatric patients with secondary ARF, 42%
demonstrated renal dysfunction on admission to the
intensive care unit, of which 55% had persistent
ARF beyond the initial 48 hours®, ARF occurs more
commonly in the subpopulation of critically ill
patients on extracorporeal membrane oxygenation
(ECMO), with an incidence of 12% to 69%.'%1% A
recent ECLS Registry report demonstrates 3-25%
of patients reported to the database required either
hemodialysis or hemofiltration on ECMO, '™

The development of ARF during critical iliness
is associated with an increased mortality, and may
be 8-fold higher as compared to patients without
ARF>" Additionally, renal failure composes 4-13%
of organ failure associated with the multiple organ
dysfunction syndrome, with associated mortality
rates of 0.6 -100%.!7 The increased mortality risk
associated with ARF is also true for the population
on ECMO, and in multivariatc analysis has been
shown to be an independent risk factor for mortal-
ity.'>1% %2 Hence, renal failure is common in the
ECMO population and is an associated independent
risk factor for mortality.

Significant fluid overload has also been associ-
ated with an increased mortality risk in critically ill
paticnts. In retrospective analysis, multiple authors
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have found fluid overload (>10-15%) to be indepen-

dently associated with mortality.*? Additionally,

patients with multi-organ failure who were able to
achieve dry weight during renal replacement therapy
had higher survival than thosc who did not.” Fluid
overload has been associated with a longer duration
of ECMO, with reports of return to dry or ideal body
weight prior to successful decannulation,*®*! Inabil-
ity to return to dry weight during the ECMO course
is also an independent risk factor for mortality with
acute renal failure.?

Introduction

Continuous renal therapics of today had origins
that began in the 1980°s, with the earlicst deseriptions
using pump assisted continuous arterio-venous hemo-
filtration (CAVH). Dr. Robert Bartlett led the way in
utilizing this therapy in the management of patients
on ECMO and was among the early authors in litera-
ture®**!. These pump assisted therapics required arte-
rial cannulation which increased the morbidity of the
therapy. Dr. Canaud deseribed continuous venovenous
hemofiltration (CVVH) for adults in 1988 (29) and Dr.
Yorgin described the therapy applied to children in
1990.*' The success of venovenous circulation using a
pump for continuous ultrafiltration helped reduce the
morbidity of the therapy. Over the years the therapy has
fundamentally been delivered in the same fashion but
with some miodifications and refinements of technique,

ECMO frequently triggers an acute inflammatory
reaction associated with diffuse endothelial dysfunc-
tion and capillary leak syndrome, Renal dysfunction
may occur as a result of this inflammatory response or
may be duc to instability prior to ECMO cannulation.
In addressing renal dysfunction, diuretics are oficn cim-
ployed to manage fluid overfoad with variablc success.
When the use of diuretic fails to improve fluid balance,
the patient may need to undergo renal replacement
therapy (RRT). Fluid balance becomes important as
retwn to dry weight has been associated with time to
decatnulation on ECMO. 3% Additionally, fluid over-
load > 10% has been associated with mortality in the
pediatric literature.” Multiple studies have shown that
earlier and more aggressive CVVH improves mortality
in the post-operative cardiac patient. 373
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Hemofiltration versus hemodialysis

The choice of modality depends upon the lo-
cal practices of thosc managing renal replacement
therapy, however a combination of hemofiliration
and hemodialysis is common, Renal replacement
therapy employs only two physiologics for solute
and fluid movement, with both mecthods requiring
sequestration of blood on one side of a semi-perme-
able membrane, Dialysis employs a diffusive clear-
ance while hemofiltration or ultrafiltration employs
convective clearance. Hemodialysis involves the
diffusion of solutes down a concentration gradient
from arcas of high to low concentration. Dialysate
is passed across the membranc counter current to
blood flow allowing equilibration of plasma and
dialysate solute concentrations to oecur. This pro-
cess may remove or add solute to the plasma water
space depending upon the composition of dialysate
compared to the plasma, Water will also move
along a gradient in effect “following” the solutc.
Diffusive clearance is very effective at removal of
small solute, including serum ions and urea, with
subscquent fluid removal as a consequence. In addi-
tion, other solutes such as antibiotics, narcotics and
other medications will cross the membrane. Diftu-
sion gradients change dependent upon blood flow
rates, dialysate flow rates, and starting concentration
gradients. Continuous therapy employing counter-
current dialysate for solute clearance is considered
continuous venovenous hemodialysis (CVVHD)

Hemofiltration uscs a pressurc gradient for fluid
movement instead of solute concentration gradients.
A positive hydrostatic pressure drives water across
the membrane from the blood side to the filter side
and solutes are esscntially dragged through the
membrane with the water. This process removes
isotonic plasma water and is considercd slow con-
tinuous ultrafiltration (SCUF). Due to the possibility
of large shifts of volume during conveetive therapics
a filter replacement fluid (FRF) is often utilized
to replace fluid lost by convection. Fluid given is
removed in equal quantitics for isovolemic hemofit-
tration, yet the plasma composition will eventually
resemblc the FRF allowing for solute management.
Therc are multiple names for the types of hemofil-
tration performed including SLEF (slow extended
hemofiltration), SCUF (slow continuous ultrafil-
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tration), CVVH (continuous venovenous hemofil-
tration), and CVVHDF (continuous venovenous
hemodiafiltration).

Regardless of the modality employed, the goal
of renal replacement therapy is to precisely control
serum elecirolytes, clear toxins, and provide fluid
removal for the patient with renal failure.

Equipment

There arc multiple manufacturers of dialysis
machines and filters including Minntech (Minnesota
USA), Gambro (Stockhoim Sweeden), Fresenius
Medial Care (Homburg Germany), Baxter Inter-
national Inc (Illinois USA), B-Braun (Melsungen
Germany), and Nx Stage (Massachusetts USA). The
primary workhorse of the therapy is the hemodia-
filter across which diffusion and/or conveetion oc-
curs. The most popular meinbranes in use today are
polyaerylontirile (AN69) and polysulfone; however
polyamide, polycarbonate and polymethlymethac-
rylate are available. Newcer synthetic materials have
improved biocompatibility and reduced complement

Venous

activation which arc felt to limit imnmnoreactivity
to the membrane. Membrancs are predominantly
hollow fiber in structure, in which blood flows
through a series of small tubes held together in a
bundle, allowing for a low resistance in a high sur-
face area imembrane. Additional equipment required
may include high flow stopcocks, infusion pumps,
or scales. Placing the filter in-line with the ECMO
circuit we will call “passive” CRRT and attaching a
CRRT machine with a hemodiafilter to the ECMO
circuit we will call “active” CRRT, although the
reader should realize these are arbitrary designations.

During passive CRRT hemodiafilters arc placed
in-line from the high pressure arterial side returning
to the low pressure venous side utilizing a high flow
stopcock and 4”X1/16” tubing. The hemodiafilter
may be placed cither pre-oxygenator to venous
limb, or post roller pump and pre oxygenator to
venous limb.(Figure 1) A flow of approximately
100 to 200 ml/min can be achicved through this
shunt, which produces ultrafiltrate at a rapid rate
due to the rclatively high transmembranc pressure
gradients. To transition the therapy from SCUF to

.{—

Roller Pump

Qxygenator

A w2

Hemodiafilter

Arterlal =

Figure 1. Schematic diagram of ECMO circuit with hemodiafilters in-line with connections from the arterial limb
io the venous limb, #1 demonstrates post pump, pre-oxygenalor access and #2 demonstrates post oxygenator

access wilh both returning to the venous limb.
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CVVH, FRF may be infuscd into the patient utiliz-
ing standard infusion pumps. The rate of ultrafiltrate

flow may be regulated utilizing an infusion pump

which draws from the hemodiafilter and emptics

into a reservoir. To convert the therapy to CVVHD,
dialysate is infused through the appropriate port in

the hemodiafilter using infusion pumps countercur-
rent to blood flow. In both convective and diffusive

therapies it is important to accurately monitor fluid

infusion and retrieval. To this end multiple measur-
ing devices have been used from urinometers to

scales to weighing fluids.

Active CRRT is accomplished by connecting
CRRT machines to the circuit. The inlet or artcrial
limb of the CRRT machine is usually connected
to the low pressurce (venous) limb of the ECMO
circuit with the rcturn outlet or venous limb from
the machine connected to the venous limb of the
ECMO circuit, possibly at the bladder. (Figure 2)
Although this may also be achieved by accessing the
high pressure (artcrial limb) of the ECMO cireuit,
internal alarms in the CRRT machine may become
a problem as they were designed to monitor low

pressurc venous access and return. These alarms
usually include “low pressurc alarm”, “acccss
disconnection”, or “return pressure high”, Most
machines come with the limits internally sct but can
be manipulated to confer compatibility to the ECMO
circuit. A “return pressure high” alanm would lead
the specialist to consider either moving the rcturn
port to a lower pressurc side of the ECMO circuit
or to troubleshoot the site of re-infusion. There
should not be a return pressure high alarm alert on
the venous, pre-raceway side unless there is a clot
or occlusion at the site. Access disconnection is the
most common occurrence and in an ECMO system
running with high pressures this can be a continual
problem alarm. One solution is to tum the stopcock
by % of a turn to give the machine the chance to
read an actual pressure, other options would include
moving the access to a more negative or less high
pressure site, such as the venous side pre-raceway.
However, remember that hemolysis is a concern
with highly turbulent flow in a small aperture, as
may occur with a partially closed stopcock.

£

Venous

Roiler Pump CRRT
Machine
0 J
Oxygenator
Arterial —

Figure 2. Schematic diagram ot ECMQ eircuit with CRRT machine connecled {o the venous limb. Both the inlet
(arterial) and outlet (venous) lines from (he CRRT machine are connected to the venous limb of the ECMO circuit.

192



Chapter 17 - Hemofiltration and Hemodialysis on ECMO

Pros and Cons of Setup Options

Passive hemofiltration can be placed within the
ECMO circuit with minimal cost, case of sct up,
and utilization of less blood volume than a com-
plete CRRT machine circuit. This system acts as
a shunt that will requirc increased ECMO flows to
achieve adequate patient flow. The smailer paticnts
typically only need a blood flow of 30 ml/minute
across the hemodiafilter for adcquate therapy. Duc
to high blood flow on ECMO, the flow across the
filter may result in clearance that can be rapid and
excessive for smaller patients. Using ultrasonic flow
probes to measure actual blood flow to patient and
to the hemodiafilter may assist in monitoring the
flow through this shunt rclative to total flow, Elec-
trolytes should be monitored frequently especially
in the casc of SCUF as rapid ion shifts are possible.
Utilization of infusion pumps for fluid control dur-
ing passive hemofiltration /hemodialysis may lead
to large volume shifts duc fo potential inaccuracies
of the pumps. This may be magnified in the smaller
patient with a lower blood volume relative to larger
blood flows across the filter. Infusion pumps have
frequently becn found to be inaccurate in the ECMO
setfing and can put children at risk for exccssive
fluid loss and ultrafiltration.®

The use of an active pump-driven system re-
sults in more accurate control of blood How and
fluid removal, however may be more technicalty
involved due to machine alarms on the CRRT. Ad-
ditionally, there is the cost of the machine and the
required circuit to include. The blood flows are sct
and maintained by the pump system to allow for
either standard convective or diffusive models of
hemofiltration. This can allow for higher rates of sol-
ute clearance with decreased risks for hypovolemia
and electrolyte shifts. For small infants, the minimal
ultrafiliration rate of 10 mL/hr may be problematic
when using the Prisma ® system, but surmountable
by creative fluid accounting methods.

No data exist to support recominendation of
active CRRT over passive CRRT on ECMO. Hence
each center will need to review available equipment,
safety monitoring and previous expericnce to decide
between passive and active CRRT on ECMO.

Coagulation Management Differences

There is no significant change to anticoagulation
management during CRRT on ECMO whether using
a passive or active system, Heparin clearance during
renal failure is markedly reduced, and the addition of
a hemnodiafilter to the circuit may incrcase heparin
clecarance. Hence usual monitoring practices, the
activated clotting time in many centers, nced to be
followced closely for needed heparin adjustments to
maintain adequatc anticoagulation.

Management Goals

Establishment of fiuid and electrolyte balance
goals is cssential in the care of the ECMO patient
when using a CRRT therapy. Frequent asscssment of
intake and output status is necessary to stay within
goal parameters, This is cspecially challenging in
the patient population rcquiring frequent blood
product administration. It is casy to have excessive
fluid removal resulting in exacerbation of the renal
dysfunction. Goals for renal support nced to be
revicwed by members of the team including physi-
cians, bedside nursing and ECMO team members,

Other Indications for Hemofiltration and He-
modiafiltration

Hemodialysis can be used in tandem with
ECMO to treat urca cycle disorders, specifically
hyperanunonemia.* In this setting a standard hemo-
dialysis machine which requires higher blood flow
rates than CRRT may be connected to the circuit to
provide rapid clearance of ammonia, The connection
is similar to CRRT, however the duration of therapy
will be limited and driven by ammonia levels. Other
extracorporeal therapies may be cmployed during
ECMO, including plasmapheresis for sepsis, and
leukophoresis in pertussis.”! These therapics are
delivered using a pump-driven active system and
arc connected to the circuit as in active CRRT.

Conclusion
Fluid and eclectrolyte imbalances arc common
in the ECMO patient population frequently rclated

to the severity of their diseasc process. Current data
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support early usc of renal support, which limits
fluid overload, and may confer survival benefits, -1
There are multiple strategies for the fechnical appli-
cation of CVVH and CVVHD with no demonstrable
bencfit of active over passive CRRT.
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Chapter 17 Questions

L.

Fluid removed during hemofiltration or SCUF
a) Occurs due to concentration gradients.

b) Occurs due to pressure gradients.

¢) Contains no jons (sodium e.g.)

d) Is called dialysate.

Troubleshooting alarms on CRRT machines
during ECMO:

a) Requires an understanding of the sitc of
attachment to the ECMO circuit.

b) May require adjustment of alarm limits on
the CRRT machine.

¢} Requires close attention for safety purposcs
d) all of the above

Heparin dosages may need to be altered when
CVVH is added into the system because.

a) The hemodiafilter absorbs all heparin

b} Dilution duc to the extra blood volume
contained in the hemodiafilter

¢) Heparin clearancc is significantly aflected
by renal failure.

d) Tt is necessary to give platelets at initiation
of CRRT on ECMO.

Chapter 17 Answers
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Plasmapheresis for the ECMO Patient

Jeffrey B. Sussmane, MD and Edward Wong, MD

Objectives

After completion of this chapter, the participant
should be able to:

¢ Understand the physiologic basis of Apher-

esis

¢ Describe the different modalities of Apher-
CSis

¢ Describe the most common indications for
Plasmaphcrests

o  Understand the principles of Operation

e  Understand the set up and initiation of Plas-
mapheresis for the ECMO Patient

e Describe the responsibilities of the Pheresis
specialist

e  Understand the physiologic considerations
during Plasmaphercsis

o Calculate the fluid balance of the patient

e Review the complications of Plasmapher-
esis

Introduction

Huang Di, the “Yellow Emperor” of China, in the
middle of the third millennium BCE, first introduced
the concept of balancing circulating “forces” within
the body to promote health and trcat discase.' Galen
popularized the concept of forces within the body,
the “four rumours”, in the Roman Empire. Managing
circulating humounrs was done routinely in an attetnpt
to improve or restore health.? The Greek verb “aphae-
resis” meaning “to take away, withdraw or scparate”
continues to be a central concept and application in
Western Medicine. The term Plasmapheresis is used
interchangcably for a variety of clinical applications.
It may refer fo the removal, exchange, modification,

or filtration of circulating blood components, with or
without the returning of a blood component. Thera-
peutic Plasma Exchange (TPE) is the most frequent

Plasma “pheresis” modality performed. TPE utilizes

either a centrifuge or filter to separatc or remove the

plasma components and replace a plasma compo-
nent concurrently. The goal is to remove, replace,
or deplete unique circulating substances that are

responsible for the disease process.

The process of removing cellular components
(Cytapheresis) includes; Red Cell Phercsis or Eryth-
rocytapheresis, which is the removal of red biood
celts (RBCs). Therapeutic Leukodepletion is em-
ployed for the removal of large numbers of circulating
white blood cells (WBCs: lymphoblasts, myeloblasts,
granulocytes or monocytes), thereby decreasing ag-
gregates that interfere with blood flow during the
acute presentation of Leukemia, Leukapheresis often
refers to Peripheral Stem Cell Colleetion, which is
performed to remove specific CD34+ progenitor cells,
from peripheral blood for storage and reinfusion dur-
ing the process of Stem Cell Transplantation.

The application of TPE includes infection,
inflammatory, autoimmune, oncologic, metabolic,
ncurologic, or renal discases.* The American Socicty
of Apheresis {ASFA) has recently published a rc-
view of the indications for TPE and the likelihood of
response.®* In the past 10 years, many hospitals have
developed aphercsis programs due to the growing
success and increascd therapeutic use of this pro-
cedure.** The technique has also gained widespread
acceptance in Europe *TPE is generally a supportive
therapy used in conjunction with ongoing care, and
has been shown to increase the chance of recovery
and survival in critically ill children and aduits.*
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Selected Indications for Plasmapheresis

Diseasc ASFA Disease ASFA Category
Catcgory
ABO Incompatible Hemato- I Heart Transplant Jui
poctic Progenitor Cell Trans- Rejection
plantation
ABO Incompatible Solid 11 (kidney, Hemolytic Uremic 111 (aHUS, TMA, TAM)
Organ Transplantation heart [in- Syndrome; Thrombotic ; IV (Pediatric, diarrheal)
fants]) Microangiopathy; and
TIT (liver) Transplant Associated
Microangiopathy
Acute Disseminated Encepha- | III Hyperleukocytosis I (Lcukostasis)
lomyeclitis
Acute Liver Failure 11 Hypertriglyceridemic | 11I
Pancreatitis
Acute Inflammatory Deimy- 1 Idiopathic Thrombocy- | IV
clinating Polyneuropathy topenic Purpura
(Guillain-Barré Syndrome)
ANCA-Associated Rapidly o Malaria IT (severe)
Progressive Glomerulonephri-
tis (Wegener’s Granulomato-
sis)
Anti-Glomerular Basement 1 Multiple Sclerosis IT (Acute CNS inflam-
Membrane Discase {(Goodpas- matory demyclinating
turc’s Syndrome) disease)
Autoimmune Hemolytic III WAIHA | Myasthenia Gravis 1
Ancmia {Warm Autoimmune | HI CAD
Hemolytic Anemia; Cold Ag-
glutinin Disease)
Catastrophic Antiphospho- m Overdose and Poison- | 11 mushroom poisoning)
lipid Syndrome ing IIT (other compounds)
Chronic Inflammatory De- I Paraneoplastic Neuro- | 111
myelinating Polyradiculoneu- logic Syndronics
ropathy
Cyroglobulinemia 1 Sepsis I
Focal Scgmental Glomerulo- | IIT (pri- Thrombotic Thrombo- | I
sclerosis mary) cytopenic Purpura
1I {(recur-
rent)
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Principles of Therapeutic Plasua Exchange
(TPE) Operation

TPE, for the patient on ECMO, is performed
in an Intensive Care Unit by individuals who are
ECMO certificd or under the dircet supervision of
an ECMO specialist. The direct supervision of a
qualified ECMO physician is also nccessary. The
patient’s wecight, sex, height, hematocrit, and pro-
cedure specific information arc programmed into
the machine software and the machine is whecled
next to the ECMO circuit, A unique TPE circuit is
loaded into a centrifugal machine for cach therapy.
The appropriate prescribed fluids are connected
to the TPE and the circuit is primed automatically
by the specific software program chosen for each
therapy. A filiration system may alternatively be
used. Reptaccment fluids, anticoagulant, and prim-
ing solutions arc dependant on size of patient and
choscn before the therapy based on the child’s con-
dition. The access to systemic circulation is drawn
directly from the ECMO circuit, without interrup-
tion or alteration of the ECMO flow. Once the TP
circuit is connected to the ECMO circuit, blood is
pumped into the machine with an anticoagulant
that is automatically calculated and added as the
blood enters the centrifuge. In some centers, the
systemic anticoagulation provided by the heparin
in the ECMO circuit suffices and no further antico-
agulant is needed. A fully heparinized ECMO circuit
may negatc the need for additional anticoagulation.
Heparinized or otherwisc coated ECMO circuits
may affect the anticoagulation nceessary for the
TPE circuit, The nced for additional or alternative
anticoagulation should be evaluated for cach patient
and each therapy.

In those centers using a centrifugal bascd plas-
ma scparation technique, the centrifuge separates the
blood nto layers primarily based on density. Red
cells are the densest and collect against the centri-
fuge wall first, or farthest outside on the centrifuge
plate, followed by white cells, platclets, and plasma.
Centrifugal TPE utilizes optical sensors to detect
cach layer interface to minimize contamination of
cach cell and fluid layer. The desired components
are automatically removed to collection bags and the
remaining blood components, along with appropri-
ate replacement fluids, are rcturned to the patient.

Rotary peristaltic pumps automatically control
the amount of blood pumped from the patient, the
amount of the component sent to the collcction bag,
the specific amount of anticoagulant, and (when pro-
grammed) the appropriate constitotion of reinfused
fluids. Warmers can be added to the circuit to warm
replacement fluid to prevent hypothermia caused by
infusion of room temperaturc or cold fluids. This
is generally unnecessary with a functioning heat
exchanger during ECMO, as these fluids are entercd
pre-heat exchanger. Most apheresis machines also
have the capability of selecting the percentage of
fluids for automatic reinfusion. This is done in direct
proportion to the percentage of fluid removed; thus
decreasing the possibility of the paticnt developing
hypovolemia or hypervolemia, Multiple audiovisual
alarms alert the operator to potential problems.

TPE may also be performed using a filtration
technique. An anticoagulated extracorporeal circuit
passes the blood through a filter. Separation of the
plasma is achicved and reinfusion of the cellular
components then occurs. This technique performs
well for specific plasma filtration scenarios but is
reliant upon the filter porc size.'*!¢

Specific Apheresis Considerations for the ECMO
Circuit

Aphercsis is indicated when a there is an
acute clinical necd to separatc blood components.
Therapeutic Apheresis, including: total plasma
exchange, red blood ccll exchange, Leukopheresis,
and peripheral blood stem cell collection can be
casily performed by the Aphcresis specialist during
ECMO. A stopcock is placed on the venous line,
pre-bladder for the access of the withdrawal speci-
men. The returning linc is placed downstream on
the venous linc, again pre-raceway. As all Apheresis
Specialists managing the ECMO pump should be
Certified ECLS Specialists, this procedure can be
performed with relative case, eliminating venous
access (catheter) problems and alteration of total
ECMO flow. The parallel Apheresis circuit docs
not affcet ECMO circuit tlows. Once therapy is
stabilized the ECMO flows will remain unchanged.
The initial “total” ECMO circuit complianec may
transiently change, during the initiation of Aphercsis.
If the ECMO venous drainage is unrccognized as
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bordetline or marginal, the venous pressure alarm

may sound (“chirp™), suggesting an acute decrcase

in venous return. The servo regutation of the pump

may also suddenly reduce ECMO fiow. This may
require an additional volume bolus during initiation
of Apheresis. The Apheresis protocol and software

from the manufacturer should be followed for
continued maintenance of the separation therapy.
Unique conditions may require the manual program-
ming of the device, or overriding specific parameters.
The scope and nature of every unique scenario is

beyond the scope of this manual and when this oc-
curs it may be best to acquirc additional expertise
froim the manufacturer or a more experienced center
before beginning the therapy.

Responsibilitics

e Verify procedure with Apheresis / ECMO
specialist, physician and family

o Assist in explaining indication, procedurc,
and risks to family.

e Record patient height, weight, hematocrit,
and indication.

o Send baseline pre-procedure labs- CBC,
ICa' and electrolytes (notify Physician of
results).

o Labs for specific procedurcs (notify Physi-
cian of results).

o TSM (red ccll exchange)

o D34+, disease markers and HIV (nced
consent), for peripheral blood stem cell
harvest

o Speceific Disease markers and HIV
{nced consent)

o Anti-inflammatory panels

e Extra labs for multiple proccdures (notify
Physician of resulis).

o Mg (is this total or ionized?) & PO,

&lCa?
o PT/PTT
o FDP, Fibrinogen
o IgG

e Standby emergency replacement f{iuid
(PRBC’s, Albumin, FFP, NS).

e  Connect aphercsis access line (using sterile
and airless tcchnique) to venous pigtail
closc to patient (pre-bladder),
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e Comnect apheresis return line (using sterile
and airless technique) to any of the venous
pigtails downstream from access line and
pre-raceway

o Halfway through procedurc, or if symptom-
atic for hypocaleemia, send ICa*™ (Notily
Physician of results).

o  Monitor ACT’s; If decision to utilize citrate
to chelate calcium to prevent clotting in
the Pheresis circuit is made, adjustments
in heparin may be neccssary.

e Ifpatient deteriorates stop apheresis imme-
diately, notify Physician STAT and follow
ECLS protocol.

e When procedure is completed disconnect
apheresis access and return line (using ster-
ile and airless technique) and flush pigtails
with 1 cc NS and place port cap on site.

e Post-procedure send

o 1Ca", Mg", Electrolytes and PT/PTT
{notify Physician of results)

o Anti-inflammatory panel (optional?
What labs? Tt won’t come back fast
cnough to affect clinicak carc)

o lgG

Specific humoral considerations of Therapentic
Apheresis

Therapeutic Plasma Exchange - TPE is a
sysiemic immunomodulatory therapy. Tt removes
speeified plasma volumes and returns predcter-
mined replacement fluids, most commeonly plasma
and or albumin. The manipulation of removing,
dilufing, and returning foreign plasma components
initiates an immunc responsc which can be seen
in the elcvation of all major circulating immune
complcxes 1-3 hours post treatment. Therc is also
serum elevation of complemnent, including C3a, C4a,
C5a and an increasc in the total number of circulat-
ing granulocytes and macrophages within the first
two trcatments, Lymphocytes increase in trcatment
threc and the T helper/suppressor ratio increasc
in treatment four. TPE involves cycling 100% of
the paticnt’s total blood volume thereby removing
putative pathologic material in the patient’s plasma,
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The efficacy of treatment may be measured by a
reduction in concentration of pathologic and toxic
substances such as pro-inflammatory cytokines.*'*
The aggressive use of 1gG concomitant with TPE
has been widely reported for pre-transplant paticnts
and for blood group incompatibilitics incurred with
transplantation and rejection. > This should also be
considered for all extendced therapies, due to the sig-
nificant reduction of circulating Immunoglobulins
during repeated procedures especially those using
albumin as replaccment.Circulating inflammatory
mediators are widcly recognized as contributing
to the morbidity and mortality of certain clinical
conditions, This is the predominant pathophysi-
ologic condition during sepsis and the application of
Plasmapheresis has been directly shown to improve
outcome and reduction of the “humoral” imbal-
ance. 22 The direct filtration of these mediators
has not been possible until the recent improvement
in the biocompatibility of membrancs.. Although no
longer available a Polymixin-B-immobilized fiber
has been shown to significantly decrease circulat-
ing levels of endotoxin after TPEY but no study
has shown a benefit to these absorptive therapics,
An immunoadsorption column with Profein A co-
valently bound to a microprocessed silicone filter,
(Prosorba®, has been widely utilized to prevent
graft vs. host reactions in organ recipients and the
reduction of immunologic blood group incompat-
ibilities in kidncy transplant patients.*® However,
this column has been recently discontinued and it
is unclear if it will become available in the future.

Cardiorespiratory, Metabolic and Hematalogic
Considerations

The clinical application of TPE begins with
the age of the patient and the determination of the
infravascular volume, Additional venous access is
not necessary during ECMO. The type of priming
fluid for the cireuit is dependent on the patient’s
age. The older typical centrifuge circuits require
350 ml for priming and have a circuit volume of
approximately 150 ml. The I8 kg child will have
approximately a 12% dilution from the circuit and
this may be primed with blood to minimize the di-
lutional effects of priming. These packed red blood
cells will prevent further dilution of the hematocrit

and anemia and for certain children, as well as
possible hypovolemia.*** Smaller children arc at
greater risk while larger children (> 20 kg) may
tolerate priming with colloid or crystalloid. The
choice of replacement fluids also varies depending
on the diagnosis, indication, and/or institutional
preference. The decision to utilize fresh frozen
plasma or fractionated human albumin as priming
and replacement fluid should be made clinically,
based on the immunologic, protein, pulmonary,
and cardiovascular condition of the child. Crystal-
loid solutions (normal saline) and colloid solutions
(albumin or fresh frozen plasma) may be utilized
alone or in combination. The risk of transfusion
and physiologic complications increases with the
usc of foreign protein, but children with unstable
or suboptimal physiology often benefit from the
use of a combination of fresh frozen plasma and
fractioned human albumin.** Frcsh frozen plasma
is the replacement of choice if coagulation factors
arc depleted; however, administration requires im-
munologic compatibility and carries an increased
risk of exposure to foreign protcin. There arc ncwer
circuits primed with less than 100 ml and circulating
Icss than 50 mil. Thesc circuits may allow crystalloid
priming for children greater than 8 kg.

TPE treatments are usually {rom one to three
hours in duration. They may bc ordered once a day
or every other day, for a period of 3-14 days. The
number of treatments is dependent upon patient
responsc and can usually be established after the
completion of the first two treatments. Improved
lab values and clinical status will become apparent
for the rapid responder within the first 24 hours.
Repcated therapies for conditions that are slowly
responding should be cyeled every 4 to 7 treatments
with a day or two without TPE. This will minimize
the depletion of endogenous healthy circulating
cofactors. Replacement of many cofactors may be
carricd out utilizing fresh frozen plasma and should
be utilized for extended therapics. Specific cofactors
may need to be measured and replaced as needed.
Many centers routincly measure IgG levels and
replace accordingly. Carcful monitoring of inflam-
matory mecdiators, coagulation profiles, protein
and Immunoglobulins will trace improvement and
depletion of cofactors,
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It is important to calculate the plasma volume
to exchange. Onc blood volume plasma exchange
will replace 63% of the circulating blood volume
or toxin. A two blood volume plasma exchange will
remove 86%. Single vohumne exchanges are typically
performed, better tolerated, and successful when
repeated after a day or two time defay. TPE can
be performed on an cither daily or every other day
profile depending on the indication.. The typical
total course for sepsis is four to ten trcatments. Many
centers will inerease this to fourtcen treatments for
scpsis, although supporting data is not available. The
unpublished data from Miami Children’s Hospital
(MCH) typically will provide 5 to 7 treatiments that
successfully treat the rapid responders. We will
institute a 2 day holiday before proceeding with
additional treatments for slow responders, as all
plasma and profein bound substances are readily
removed during TPE and nced to be reconstituted.
The initial TPE calculation commoniy recommends
that a one and one half (1 }%) blood volume exchange
is appropriate, Although many centers continuc
to perform single volume cxchanges for consceu-
tive ircatiment we perform 1 ¥4 volume exchanges
throughout the TPE therapy for the sicker patients.
1t should be noted that the plasma volume calculated
includes the plasma volumec of the patient and the
plasma volume of the extracorporeal ECMO circuit.

Cardiorespiratory Considerations

Sudden decreases in preload, acute changes in
periphcral vascular resistance, and alteration of right
ventricular compliance may occur from both the
exposure to the exiracorporeal eircuit and volumc
shifting, The initiation of any extracorporeal circuit
nust take into consideration the underlying right and
left ventricular Tusitropic and inotropic condition,
as well as the periphcral vascular resistance. Ven-
tilated ECMO paticnts who arc marginally preload
dependent may sufter a decrcase in pulmonary blood
flow and left ventricular pressure. Larger patients
gencrally respond to flow adjustments and volume
replacement with solutions containing protein and
rarely require inotropic support. Warming of the
replacement fluids can help prevent complications
such as hypothermia and “sickling” in susecptible
patients. There is no cvidencc of a primary change
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in pulmonary compliance or of alteration in gas
cxchange, but there may be a sudden change in
periphceral vascular resistance from exposurc to for-
eign surfaces usually amenable to volume infusion,
There may be an improvement in left ventricular
function® after therapy with the rcduction of cir-
culating mediators, seen more commonly in gram
negative sepsis.”’*

Metabolic Considerations

The most frequently encountered elcctrolytc
disturbances and complications result from abnor-
malities in ionized calcium, when citrate is used
as an additional anticoagulant. Hypocalcemia is
most frequently seen in patients with severc liver
dysfunction, those recciving fresh frozen plasma,
or during procedurcs with a high citrate to whole
blood ratio.*"* Children should also be observed for
complications of hypokalcmia as a result of citrate
toxicity. Depletion of plasma proteins, espccially
coagulation factors, and immunologic factors may
occur if repeated procedures are required. Preven-
tion and management of hypocalcemia includes
administration of supplemental calcium (gluconate
or chioride}. Monitoring of pH, base exccss, and
mctabolic alkalosis should be performed,

Hematologic Considerations

High blood flow ratcs may create hemolysis if
the circuit is twisted or kinked. Significant hemoly-
sis may preeipitate DIC or mimic a transfusion reac-
tion. Hemolysis may be dcteeted by monitoring the
plasma color or obtaining plasma hemogtobin levels,
Monitoring of hemoglobin, hematoerit, platelets
and coagulation factors such as PT/PTT, fibrinogen,
and FDP are also cssential for evaluation of hema-
tologic status. There may be a shifting of the ACTs
as well. A decrease in circulating immunoglobulins
or coagulation cofactors may be addressed by the
infusion of fresh frozen plasma, IVIG, fibrinogen
concentrates, or cryoprecipitate.

Circuit Priming

The fluid status of the patient nceds to be care-
fully evaluated. The goal is usually to leave the
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patient in a fluid balance range of no more than

75-125% of calculated baseline. The Cobe Spectra®
machinc default volurme level is 100% bascline (no

net inerease or decrease). Crystalloid prime is often

used for children larger than 45 kg. Colloid prime

is recommended for children 20 to 45 kg. Blood

prime may be ordered by the physieian for any child.
Children less than 20 kg often require one unit of
crossmatch compatible, CMV negative, itradiated,
leukodepleted blood to prime the apheresis circuit.
The methods of blood priming will be dependent on

the physician’s clinical decision. Blood priming with

reconstituted blood (FFP with RBCs.) This should

be considered when the extracorporeal volume is

large relative to the patient, such as a neonate, and

when the hematocrit is desired to be normal or high.
This is not a method for keeping the hematocrit nor-
mal or high or to maintain some coagulation factor
level]. If you want to increase the hematocrit, on an

anemic or volume overloaded or volume intolerant

patient PRBC’s are the component of choice for
priming, Plasmapheresis is usually caleulated to be

volume neutral and does not require packed RBCs,
You can divert the wastc and/or not do a rinseback
to decrease volume. However, it is safer to program

the apheresis instrument to keep the patient volume

neutral, negative or positive.] Clinically stable chil-
dren often tolerate cither solution.

A Cobe ® Spectra circuit requires 345 ml to
prime. The circulating internal volume is 150 ml
and the rinse-back volume is 195 ml. If rinsc-back
is given when the procedure is programmed fo leave
the patient at 100% balance, then the patient will
be 195 cc positive at the end of the procedure. One
should not rinse-back at the end of a procedure un-
less there is a need to increase the patient’s volune
or to return RBCs, The recorded values can be
subtracted from final run values to measure total
volume given,

Calculation: Fluid balance = (replacement rate
+ AC rate) x 100) plasma flow rate

When blood priming with reconstituted whele blood
to a desired hematocrit, the formula is:

Volume of RBC post dilution =
{Hct RBC from banked blood bag) x (vol. RBC bag)

(Desired Het for prime)

The volume of diluent to add to PRBC bag = (Total
vol. RBC after dilution) - (Initial vol. PRBC bag).

The volume of RBCs after dilution = Volume of
diluent -volume of initial PRBCs.

The diluent may be a combination of FFP, 5% Albu-
min or Normal Saline, Reconstituted whole blood
is obtained with PRBCs and FFP.

Example:
RBC Het =70%
RBC volume = 220 ml
Desired Het for prime = 30%
Volume of RBC unit after dilution =
(0,700 x (220 mi) = 513 ml
(0.30)

Volume of diluent = 513 1l - 220 ml =293 ml

Add 293 ml of fluid to the original unit of PRBC’s
to achieve a desired Het of 30 %

When blood priming with packed red blood cells
or reconstituted wholc blood, the machine should
be programmed with the Het of the PRBC or whole
blood unit. When the blood rcaches the return saline
manifold, the procedure and record the “volume-
processed” valucs recorded for anticoagulant (AC),
infet, plasma. This volume may be replaced if ap-
plicable. Plasma processcd from prime is added to
the target values as this will corrcet the run so the
desired paticnt blood product is removed.

Anticoagulation Issues

Anticoagulation is initiated to minimize clotting
of the blood as it travels through the circuit. The
most frequently uscd anticoagulant is citrate. The
most common form used is ACD-A. Most ACD-
A is processed from the circuit when exposed to
the caleium in the circuit collection. Each 100 ml
of ACD-A contains 2.2 g sodium citrate hydrous,
730 mg citric acid anhydrous, and 2.45 g dextrosc
anhydrous. The infusion rate for AC is dependent
on the total blood volume and type of replacement
fluid (ml of AC/min/liter of total blood volume). The
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Speetra control program will minimize the citrate
reactions by adjusting this flow ratc. The clinical
condition may alternatively requirc the use of hepa-
rin. However, some centers will use the heparin from
the ECMO cireuit to anticoagulate the TPE circuit,
Heparin binds antithrombin 11T and blocks clotting
factor activity of V1I, IX, X, XI, XII. The usc of
heparin requires the moniforing of clotting times. A
convenient bedside determination of in vivo elotting
is the measurement of an Activated Clotting Time
(ACT). An accepted range for ACT’s utilizing the
I-stat® technique is 130-150 seconds, unless the
ECMO patient requires incrcased anticoagulation.
AnACT of 130 seconds may be within the “norinal”
range for blood clotting but the heparin should be
infused directly into the circuit to perform regional
anticoagulation of the circuit and minimize systcmic
anticoagulation and its associated complications.

Patient Care of ECVMO TPE Patient

Full explanation and understanding is essential
prior to the inscrtion of the venous access device
as well as the actual apheresis procedurce, Providing
the patient and family with written materials about
the purpose and benefits of the TPE procedure and
allowing time to answer any questions or concerns
before beginning the procedure promotes a better
environment, Informed consent for the line place-
memnt, blood products and procedure is standard.

Orders include type of procedure, replacement
fluid, volume to be processed, and ending fluid
balance should all be cheeked and verified. The
patient’s height, weight, and gender are important
for programming the machine. The baseline labs
include a CBC, ionized calcium (ICA+), elcctrolytes,
Mg (ionized or total?), PO,, PT, PTT (lor multiple
runs, this is usually not needed becausc the patient
is heparinized-you have to obtain a heparin absorbed
samplc to adequately assess the PT and PTT). Vi-
tal signs includc EKG, temperature, B/P, and O,
saturation. A detailed medication history is required.
Continuous cardiac and O, saturation monitoring
of all ECMO patients must occur during the pro-
cedure. Blood pressure and heart rate are recorded
at least every 15 minutes, Somne paticnts require
pre-medication with Sotu-Medrol ®, or Benadryl ®.
Sedation and pain medication should be monitored
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during this plasma ditution and replacement. Dur-
ing the treatment the patient must be monitored for
signs of hypocalcemia, hypotension, hypotherinia,
or any signs of possible additional transfusion
rcactions. The ionized calcium is repeated at Ieast
one hour or midway into the proccdure if citrate 1s
infuscd. After the procedure, 1ICa*, CBC, Mg, and
PO,? are measured. If the patient requires multiple
treatments, protein, [gG, coagulation factors, and
PT/PTT arc measurcd. A hepabsorbed specimen
may also be required to remove the heparin cffect
while cvaluating other clotting factors and tenden-
cics. Plasma/protein bound medications may also be
removed during apheresis. A clinical assessment of
the patient should be performed at the start of cvery
procedure and includes vital signs, neurclogical
status, and the cxamination of the extracorporeal
circuit. The date and time of initiation of treatment
must be recorded. The effluent color or texture of
fluids, and any mechanical problems during treat-
ment are recorded. Documentation should also
include fluid replacement used, any change in pa-
tient status during treatment and any intervention,
date and time of end of treatiment, and the paticnt
tolerance to treatment. Pretreatment labs and labs
drawn during the treatment should also be recorded.
Family understanding and participation should also
be documented.

Complications

The Aphecresis Program at Miami Children’s
Hospital began in 1994 and has provided care to over
230 patients with almost 1000 procedures in the first
12 years. Clinical cvents that required intervention
occurred in 47% of our trcatments, with one fafal-
ity. Decreased blood pressure was noted in 5.6%,
increascd blood pressure 3.5 %, hypocalcemia in
11%. Non-interventional events (nausea, vomiting,
inereased heart rate, tingling) occurred in 6.2% of
patients, (Unpublished results, J Sussmane, MCH).
Other complications of vascular access included
hematoma at the sitc of catheter insertion, pneumo/
hemothorax, retroperitoneal bleed, infection, throm-
bosis, and air cmbolism. :

Hypocalecemia is the most frequent complica-
tion. The contributing factor is citrate anticoagulant
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in the PRBC bag, in the ACD-A (if used) and if FFP
is used. The paticnt may complain of tingling/iumb-
ness of lips, fingers, or toes; at times, they may also

feel lighthcaded or dizzy. Although symptomatic

monitoring may not be possible in scdated or para-
lyzed patients. In cases of severe hypocaleemia, the

patient can develop dysrhythimias. The calciom in

the blood binds to citrate causing gradual depletion

of the circulating ionized calcium. Electrolytes are

monitorcd before, during, and after each procedure

with special emphasis on magnesium, ionized cal-
cium, and potassium fevels. For proccdures more

than an hour in length, the calcium levels must be

monitored every hour until the end of the procedure.
Calciwim gluconate or calcium chloride drips can be

infused throughout lengthy treatments. As an emer-
gent response fo arthythmias, it is recommended

to stop the procedurc and administer IV calcium

chloride. Tf the calcium level is within hormal limits,
the procedurc can be resuined with ongoing calcimm

monitoring. The management of hypocalcemia

includes slowing down the inlct flow (20 ec/min),
sending a stat ionized calcium and giving calcium

replacements such as calcium chloride 10% (20-25

mg/kg/dose) and calcium gluconate 100-500 mg/
leg/d continuous drip in 4 divided doses.

Coagulation abnormalities are commonly
twofold. First is a depletion of coagulation fac-
tors as they are removed during TPE. This can be
compounded by the fact that albumin, or any re-
placement fluid, that docs not contain coagulation
factors will add a dilutional effect to the plasma.
Recovery of coagulation factors is characterized
by a rapid four hour increase and a slower rise in
circulating cofactors during the next 24 hours after
a single exchange. When multiple treatinents are
performed over a short period (three or more treat-
ments per week), the depletion in clofting factors
is more pronounced and inay require several days
for spontaneous recovery.’” By using fresh frozen
plasma as a replacement fluid, the risks of iatrogenic
hemodilution of circulating coagulation cofactors
can be minimized, There is an increased risk of using
human products that should always be considered.?®
Onc of the other eonsiderations in the use of FFP
is the need to maintain antithrombin I levels for
heparin effectiveness.

Transfusion Reaction — Confributing factors
include ABO mismatch (not following blood bank
and hospital protocols) and multiple transfusions.
Prevention includes administration of leukodepleted
blood product and pre-medication of sensitive pa-
tients. Patients that rcceive multiple treatments or
transfusions may have a better response if an anti-
histaminc is administered before treatment. When
a transfusion rcaction occurs, the procedure is
discontinued and transfusion reaction protocols are
followed. Maintain perfusion by giving crystalloids
and osmotic diuretics. Check urine for hemolysis,
Thrombocytopenia can result from loss of platelets
in the discarded plasma, during dilution, or via fil-
ter thrombosis. There is a greater loss of platelets
using the centrifugal method than by membranc
plasma separation. Wood and Jacobs (1986) have
also shown deereases in the hematocrit by 10% after
each plasmaphercsts treatment in the absence of any
cxtracorporeal losses or hemolysis.

Hypothermia — Contributing factors are duc to
the circuit exposure, the use of cold/cool replace-
ment fluids, and patient size. It is also due to the
rapid loss of circulating volume that patients may
experience chills or shivering, Preventive nicasures
include using warmed replacement fluids. Slowing
down the inlet flow may improve hypothermia, Tt
may help to also warm to the infusing replacement
fluid via circuit warmer.

Apheresis Specialist Training and Competencies

An outline of our recommendations and guide-
lines to certify individuals as Aphcresis Specialists
upon successful complction of the following three
modules:

Module T - Didactic - The Apheresis Special-
ist Candidatc will complete 32 hours of didactic
lectures. These hours will include a formal lecture
program. Upon completion of thesc hours, a writ-
ten test will be given. A passing scorc of 85% must
be achieved,
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Module 11 - Water Labs - The Apher-
csis Specialist Candidate will complete 8 hours
of supervised water lab training plus a final test of
Emergency Drills. This does not include individual
practice sessions which are requircd in order to
pass the final test. Thesc practice hours will vary
according to the individual’s skill fevel but will not
be less than 4 hours.

Module IIT - Clinical Ovientation -The
Apheresis Specialist Candidate will complete a
minimum of 36 hours of clinical orientation. Upon
completion of these hours, the Nurse Manager and
Extracorpotcal Coordinator of the FCLS Team will
review the skills checklists. If any skill requirements
have not been met, further bedside orientation may
be warranted.

Re-certification — Emergency water lab check-
off four times annually. Didactic and/or practical
continuing education in the form of lectures, work-
shops, or animal laboratory experience of not less
than eight (8) hours per year.

Planned maintenance, calibration testing and
Procedure for equipment failure

The performance of all medical equipment is
tested according to relevant standards by the clini-
cal engineering departiment. A planned maintenance
program and calibration testing that assures ac-
curacy of equipment is performed by the clinical
engineering department in collaboration with the
apheresis section toestablish longevity of the systeni.
Al calibration and maintenance testing is based on
the recommendation of the manufacturer.

In the event of cquipment failure, notification
to the serviee dispatch promptly occurs. The repair
response is required within 24-hours. Oncc repair
is completed, notification to the clinical engineer-
ing department is issued and all service repairs
documentation are sent to the clinical engineering
department for safc keeping and tracking,.
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Apheresis Check List

Patien(s Name: Date:

Reviewed by Medical Director or Designee Date: Signature;

Account#: Apheresis Specialist
[ Date/Notes Done Procedure

o  Pheresis Consult obtained.
o Attending notified.

o Appropriate staff notified.
o  Fellow on call.
0 Nurse Manager/CNS

e Family provided with Apheresis brochure, indications, risks, pro-
cedure and understanding of participation is documented.

o Pre-apheresis criteria met:
o Informed consent /blood Lransfusion consent obtained
Appropriate labs reviewed & parameters met,
CBC with diff. (platelets > 50,000, Hgb > 8, Het > 24),
PT, PTT (<13 - < 35)
lonized caleium (= 1.0)
[f patient is less than 18 kg, do type & cross match & sent to
blood bank {request Hct on bag).

C 0 o o 0O

e Labsreviewed by Physician & Apheresis specialist (H/H, PT, PTT,
1Ca") Corrective action taken before procedure

e  Patient is prepared for Apheresis treatment

o Physician / Apheresis specialist evaluates patient, (including
height (cm), weight (kg), & lemperature.

o  History/physical/medication assessment done.

o Patient/Family teaching reinforced. Consent reviewed. Docu-
mented in medical record.

o  Patient sedation reviewed for procedure.

o Machine primed & ready for use

¢ Patient’s pre-pheresis condition reviewed & documented. Pheresis

started,
o Reassessment/document (mid-procedure) by Physician and Spe-
cialist:
o sedation stafus
0 neuro status
o vital signs
o treatment tolerance
o evidence ol hypocalcemia:

e Patients condition reviewed & documented post procedure includ-
ing:
o  sedation status
0 neuro status
o vital signs
o tolerance of procedure

e Two hours post completion, obtain CBC, & jonized CA*
s  DProcedure & condition reviewed with family and documented in
medical record.

e Quality Clinical Indicators Documented

e  (Case reviewed by medical director, Nurse Manager and Team,

o Quality Process control continued
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Chapter 18 Questions

Ly
2)
3)
4)
5)

6)

7)

8)

What does aphercsis mean?

Name the three modalitics of Apheresis.

Name three commen indications for Plasma-
pheresis.

Where does the inflow portion of the Phercesis

circuit become attached to thc ECMO circuit?

Where doces the outflow portion of the Pheresis
circuit become attached to the ECMO circuit?

A “one volume” plasima exchange will exchange

what percentage of the circuiating blood vol-
ume?

A*two volume” plasma exchange will exchange

what percentage of the circulating blood vol-
ume?

What is the most common complication of a

Pheresis patient?

Chapter 18 Answers

1. “to take away, withdraw or separate”

2. Plasmapheresis, Erythrocytapheresis, Leu-

kophercsis

Sepsis, Guillian Barre, Myasthenia

4, Inflow is attached before the bladder on the
venous line

5. OQutflow is attached aficr the inflow but
before the raceway

6. 63%

86%

8. Hypocalcemia

(o

~
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Cooling Neonates for Cerebral Protection on ECMO

Stephen Baumgart, MD

Objectives

After completion of this chapter, the participant
should be able to:

e Discuss cooling criteria, candidates/non-
candidatecs

e Qutline the technique of whole body cool-
ing while on ECMO

o Describe monitoring while cooling, esp.
coagulation while on ECMO

o Describe outcome of patients freated with
cooling while on ECMO

Introduction:

Therapeutic hypothermia has becn introduced
recently for treating a highly selcct population of
near-term/term neonates with hypoxic-ischemic
insults manifesting shortty after bisth (<6 hours).
Two rccent studies” 2 suggest that cerebral cooling
with either whole body cooling (to 33.5°C, 92°F core
esophageal temperature, ie, moderate hypothermia),
or selective head cooling (10°C, 5(°F along with
mild whole-body cooling to a core temperaturc of
34°C, 93°F) reduccs the risk for death or moderate
to scvere neurological sequelae from >60% to <50%
(Figure 1).! The (NICHD) Experts Panel Workshop
held in May 2005 emphasized the nced to use stan-
dardized protocols for hypothermia treatment and
to provide continual follow-up until schoot age to
develop and refine therapy for hypoxic-ischemic
brain injury.’

Definitions for Hypothermia.

Gunn & Gunn have suggested the following
classification for degrees of hypothermia: mild
1-3°C below normal (fe from 37°C down to about
34°C); moderate 4-6°C beclow normal down to
31°C; severe 8-10°C below normal down to 27°C;
and profound >15-20°C below normal to as low as
15°C- sometimes performed with deep hypothermic
circulatory arrest during surgical repair of complex
congenital heart disease.”

o Mild hypothermia 36-34°C

e Moderate hypothermia 33-31°C

e Scvere hypothermia 30-27°C

e Profound or deep hypothermia 26-15°C

Monitoring During Hypothermia,

Esophagcal, abdominal skin, and axillary
temperatures are monitored and recorded every 15
minutes for the first 4 hours of cooling, every hour
for the next 8 hours, and every 4 hours during the
remaining 72 hour period of hypothermia. Above
all, hypertherimia >37.5°C axillary temperature is
avoided, since fever in this setting contributes to
brain injury.’

Infants otherwisc receive routine clinical care,
including the continnous monitoring of vital signs
(mild sinus bradycardia 80-90 beats-per-minutce, and
a small decrease in blood pressure usually <10 mm
Hg are commonly observed, and rarcly require but
are responsive to intervention with volume infusion
and/or pressor therapy} and pulse-oximetry (usu-
ally normal). Additionally, frequent surveillance
blood samples for in particular: blood counts and
electrotyte disturbances: (hyper-, hypo-kalemia,
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FIGURE 1. Neonatal Network (data adapted*}

P=0.01

# Infants

Died Moderate Dead or
orsevere disabled
disability at18

months

B Hypothermia
O Controls

Survived
relatively
intact

Figure 1. Resuits of the Neonatal Network Hypotiiermia Trial (Adapted from data by Shankaran S, Laptook
AR, Ehrenkkranz RA, Tyson JE, MeDonald SA, Donovan EF, Fanaroff AA, Poole WK, Wright LL, Higgins
RD, Finer NN, Carlo WA, Duara S, Oh W, Cotton CM, Stevenson DK, Stoll BJ, Lemons JA, Guillet R, Jobe
AH, for the NICHHD, Neonatal Research Network: Whole-body hypothermia for neonates with Hypoxic-
ischemic encephatopathy. N Engl J Med 2005; 353:1574-84)." They reported 64/106 contol infants were dead
or seriously disabled at 18-22 months of age and of these 38 had died, i.e. [64-38] left 26 seriously disabled
survivors. From a study population of 106 control infants 68 survived; i.e, [68-26 disabled] leaves 42 survivors
relatively infact. They also reporied 45/102 hypothermic infants were dead or disabled at 18-22 months with
24 having died, leaving 21 seriously disabled subjects. From 102 treated infants 78 survived; i.e. [78-21] or 57
survived relatively intact. The authors additionally reported, however, that primary outcome data was available
for 205 of the 208 infants enrolled. Of the threc infants lost to follow-up, we presumed all survived and this
may favorably bias these survival-intact estimates represented in this figure.

hyper-, hypo-natremia {SIADH], calcium and mag-
nesium, hypo- hyper-glycemia), coagulopathy (PT/
PTT, platelets and fibrinogen), and for major organ
dysfunction (eg, liver enzymes, ALT/AST), which
may all be altercd during modcrate hypothermia.
Serial blood gas determinations are included to
monitor and treat in particular pH, ventilatory, and
acid-base disturbances. Blood gas data should be
adjusted for temperature at 33.5°C and during re-
warming. We perform thesc blood studies at 6, 12,
14,36, 48, 60, 72, 96, and 120 hours after initiating
hypothermia and during re-warming. Most ECMO
centers additionally monitor ACT’s during heparin
infusion for bypass, and we rccommend using the
same protocol guidelines while cooling asphyxi-
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ated babies on bypass with particular attention to
maintaining plasma fibrinogen and platelets within
norimal ranges.

EEG Monitoring During Hypothermia.

We provide continuous EEG neuro-monitoring
as part of our hypothermia protocol, although the
EEG is not included in our clinical criteria for ini-
tiating hypothcrmia.' A full montage video-EEG
(modified Intemational 10-20 system for newborns)
is recorded by computer for about 96 hours to
include cooling and rccovery periods. Using raw
EEG data, amplitude-intcgrated EEG (aEEG) is
also reviewed for characterization of background
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FHYSIOLOGIC CRITERIA: |

l Cord or Arterial blood gas <1 hr?J

FIGURE 2. Cooling
Criteria’

NEUROLOGIC EXAM CRITERIA:
Moderate or Severe Encephalopathy is
demonstrated by

No blood gas <1 by
R
pH7.01-7.15 OR Base deficit 10-15.9

Waderate encephalopathy has 3of 8
findings below:
Letharglc

Combined With |

4

Inactive, decreased activity
Fiexionfexiension “frog"” posture
Hypotonia fotal or general

Weak suckiincomplete Maoro
Pupl!s constricied, bradycardia,

Lol ol

AMAJOR PERINATAL EVENT:
variableflate FHR decels,
cord prolapsel/mipture,
uterine rugture,

pHs7.0
OR 7]
Base deficit >16

+moderate or Mom trauma,
severs Wom hemerrhagefabruption,
encephalopathy Mom had CPR

periedic breathlng

:

Severe encephalopathy has 3 of 6
findings below:
Stuporicoma®

No activity
Decercbrate hyperextension

@

" —— Epgars_ﬁ 2410 min, OR PPV@ 210 min
Cooling

Flagcid tone

l +moderate or severs encephajopathy '

Absent suckiMoro

Cooling

236 WKS GESTATION

21,800 GRAMS AT BIRTH

=6 HQURS OF AGE

Exclude: severe chromesomal or other
anomalies, exfremis/nonintervention

R S ol

Pupils dilatedfunreactivel/skew,
variable HR, apriea

ANY SEIZURE
WITTHESSED BY A

RELIABLE DBSERVERJ

@

= slam dunks

Figure 2, Summary diagram of criteria for initiating moderate whole body hypothennia for cerebral protec-
tion in moderate to severely asphyxiated neonates. (Adapted from Shankaran S, Laptook AR, Ehrenkkranz RA,
Tyson JE, McDonald SA, Donovan EF, Fanaroff AA, Poole WK, Wright LL, Higgins RD, Finer NN, Carlo
WA, Duara S, Oh W, Cotton CM, Stevenson DK, Stoll BJ, Lemons JA, Guillet R, Jobe AH, for the NICHHD,
Neonatal Research Network: Whole-body hypothermia for neonates with Hypoxic-ischemic encephalopathy.

N Engl ] Med 2005; 353:1574-84).!

pattern and detcction of seizures, Scizure detection
is confirmed on raw EEG data and therapy provided
(e.g., Phenobarbital).

Criteria for Infants Eligible for Cooling.[Figure 2]

To receive cooling therapy, infanfs must be
more than or equal to 36 weeks completed gesta-
tion, must arrive for treatment within six hours of
birth and have experienced a hypoxic-ischeric (H1)
insult. Moribund infants not receiving resuscitation
and lifc support are obviously cxcluded. Premature
nconates arc also excluded since hypothermia in this
population is associated with increased mortality.®
Evidence of HI injury includes: requirement for

resuscitation at delivery (in particular an Apgar
score <5 requiring positive pressure ventilation at
10 minutes of life), arterial/venous/mixcd umbifical
vessel blood pH of <7.00, or having a significant
base deficit of at least -16 mEq/L. Also qualify-
ing for therapy arc blood gas disturbances within
the first hour of life with pH 7.01-7.15 and/or a
base deficit between -10 to -15.9 mEqg/L, along
with an ominous perinatal history (fetal heart rate
decelerations, umbilical cord prolapsc or rupture,
uterine rupture, severe maternal trauma preceding
birth, and abruption of the placenta, or the expect-
ant mother cxpericnced any life-threatening event
requiring CPR). Clinical signs of a moderate to
scvere cneephalopathy must also be present (an
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infant who is Icthargie, or completely stuporous,
has diminished or completely absent activity and

muscle tone, having weak or absent sucking and

Moro reficxes, with fixed-constrieted or unrespon-
sive dilated pupils, having fixed flexion or extension

posturing of extremitics, or a seizure observed by an

experienced clinician). Infants with such symptoms

persisting for several days have about a 60 percent
risk for death before hospital discharge, while a

majority of survivors experience moderate to severc

life-long neuro-developmental disabilities (ccrebral

palsy, deafness, blindness, mental retardation, and/
or recurrent seizure disorder)(Figure 1).}7

Performing Hypothermiua.,

Infants meeting these criteria are placed supine
at admission and before 6 hours of age® (wearing
only a diaper) onto a water-filled cooling blanket,
pre-cooled to 5°C (41°F- similar to a houschold
refrigerator box temperature, eg 37°F). We use a
Blanketrol 11 Hyper-Hypothermia System, Cincin-
nati Sub-Zero Inc., a device familiar to our ER
and OR staff where it’s used to reduce high fevers
in young children. This same device was used in
the Neonatal Network trial! A warmed, flexible
esophageal temperature probe is then positioned in
the distal third of the esophagus (measured nares-
to-auditory meatus-to-x yphoid process and minus 2
em), and the water maitress cooling unit’s thermo-
static-controller 1s then immediately set to 33.5°C.
Blanket water temperature rapidly cools the baby
(30-40 minutes), then water femperature increases to
about 34°C (93°F) to maintain the csophageal probe
at 33.5°C.! A second, larger pediatric-size blanket is
also attached paralle] mto the cooling system. Wa-
ter circulates through both blankets with the larger
blanket hung on an IV rack at bedside serving as a
capacitor fo diminish fluctuations in the csophageal
temperature (to less than £1.0 C).° Although we
use a warmer bed platform as a convenient crib,
the over-head warmer is not turned-on during the
cooling period. Abdominal-wall skin temperature is
also monitored with a surface probe, available with
the warmer bed {(in monitoring mode, warmer off).
With esophageal temperature set to 33.5°C, we've
observed that the majority of heat loss occurs via
surface cooling, '™ !
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After 72 hours at the sct point of 33.5°C, the au-
tomatic controller on the cooling system is increased
by 0.5°C per hour, and blanket re-warming occurs.
After six hours, the esophageal probe and cooling
blankets are removed, and the anterior abdominal
wall skin temperature is then regulated using the
radiant warner’s scrvomechanism set at 36.5°C
(warmer on), Body temperaturc is monitored at a
separate site (usually axillary) as a safety precaun-
tion to prevent hyperthermia >37.5°C."* The pur-
posc for re-warming slowly is to avoid rapid shifts
in eritical electrolytes (calcium and potassium).
Cardiac arrhythmias (ventricular tachycardia), {c-
ver, and seizurcs were obscrved miore commonly
with rewarming during the Network study?, and
in particular re-warming overshoot (fever >37.5°C
either axillary or esophageal) is to be avoided by
reducing the warming device servo-control in 0.5°C
increments.’

Performing Hypothermia While on ECMO.

We’ve envisioned threc scenarios combining
whole body cooling therapy for asphyxia-related
encephalopathy with ECLS on ECMQO: [1] an in-
fant is admitted who first mects criteria for cooling
then while already hypothermic additionally mects
criteria for ECMO and continues esophageal tem-
perature maintenance at 33.5°C completing 72 hours
at this temperature while on bypass, who is then
rewarmed while on bypass to 36.5°C; {2] an infant
is admitted who meets criteria for both cooling and
ECMO concurrently, spending the first 72 hours at
33.5°C who is then rewarmed on bypass; and [3]
an infant starts cooling after an event on bypass,
and continues cooling whilc coming oft of bypass
and is subsequently rewarmed. We’ve only actually
encountered the first two scenarios, and have cluded
perinatal asphyxia while on ECMO. Resuscitation
with ECMO with and without whole body cooling
is under investigation by the Neonatal Network, and
a multi-center randomized control trial is planned.

Four of our 44 hypothermia treated patients
have required ECMO during cooling at esophageal
temperature 33.5°C. The primary implement for
maintaining systcmic hypothermia was the ECMO
apparatus’ servo-regulated water-bath/blood warmer
device with or without the concomitant use of the
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FIGURE 3. ECMO Circuit with Temperature Probe
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Figure 3. Schematic diagram of our ECMO circuit , Medtronics, Minneapolis, MN, demonstrating the
location of the blood-path temperature monitoring probe 122 em distal to the heat exchanger and proximate
to the arterial cannula entering the baby’s core circulation,

Blanketrol cooling unit. We've demonstrated two
methods for cooling babies on ECMO.'?

In three cases (Method 1), the primary imple-
ment for maintaining systcmic hypothcrmia was
the ECMO apparatus’ servo-regulated water-bath/
blood warmer (also a Cincinnati Sub-Zero device)
set between 33.0-33.5°C. Blood path temperature
was monitored proximate to the arterial cannula,
and 122 cm distal to the heat-cxchanger (HE).(Fig-
urc 3) This length of non-warmed tubing results in
some enviromnental cooling of the blood path by
about 1.5-2°C before reaching the infant. Infant core
esophageal temperature was measurcd continuously
using the Blanketrol 11 cooling unit in the monitor
only mode. The temperature on the ECMO water
bath (initially set at 33.5°C) was adjusted in +0.2°C
increments until the eore esophagcal probe tempera-
turc stabilized to rcad at or near a constant 33.5°C
(Figure 4). Patient #3 had CDH, presented with
HI injury at birth, and went directly onto ECMO

and cooling was initiated and maintained via this
method. Blood path temperature was noted to be
consistently lower than the target 33.5°C, leading
to lower and variable csophageal temperaturcs
(Figure 4). The patient subsequently withdrew from
ECMO support due to a pulmonary hemorrhage afier
4 hours on ECMO/{cooling.

In the most recent case (Method 2), we sct the
Cincinnati Sub-Zero water bath on the ECMO cart
to be constant at 35.0°C. In our circuit (Medtron-
ies, Minneapolis, MN), the blood path temperature
probe is 122 cm distal to the HE and reliably
revealed blood temperature entering the baby at
33.5°C. We continued 1nanaging the baby on the
cooling blanket as well, set to automatically control
our target esophageal temperature to 33.5°C. During
rewarming, both temperaturcs were inercascd by
0.5°C/hr until the baby’s esophageal temperature
reached 36.5°C. Patient #4 was started on ECMO
for worsening pulmonary hypertension after 24
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FIGURE 4. Patient #3 cooled via Method 1 (ECMO water bath, manually adjusted)
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Figure 4. Cooling temperatures using only the ECMO circuif’s heat exchanger water bath, The cooling
blanket has been removed, and the esophageal temperature is monitored while the water bath temperature is
manually “tweaked” in +0.2°C increments by the ECMO specialist. Some variation in temperature is seen,
probably from overdampening in the operater’s response.

FIGURE 5. Patient#4 cooled via Method 2 (ECMO water bath + Blanketrol)
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cooling blanket servo-regulated to maintain esophageal temperature at 33.5°C. Varience in esophageal tem-
perature is minimized at <1,5 %.1*
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hours of cooling and was maintained via this latter
method, Of the four cases, this resulted in the least
esophageal temperature variation (Figure 5).

Temperature variance for this method was
only 1.5% including cooling induction (range 35.1-
32.0°C). We suggest the [atter method preferred for
maintaining whole-body hypothermia when treating
asphyxiated infants on ECMO.

Editorial
Giles J Peek MD FRCS

There is no doubt that hypothermia is a powerfut
weapon in the armamentarium against brain injury.
ECMO provides unprecedented control over body
temperature and makes it extremely easy to induce
therapeutic hypothermia. This is well tolerated
and thcoretical fears regarding altercd coagulation
have not lead to problems in clinical practice. The
duration of hypothermia is an intcresting question,
some authorities opining that the longer duration
the better the effcet, but 72 hours secms to be
the accepted norn in 2009, In the UK we have
been conducting a randomised controlled {rial of
therapeutic hypothermia in babies receiving ECMO
{(NEST,Neonatal ECMO Study of Temperature, IS-
RCTN72635512) which has been reeruiting since
June 2006 and has enrolted 102 out of a fotal sample
size of 118 patients (14/11/2009), The protocol can
be downloaded from http://www.npeu.ox.ac.uk/nest.
Hopcfully by the time you are reading this chapter
the resulis should be published. In terms of practi-
cal application of hypothermia, avoidance of rapid
changes in temperature 1s important. I particularly
enjoyed the authors elegant solution to this problem
of using an additional water blanket hung on a drip
stand as a thermal “compliance chamber™ to smooth
the temperature fluctuations. In our experience we
have found urinary catheters with integral tem-
perature probes an efficient method of monitoring
patient temperaturc as esophageal probes can be
casily displaced when the patient is moved.
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Chapter 19 Questions

I,

The complications of moderate whole body
hypothermia include which of the following:
a) mild bradycardia

by cardiac stun

¢) suppression of clotting ability

d) seizures, ot cold induced brain coma

Moderate whole body cooling has been studicd
extensively at what temperature(s):

a) 33.5+0.5°C esophageal

b) 34.0°C decp rectal (5 cm beyond the anal
verge)

c) 36.5°C axiilary

d} all of the above

Which of the following are criteria for initiating
whole body cooling?

a) Gestation >»36 completed weeks at birth
b) post-natal age <6 hours

¢) Umbilical cord blood pH <7.00 or basc
deficit >16

d) Any clinically observed seizure

¢) All of the above

Chapter 19 Answers

1., & andc.
2. a. only
3. e
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Responsibilities of the ECMO Specialists and RN Staff

Lisa Williams, MHA, BSN, RNC-NIC agnd Billie Lou Short, MD

Objectives

After completion of this chapter, the participant
shouid be able to:

e Define the role of the bedside RN, RT, and
ECMO Specialist

e Qutline the role for each individual in
cmergencies

e Outline the role of each individual for
roufine care

Introduction

ECMO is cstablished and coordinated by many
different disciplines in the various hospitals. Medi-
cal management of the ECMO patient is dependent
on the case. In our organization newborn respiratory
cases are managed by the Neonatologist on clini-
cal service, nconatal heart patients are managed by
the Critical Care ECMO attending, and pediatric
respiratory cases are managed by the Critical Care
ECMO attending. The bedside ECMO Specialist
is either an RN or RT specially trained in ECMO
and is responsible for managing the ECMO paticnt,
under the direction of the ECMO physician. The
ECMO Specialist and bedside nurse work together
i the care of the patient, each with specific roles
and responsibilitics as outlined in the next scctions.
Care of the ECMO paticnt with cardiac discasc is
covered in a separate chapter.

Responsibilitics of the ECMO Specialist and the
Nursing Staff

Caring for the patient on ECMO is similar to
the care of any critically ill patient requiring intense

medical intervention. Additional care involves man-
aging the ECMO circuit, which is the responsibility
of the ECMO speeialist. The specialist, bedside
nurse, and ECMO physician need to work together
as a tcam with other personnel, Issues that arise dur-
ing the course of the ECMO therapy will need to be
discussed between the nurse, specialist, and ECMO
physician, to providc a complete and organized plan
of care. Family involvement is another important
component of planning care for the ECMO patient.
The bedside nurse and specialist’s responsibilities
will vary from one ECMO center to another.
Patients receiving ECMO therapy have a variety
of nceds, Nursing care is vital to the stabilization
and management of these patients. Pairing of these
patients will depend on the policies of cach institu-
tion, the experience of the ECMO specialist, and the
acuity of the patient, Written guidelines outlining the
staffing requirements for different levels of patients
may be helpful in planning for staffing purposes.
In addition to routine cares, nursing actions will
be focused primarily on observation of the patient’s
vital signs, detection of changes in clinical status,
and prevention of complications. The ECMO patient
is extremely vulnerable to multiple and catastrophic
complications, and nursing care can be the most ef-
feetive way to avoid some of these problems,

Patient Assessment — Dual Responsibilities:
A. Patient Procedures

Any procedure that requires moving the patient
such as x-ray or evaluation of skin integrity, ctc. re-

quires the bedside RN and the ECMO Specialist to
work together, The ECMO specialist is responsible
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for the ECMO catheters, assuring that they are not
kinked or moved improperly during the procedure.
It there is concern about movement of the patient,
the ECMO physician should be called to the bedside
to assist.

Patient movement to other areas of the hospital
for tests and procedurcs (CT, cardiac catheteriza-
tion) has become morc commonplace. A policy or
guidcline written by key members off your ECMO
team will help to guide staff who are not accustomed
to moving ECMO patients. This policy/guideline
should include the number and type of staff needed
to move and their roles, necessary supplies and
cquipment, and a checklist to be used to assess readi-
ness before moving. In general, a member of the
ECMO team takes the lcad role and is responsible
for guarding the cannulas during transport as well
as controlling the speed/flow of transport.

B. Neurologic Assessment

The most serious complications observed in
ECMO patients have been central nervouls system
(CNS) related, CNS problems appear (o be related
to hypoxia, acidosis, hyperearbia, or other insults
suffered prior to ECMO. Frequent neurologic
checks should be performed, including: fuliness of
the fontanelle (as applicablc), reflexes, movement,
pupil size, level of consciousness, and presence of
seizure activity. One of the first signs that a patient
has had an intraventricular hemorrhage (IVH) is the
cessation of spontaneous respirations, or dramatic
changes in BP, blood pH and hematoerit. If this
occurs, a neuro check should be performed imme-
diately and the ECMO physician should be notified.
Obtaining a hemoglobin and hematocrit (H/H) can
assist in determining if a bleed has occurred. Keep
in mind that a low pump PCO, and over sedation
can also cause the paticnt to become apneic. Review
the patient sedation record and obtain a pump gas
before taking any further action.

C. Cardiovascular Assessment
Once on bypass, the ventilator settings will be
dramatically reduced to minimize barotraumas, in

most patients. The patient is critically ilf; their con-
dition is still labile. Patients should have minimal
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handling and a quiet environment. Nursing and
medical procedures should be coordinated, allow-
ing the patient long periods of rest. Maintaining
a neutral thermal cnvironment (unless otherwise
indicated) and offcring comfort measures, such
as bundling, will not only serve as a restraining
measure but also as a comfort/scdative measure,
By keceping the patient quiet and calm, their oxygen
consumption will be decreased. Sedation should be
given as ordered, m an cffort to maintain oxygen
consumptiion to a minimum without decreasing the
patient’s respiratory drive.

Nursing care of the ECMO patient involves
frequent observation of the patient’s vital signs (VS).
VS should be obtained hourly, from the monitor, so
that early detection of problems or complications
can be dealt with in a timely fashion. “Hands-on”
care, including VS, should be doue every four hours
in an effort to cluster carc. Provision for a neutral
thermal environment (NTE} is an important fag-
tor in decreasing metabolic oxygen requirements.
Hypothermia will significantly increase oxygen
consunmption and can promote pulmonary vaso-
constriction. These conditions promote hypoxia
angd acidosis which notably decrcase surfactant
production. Axillary temperatures should be done
every 4 hours and PRI for temperature instability.
Overhead warmer and/or the ECMO watcr baths
can be adjusted to eflcet a change in the patient’s
temperature. The bedside nurse and specialist will
work fogether to determine which method should
be used, as to avoid warming or cooling the patient
too quickly.

Patent ductus arteriosis (PDA) should be sus-
pected in any neonatal ECMO patient with persis-
tently poor perfusion, low urine output, acidemia,
and/or low PO, despilc increasing bypass flows. A
systolic murmur may not always be audible if the
ductus is opening and closing or if it is very large.
Other symptoms may include an active precordium,
bounding pulses, crackling rales, and tachycardia.
These paticnts are usually treated with fluid restric-
tion and diuretic therapy to decrcase the intravas-
cular volume.

Cardiac Stun is the partial or total absence of
the ventricular component of the cardiac output,
The cause of Cardiac Stun is not well understood.
The patient will develop an aortic pulsc pressure of
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<SmmHg and a PO, nearly equivalent to the Pump
PO,. The phenomenon is transient and usually lasts
for 1 - 64 hours.

D. Respiratory Assessment

A thorough respiratory assessment should be
performed on the ECMO paticnt every 4 hours.
Through inspection, auscultation, and closc clinical
obscrvation, the ECMO specialist and nurse can
identify potential complications and evaluate the
infant’s response to treatment. A daily chest x-ray
should be done on all ECMO paticnts. Observa-
tion of the quality of respirations and the skin color
should be done before disturbing the patient. Respi-
ratory effort is usually irregular in rate and shallow,
primarily abdominal (infants) rather than thoracic
breathing. During the initial days on ECMO, the
paticnt’s breath sounds will be difficult to auscultate,
with minimal air entry noted. The reduction of the
ventilator settings during the ECMO course causes
a collapse of the lungs, usually producing a typical
“white out” appearance on the chest x-ray. As the
lungs and the patient’s respiratory effort improve,
so too will the breath sounds and x-ray. The nurse
should observe the patient for signs and symptoms
of atelectasis, i.e. unequal breath sounds, elevated
PCO,, acidosis, and hypoxia. Some of these symp-
toms will not be as cvident, as the patient is on
bypass. Vigilant pulmonary care including endotra-
cheal tube (HTT) suctioning cvery 4 hours is needed
to maintain patency of the ETT and clear secretions.
Carc should be exercised so that the suction cathcter
docs not extend beyond the end of the ETT, causing
trauma and potential pulmonary bleeding. Despite
careful suctioning of these paticnts, sometimes
bleeding will occur. The observation of blood (bright
or dark red) in the ETT seeretions requires attention,
Increasing the PEEP or Pcak Inspiratory Pressure
(PIP) will help to control or stop the bleeding. Chest
physiotherapy (CPT) may be done in some institu-
tions to help mobilize secretions. “Sigh bagging” the
patient for five (5) minutes after suctioning may help
in the re-expansion of the atelectatic lungs.
Pediatric and adult patients with significant lung
injury requiring protonged ECMO runs may have
collapsed lungs for a period of time. Sometimes, no
breath sounds can be auscultated.

E. Fluid, Electrolytes and Nutrition

Record all intake and output accurately - include
blood removed for all lab tests, blood gases and
ACTs and all drainage from chest tubes, wounds, he-
mofiitration. Record urine output. Replace outputs
as ordered by physician. Monitoring of the patient’s
hematocrit should be done every 12 hours and more
frequently if bleeding is an issue.

Maintenance 1V fluids, HAL, IL, and Heparin
drips are administered into the ECMO eircuit or
the patient, depending upon institutional policy.
Whole blood glucose should be monitored every 6-8
hours and PRN. The major causes of hyperglycemia
in ECMO patients arc stress and sepsis. ECMO
paticnts who are septic or hypothermic may also
become hypoglycemic. Hypothermia will cause the
infant to rapidly decrease body stores of brown fat
to increase heat production. This metabolic process
produces heat but also requires oxygen and glucose
to complete the process. NOTE: Maintenance IVs,
vasoactives and sedative/narcotic drips are infused
via the patient’s central line in cardiae, pediatric,
and adult ECMO paticnts unless there is limited
IV access.

Abdominal girths should be measured every four
hours. An inereasing abdominal girth could indicate
excessive air in the stomach/bowel, or bleeding into
the abdoimen. The nurse should check the placement
and reposition the OG tube for optimal drainage of
air and sceretions, The abdominal distention can
inhibit diaphragmatic breathing, which could result
in hypoventilation, especially when the patient is on
low bypass flows. If the patient has excessive OG
drainage, the ECMO physician should notified, as
it may indicate a need for replacements for an clce-
trofyte toss. Gastrointestinal hemorrhage can oceur
while on bypass. If the OG drainage is coffee ground
in appearance, the physician will order antacids
(i.e., Cimetidine) as appropriate. If the drainage is
frank blood or the amount is significant, iced salinc
favages may be ordered. Accurate measurements of
OG output should be maintained and the pH should
be closcly monitored.

Gut prophylaxis is ordered routinely in the
pediatric and adult ICU patient. Commonly used
medications for acid control in these patients are
Protonix or Zantac.
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E. Infection Con ti‘nl

Strict maintenance of aseptic technique and
Universal Prccautions is cssential when caring
for the patient on ECMO. The ECMO circuit usu-
ally has numerous ports which provide access for
withdrawing or infusing fluids/blood. Thesc ports
as well as the patient lines serve as possible routes
for infection. Frequent hand washing and the usc of
non-latex gloves is required of everyone who will be
entering one of these sites. All IV lines and circuit
ports must be prepped with an antimicrobial agent
prior to entry. All access ports should have a blind
cap or a syringe attached to them, Excessive usc
of aleohol to prep lines causes the polycarbonate
plastic to crack. This will cause either blood loss
from the circuit or air entry into the circuit. For
this reason, this institution uses Betadine ONLY for
prepping any ECMO line. Chlorhexidine preps arc
also uscd in other institutions,

G. Skin Integrity

Prior to the initiation of ECMO, patients have
often required large amounts of crystalloid or col-
loid fluids in an effort to maintain blood pressure.
At some point, the paticnt will experience “capiltary
leak” resulting in a generalized edema. This edema
puts the ECMO patient at risk for skin breakdown
duc to a limited ability for movement. Usc of an
cgg crate mattress, water matiress, or sheep skin
will help in the prevention of skin breakdown. The
nursing staff should also change the patient’s posi-
tion frequently. Care to prevent accidental decan-
nulation is paramount when moving the ECMO
patient; it requires the assistance of the ECMO
specialist. A thorough inspection of the skin should
be done every time the position is changed and any
arcas that appcar reddened or broken should be
noted and attended to. Lotion may be applied dur-
ing routinc baths. Gentle massage of the skin will
help to improve circulation to the skin and promote
reabsorption of exeess extravascular fluid. The use
of alcohol and adhesive tape remover should be
minimized, as they have a drying cffect on the skin.
Change the patient’s diapers {requently, especially
if the patient is stooling, as this could cause skin
breakdown to occur.
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With the exception of periodic position changes,
the ECMO patients have limited mobility for days.
Efforts to avoid hyperextension of joints should
be made, position the patient using blanket rolls to
support the arms and legs. Passive range of motion
should be performed at lcast once a shift as toler-
ated. Physical and occupational therapy consulis
may be appropriate for extended immobilizations,
especially in older patients that are kept sedated
and/or paralyzed.

H. Parent Interaction

Parents of patients on ECMO arc generally
overwhelmed by the severity of their chiid’s illncss
and by the cquipment and technology. It is important
that the staff provide opportunitics for the parents
to ask questions. Offer explanations that provide in-
formation in an understandable manner, Remember,
cven parents with an understanding of medical ter-
minology may find that what appcars to be a simple
statement to you may sound like a foreign language
to them, especially in the carly days of the ECMO
course. Consistent messages from all members of
the team decrease the chances of misunderstanding.
The activities the parents inay participate in arc lim-
ited while on ECMO, but they could be allowed to
assist with bathing and applying totion to the skin,
for instance. Encourage the parents to have contact
with their child. They may choosc to spend time
at the bedside talking or reading to their child and
lightly stroking the patient as tolerated. They may
bring in pictures to place at the bedside or other
items such as music boxes or small toys. Audio
recordings from parents and family members may
be helpful for older children. Institutions that have
child life services may find that their involvement is
helpful. Social work asscssment is typically required
for paticnts of this acuity.

ECMO Specialist Responsibilities

The ECMO specialist is a person who has been
specially trained to care for long term modified
heart-hmg bypass circuits. The specialist’s edu-
cational backgrounds vary from registered nurscs,
respiratory therapists, perfusionists, nurse practi-
tioners, and physician assistants. Each institution
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mandates the qualifications they feel arc necessary
for individuals to become qualified speciatists and
practice is also guided by individual state practice
acts. Training of specialists can occur either within
the individual institution or at another institution
that offers ECMO courses to outside individuals.
The training program usually consists of didactic
lectures and time in & lab setting learning and per-
fecting the skills necded to be adept at managing
these complicated patients.

At the beginning of each shift, the ECMO Spe-
cialist should conduct a full check of the circuit.
Patients who arc on ECMO have separate data col-
lection requirements from other required patient care
activities to be documented. Bypass flow, sweep gas
flow, and blended FiQ, to the membrane oxygenator
are documented hourly. Patient arterial blood gases
arc done every 2 - 4 houss or hourly (depending
on institutional policy) if changes are made that
will affect the patient’s blood gas. Parameters for
managetnent arc written by the physician every day,
Changes in bypass flow, sweep gas, or blended FiO,
arc made based on arterial blood gas results, in-linc
saturation monitors, and the physician parameters.
These changes are documented by the specialist.
Each institution must detcrmine the method to
usc for monitoring and regulating anticoagulation.
Regardless of the method used, monitoring of the
patients’ anticoagulation status is done hourly and
PRN. These resulis are also recorded and monitored
by the specialist,

It is the responsibility of the ECMO Specialist
to keep the ECMO physician up fo date on any 1s-
sues related to ECMO and the patient. The ECMO
Specialist should contact the ECMO physician for
abnormal Iaboratory findings-or altered ECMO flow/
oxygenation.

Management of Bypass by the ECMO Specialist

ECMO bypass must be maintained at a suf-
ficient rate to adequately perfuse the patient and
allow for “lung rest” to occur. In most cases this
will be achieved at 60 - 80% of the patient’s cardiac
output. The cardiac output in infants is difficult to
measure due o the presence of lefl to right shunts,
but has been estimated from 120 - 300 ce/kg/min.
Cardiac output in children is referenced by using

their cardiac index which is more accurate given
the many wcight ranges. It is 3 to 4.5LPM/ m¥BSA
(cardiac output divided by m? body surface area).
Adult cardiac output range is 4 to 8 LPM. Average
ECMO flows for children: 90 to 120ml/kg/min.
Adults: 3 to SLPM

There arc several factors which will influence
the ECMO specialists’ ability to achicve and main-
tain extracorporeal bypass. These factors are:

s  Size and length of the venous catheter
The patient’s hemodynamic status
Hydrostatic column

Size of circuit tubing

Catheter position

Drainage of blood from the patient to the venous
side of the ECMO circuit is accomplished by gravity.
Frequently ECMO patients expericnee difficulty in
maintaining adequate venous return to the circuit.
The height of the patient’s right atrium above the ve-
nous reservoir (bladder) determincs the hydrostatic
column. Volume status, specifically hypovolemia,
can also be a problem for ECMO patients cspecially
at the initiation of bypass. Centrifugal circuits are
particularly sensitive to preload and afterload to
maintain pump flows at desired rates, Many ECMO
patients experience “capillary leaking” due to large
amounts of volume given in the pre-ECMO period.
Once on bypass, the capillary leaking contimics
and volume expansion may be necessary in order
to maintain verous return to the ECMO circuit. An
adequate daily protein intake will help restore a
good osmotic pressure gradient.

ECMO catheters can be very posttional (and can
kink) depending upon the type of catheter used. If
the catheter is two high or two low, venous return
to the circuit may be diminished and cause “chatter”
and venous return monitor {VRM) alarms, Cathcter
position can be verified by chest x-ray or ultraso-
nography. Good catheter position can occasionally
be achieved through manipulation of the patient’s
head position, and through the use of various sized
neck rolls. Surgical repositioning of the catheters by
the surgeons can be done if the problem is severe.
Venous catheter sutures which are too tight can also
causc “chatter” by partially obstructing flow to the
circuit. Efforts should be directed towards maintain-
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ing bypass at all times. When the patient on bypass
is experiencing difficulties with venous return, the
specialist should try fo discover the etiology of the
problem. First attempts should include repositioning
the paticnt’s hcad and verifying catheter position
on the most recent chest x-ray. Auscultation of the
chest should be performed to ascertain if a change
in breath and heart sounds has occwrred, which
could indicate the presence of a pneumothorax or
preumopcericardium, If venous rcturn continues
to be a problem small boluses of volume could be
given. Whenever venous return becomes a problem,
the ECMO physician should be notified. Venous
return can also be compromisced when a patient is
extremely agitated. The usc of comfort measurcs
and scdation should be utilized.

The ECMO specialist should perform a visual
inspection of the entire circuit at the beginning of
each shift, this includes ascertaining that all con-
nections are tight and that Ty-bands are in place.
The system should be thoroughly checked for air
bubbles, cspecially in the bridge, bladder, top of
the oxygenator, and in any line filters. The circuit
should be examined for any clot formation and the
approximate size and location documented accord-
ing to institutional policy. Clot and fibrin formation
can usually be scen in the biadder and oxygenator
where “low flow” arcas exist. The venous and arte-
rial pressure limits should be checked at least once
a shift, as well as an aciual tcst of the VRM alarm
to determing its functioning status, Back up units
of blood should be available from either the blood
bank or from a blood bank rcfrigerator on the unit (as
per individual hospital policy). At the beginning of
each shift, the ECMO specialist should familiarize
themsclves with any emergeney protocols particular
to their institution {i.c. cmergency ventilator settings,
etc.). ECMQ patient care arcas should be stocked
adequately enough to perform most emergency
procedures (i.e. exira raceways, pigtails, connec-
tors, etc) with a minimum of delay. An example of
a daily checklist for the bedside specialist is shown
in figure 1.
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Figure 1.

ROTAFLOW PUMP ECMO SHIFT CHECKLIST

QC document only---not part of permanent record

Date
Time 0700-1900 1940-0700

Check system tyhands, check circuit for air, verify pump mode

Check the VRM, observe for decrease in flows, VRM# to become more neg,
audible alarm

Clots Y/N (ehart size & location in cerner under ECMO comments)

Check water bath: a) note water tempceraturc
b) note blood temperature
¢} check water level {sterile water only)

Lxamine Patient:  a) check breath sounds
b} cardiac murmur Y/N
¢) check incision site/surgical site/open chest window

Check and verify alarm limits for channel VAt and TI/VRM

Check, set and verify low flow alarm limit (20% < desired flow rate)

Check vent settings

Check for emergency unit of blood

Verify that thrombin, surgifoam, heparin 1000u/ce and vecuronium are in the cart

Check CO, tank level (>200 PSI) Tank changed Y/N

Verify 8 clamps present/pump plugged into battery
TPump ABG q 8hrs and PRN

Send CBC @1600, AM labs: CBC, Fibrinogen, Measured O, sat, plasma free
hgb, PT/PTT,(non-hep absorbed), mag and phos

Change sticky stopcock

Re-stock cart/clean cart Qshift

Check for hand crank

Check for uitrasonic paste

Perform hemochron QC (“sticks”) Q8(0700,1500,2300)
Verify bladder functionality Qshift and PRN

ECMO specialists initials
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Chapter 20 Questions

1.

Nursing assignmients for bedside care of the
ECMO patient should be made based on :

a) institutional policy

b) experience of the ECMO specialist

¢) acuity of the patient

d) all of the above

Who is responsible for recording the hourly
readings and manipulations of gas flow to the
circuit?

a) The ECMQO physician

b) The bedside RN

¢) The ECMO specialist

d) The parent

A primary responsibility of the ECMO special-
ist or other member of the ECMO team during
patient transport is:

a) Clearing the hallways of equipment

by Securing the clevator

¢) Guarding of catheters and control of speed
of transport

d) Clcan up of area after procedure

Chapter 20 Answers
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ECMO Intra-Hospital Transport: Minimizing Risk

Logistics, Strategy, and Safety

Christine Smeall RN, Daniel H. Comvay MD, Matthew Movont MD and Dominick M. Carella RN

Objectives

After complction of this chapter, the participant
should be able to:

o Describe the risk and emergencics that can
occur with transport of the intra-hospital
ECMO patient and the application and
implementation of crew resource manage-
ment and situational awareness methodol-
ogy to resolve potential issues.

e Describe the necessary cquipment needed
for safe intra-hospital transport of the
ECMO paticnt, '

e Dcscribe the personnel needed and their
role for safe intra-hospital transport of the
ECMO patient,

Introduction

The transport of critically-ill paticnts is com-
plex and carries inherent risks. The intra-hospital
transport of the ECMO paticnt ean result in catheter
dislodgement, blceding, and potentially adversc
events. Transport risk can be reduced by the imple-
mentation of a set of guidelines that deseribe the
personnel, equipment, and the transport process.
These guidelines promote measures to ensure safe
patient fransport and formalize a line of communi-
cation among members of the team and a reporting
structure that coordinates communication and deci-
sion making. We belicve that intra-hospital transport
of an ECMO patient can be safely performed using
Crew Resource Management (CRM) and Situation
Awareness {SA) methodologics.

A formalized sct of guidelines should accom-
pany the decision to transport the ECMO paticnt

within the hospital with risk versus benefit assessed,
i.e. need for additional diagnostic examinations or
interventions. Risk management and the decision
making of a risk asscssment for diagnostic ex-
aminations such as cardiac catheterization with and
without interventional therapy and computed axial
tomography scans are weighed against potential
risks and the evaluation of hazards such as a power
failure of the ECMO circuit. Judgment of whether
the necd for additional care can be brought to the
location of the patient should be assessed rather
than the patient transported to an alternate location
to obtain additional diagnostic or therapeutic care.

Successful intra-hospital transport of the patient
is rational if the diagnostic examination or proce-
dural intervention under consideration is likcly to
alter the management or outcome of the patient., The
need for transport must be questioned if the trans-
port significantly increases patient mortality and
morbidity. The use of standard operating procedures
(SOP’s) in an efficient manner with appropriate
equipment and qualified personncl and sclecting
the best decision using available up-to-date patient
information can climinate what was previously felt
to be a far too complex maneuver; intra-hospital
transport of the ECMO patient.

Background

The concept of Crew Resource Management
(CRM) has been widely used to improve the op-
eration of flight crews by facilitating team member
communication, mandatory briefing and debriefings,
and the extensive use of standard operating pro-
cedures. The intra-hospital transport of an ECMO
patient is an intcrdependent process carried out
by a tcam of individuals with advanced technical
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training. Their group dynamics are similar to other
technically complex high-stress endecavors with a
high potential for error. We think that the ECMO
community can benefit from the application of CRM
theory with regard to the intra-hospital transport of
an ECMO patient.

Introduced and developed by the aviation indus-
try, CRM composes a sct of cognitive skills needed
to manage the flight operations within commercial
and military aviation systems. CRM training de-
velops aircrew skills in recognizing and responding
to the conditions that lead to aircrew error. Core
principles of adaptability, flexibility, assertiveness,
communication, decision making, leadership, situ-
ational awarcness and mission analysis (bricfings
and debrictings) establish a systematic and efficient
process when un-briefed situations arise, thus assur-
ing flight safety.

The application of CRM to medicine and
healtheare suggests that the behaviors that have
been applied in the aviation industry arc relevant
to human performance and the reduction of human
error and mishaps in other domains. While it is
certain that patients can be safely transported within
the hospifal on ECMO, the success of CRM can be
cvaluated using a number of performance outcome
measures including group process dynamics, safety,
adverse events, and cfficicncy variables. Along with
integrating the core principles of CRM, scveral
principles can be highlighted as primary factors that
lead to an adverse condition on transport attributing
to human error and especially important during the
intra-hospital transport where information flow can
be quite high and poor decision-making can lead to
serious consequences.

Alack of communication and understanding of’
the individual team member responsibilities and the
responsibilitics of other team members will result
in a failurc to detect cues on transport that may re-
sult in adverse events. Proper interpretation of the
meaning of those cues cstablishes a priority through
a prescribed process and promotes probleni solving,
evaluation of potential hazards, and application of
appropriate control measures,
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Methodology

The suceess of CRM in the intra-hospital
transport of the ECMO patient establishes an open
and professional atmosphere and ensurcs that the
team understands the goals and mission of the
transport, The ability to dircct and coordinate the
activities of the members of the transport tcam to
work together as a tcam requires that each hospital
have a formalized plan for intra-hospital transport.
Intra-hospital transport processcs can be divided
into thrce phases: (1) pre-transport assessment and
coordination of transport personnel and transport
cquipment (briefing of the transport objectives), (2)
transport and monitoring en route and recovery of
transfer (following the prescribed transport plan),
and (3) stabilization and documentation of patient
in the home unit following the transport (debricfing
and analysis of the transport).

Preparation and Equipment

The first phase of pre-transport assessment and
coordination involves designating a Tcam Leader
(TL) who assigns the team member’s their roles and
responsibilitics and reiterates the team’s goals. The
TL is also responsible for reviewing and walking
the intended route and considering any other space
considerations; including contingency planning in
case of known or unknown hazards for example;
the power failure of the pre-designated elevator for
transport. The TL is responsible for communicating
the timing of the inira-hospital transport to other
departments involved in the transport, parents and/
or family carcgiver, and supervision of the actual
transport,

All team members arc briefed on their role
and charged with a collective understanding of the
responsibility of the other team members. The briel-
ing should be interactive and questions encouraged
and information conveycd to the team should be
pertinent. While the conduct of the transport is the
responsibility of the TL, any member of the team
can stop or curtail the transport if any aspect of the
transport becomes unsafe. Unbriefed situations may
arise; and an organized transport may turn into an
cmergent situation in which adaptability and flex-
ibility will reestablish prioritics.
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Coordination of transport personncl and trans-
port equipment is necessary in the conduct of the
transport. Preparation includes notification of ap-
propriate attending physicians, ECMO coordinators,
ECMO specialists, respiratory therapists, nursing
tcam members and the receiving hospital depart-
ment. Coordination and establishment of a total
time span is cstablished after discussion between
these disciplines and attention to a start time, length
of time required for the transport and end time io
develop contingeney plans if needed for allocation
and monitoring of additional personnel and cquip-
ment resources,

The intra-hospital ECMO team transport con-
figuration begins with the TL; but will invoive
direcet ECMO team members. We prefer that the
TL is designated to be a separateindividual with no
direct responsibilities for the operation of the bypass
pump. The ECMO team coordinator is responsible
for bypass pump supervision and operation and
may assist with movement of thc bypass pump.
The ECMO tecam specialist is also responsible for
the bypass pumnp operation and may assist with
movement of bypass pump. A novel idea of using
additional ECMO team suppont is to designate an
ECMO team “joiner.” This tcam member is respon-
siblc for maintaining a “bridge” between the bed/
stretcher, bypass pump and cannulac, Additional
personnel maybe needed for assistance as ECMO
tcam movers for the remaining equipment such as
mtravenous fluids, intravenous poles, intravenous
pumps and battery supply systems.

Allocation of appropriate cquipment includes a
full oxygen cylinder set to the patient’s sweep flow
rate, and sccured to the ECMO cart as an oxygen
source for transport. An uninterrupted power supply
(battery) needs to be fully charged, checked, and
obtaincd if not incorporated alrcady into your sys-
tem. The ECMO specialist needs to scale down the
ECMO circuit; remove all extra pumps, power cords,
and lines not needed for transport and check the can-
nula sites to make surc they arc secure for transport,
An emcrgency grab-and-go transport pack should
be available. This transport pack should include
appropriate sized supplies matched for the circuit
to include: straight connectors, sterile fubing, sterile
scissors, sterile clamps (af least four), sterile gloves,
intravenous fluids such as normal saline, dispensing

pins for intravenous fluids, varicd-sized syringes,
caps, needles, and spare circuit components.
Additional personnel may be necded to help on
transport and the TL should ensure that all the disci-
plines arc ready with their equipment, supplies, and
monitors. An oxygen source, an clectrical source
and hand ventilation resuscitation bags will have to
replace the central sources for these items. Emer-
geney medications, sedatives, and paralytics should
be available, along with the patient’s record. The
heat source from the ECMO circuit will be turned
off during transport to minimize electrical amper-
age; so an altemative heat source such as portable
heat packs or warm or thermal blankets will offer
some support to maintain the patient’s temperature,

Transport

Transport and monitoring en route is initiated
when all members are ready; the ECMO specialist
will unplug the ECMO pump and the pump will
go onfo battery power. The heater wilt be turned
off then unplugged. Alternative heat sources will
be applicd to the circuit and/or patient. The sweep
flow will be adjusted on the oxygen cylinder. Tn-line
and non-invasive oxygenation saturation monitoring
devices are turned off and unplugged. The ECMO
specialist will monitor all ECMO circuit pressures,
monitor the color of the circulating venous and
arterial blood, and maintain pump flow. Once the
ECMO circuit is stable on battery power, the ECMO
coordinator and ECMO specialist will be in charge
of the bypass pump operation and may assist with
movement of bypass pump. The TL will ensure the
intra-hospital ECMO team transport configuration
and initiate the transport move. Again, any member
of the tcam can stop or curtail the transport if any
aspect of the transport becomes unsafe.

Once at the transport destination, the ECMO
specialist will restore power to pump and heater
(water bath) by plugging into the hospital designated
cmergency electrical outlets. The oxygenator will be
attached to the main oxygen supply and the oxygen
cylinder is furned off for the recovery phasc. The
heater (water bath) will be plugged in and turned
on to maintain the patient’s temperature, Plug in the
oxygen saturation monitors. The ECMO specialist
will monitor circuit pressures, monitor the color of
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the circulating venous and arterial blood, and main-
tain pump flow. Once the team and patient is at the

receiving destination, the transfer of the patient to

the procedure table is initiated and supervised by the

TL. Extra care is taken to maintain the security of
the cannulae during the transfer of the patient from

the paticnt bed to the procedure table.

After the completion of the procedure(s}) or di-
agnostic intcrvention(s), the intra-hospital transport
process is done in reverse; all staff will monitor the
patient’s clinical condition throughout the transport
and again; any member of the tcam can stop or
curtail the transport if any aspect of the transport
becomes unsafe. All portable sources of oxygen and
battery supply are retuned to mainframe sources.
After unloading of the paticnt when the patient ar-
rives back in the home unit, the ECMO specialist
will continuc to monitor the ECMO circuit as was
done prior fo the transport. Documentation of the
intra-hospital transport, monitoring and return to
the unit includcs a complete total time span of the
transport and any interventions performed. The
intra-hospital transport should provide the same
quality of care during transport as the patient would
rcceive in an appropriate intensive care unit at the
hospital while on ECMO.,

Conclusions and Recomendations .

We believe that a strict adhcrence to established
guidelines utilizing CRM and team situation aware-
ness has led to our success. The application of these
proccsses is essential to the safe intra-hospital
transport of the ECMO patient and will minimize
adverse outcomes (no ECMO circuit or patient
complications). Transporting a patient while on
exfracorporcal life support is a complex challeng-
ing endeavor and data suggests that intra-hospital
transport is not infrequent and that a defined strategy
for this maneuver is needed. The implementation
of CRM and situational awarencss methodology
improves team member confidence and satisfaction,
as well as improving efficiency and safety. These
principles apply in a broad range of applications in
eritical care medicing and resuscitation.

Centers with limited experiencce in intra-hospital
transport of the ECMQ patient should participate in
“dry run” exerciscs and perform briefing and debrief-
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ing analysis with a focus on the safety and transpor-
tation responsibilitics. To meet the requircments to
complete such intra-hospital transports, teams must
train and configure their staff properly to conduct
these types of operations and orient their staff in
a secure team-focused manner. With proper atten-
tion to logistics, strategy, and safety, intra-hospital
transport of patients on ECMQO can be performed
by most institutions with rclatively low risk to the
patient and ECMO circuit for adverse events.

Editorial
Billic Short, M.D,

Transport of the ECMO patient requires orga-
nization and tcam work as outlined in this chapter.
Each center should develop a well defined Policy/
Procedure for this. An example is included at the
end of this chapter.
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Chapter 21 Questions

L.

232

Which set of established methodology is consid-
ercd an application template to ensure the safe
patient transport of the intra-hospital ECMO
patient that describes personnel, equipment and
the processes involved?

a) Hospital guidelines

b) ELSO guidclines

¢) Crew Resource Management

d) ECMO guidelines

Lack of communication and understanding of
the individual fcam member responsibilitics and
the responsibilities of the other team members
will result in a failure to detcet cues on transport
that may result in adverse cvents.

a) Truc

b) False

What are the threc phases of intra-hospital pro-
cess?

a) Pre-transport assessment, transport, and
stabilization

b} Transport, plan, and documentation

c) Debricf, transport, and plan

d) Stabilization, debricfing, and documenta-
tion

Only the Team Leader (TL) can stop or curtail
the transport if any aspect of the transport be-
conies unsafe.

ay True

b) False

Who nceds to be notified when the decision to
transport an ECMO patient is made?

a) Attending physician

b) ECMO coordinator

¢) ECMO specialist

d) Respiratory therapist

¢} Nursing team

g) Receiving department

h) All of the above

10,

What arc the two most important supplies

needed for transport of an ECMO paticat to run

the ECMO circuit?

a) Emergency medications and blood products

b) TIntravenous fluids and oxygen cylinder

¢) Full oxygen cylinder and fully charged bat-
tery

d) Charged battery and emergency medica-
tions

The heat source from the ECMO circuit will be
plugged into the battery during transport.

ay True

b) False

What are the responsibilitics of the ECMO spe-
cialist during transport of the ECMO patient?
a) Once the circuit is on battery power the
ECMO specialist’s job is complete

b) Once the circuit is on battery power the
ECMO specialist is to maintain the function of
the circuit while helping move the eircuit

¢) Ounce the circuit is on battery power the
ECMO specialist is to take over for the Team
Lcader (TL)

Once you arrive at your destination the ECMO
specialist will stay on battery power until you
return to base unit,

a) Truc

b} False

The implementation of Crew Resource Manage-
ment (CRM) and situation awarencss methodol-
ogy improves tecam confidence and satisfaction
as well as improving efficiency and safety.

a) True

b} Falsc
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Chapter 21 Answers

1. C
2. A
3. A
4. B
5. H
6. C
7. B
8. B
9. B
10. A
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EXAMPLE: POLICY/PROCEDURE FOR INHOUSE TRANSPORT OI' THE ECMO PATIENT

SUBIJECT: Transport of the ECMO patient DATE ISSUED:
SERVICE: ECMO DATE EFFECTIVE:
POLICY NUMBER:

234

IL.

Purpose - To outline the equipment and personnel necded, and the procedure for conducting the
transport of the ECMO patient to other area of the hospital as nceded for patient care or diagnostic

testing.

Implementation
A. The Process - Responsibilities

The ECMO physician will notily the ECMO Manager, Core Team, or Perfusionist of
the need for transport. If no Corc Team memboer is available, a designated (approved
by ECMO Manager) RD specialist will take the place of the Core Team member.

The ECMO specialist will notify the charge nurse, bedside nurse, and the respiratory
therapist of the impending transport.

The ECMO specialist is responsible for assembling supplies and equipment that will
be utilized during transport and in the recciving department.

The ECMO specialist is responsible for assuring that all daily safety checks are com-
pleted prior to transport.

The unit charge nurse will be responsible for recruiting additional personnel to assist
with the transport.

The receiving departiment will notify the ECMO specialist of the time of the appoint-
ment.

The ECMO physician will confirm that the recciving department is ready to reccive
patient before the move begins.

Personnel planning to remain with the ECMO patient during the procedure must
wear appropriate attire, (O.R. scrubs, O.R. caps and masks ete.) before Ieaving the
crifical care area.

The charge nurse/designec is responsible for obtaining access to the keyed clevator,
and carrying the blood product cooler (if necessary).

The assigned bedside nurse or respiratory therapist will be responsible for disconnect-
ing the infant from the ventilator, and hand ventilating at minimal scttings as specified
by the ECMO physician.
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o The BECMO physician will be responsible for assuring the overall stability of the
patient, ECMO circuit and cannula during transport.

e The respiratory therapist is responsible for assuring that the ventilator arrives in the
receiving department and is set up and functioning.

e  The Corc Team member, perfusionist, or RD specialist will be the Team Leader and
will:

o Assign roles to staff assisting with the transport.

¢ Maintain stability of the ECMO cannulas during transport

o Control the specd of the transport and redirect other tcam members as needed
to ensure patient safcty during transport

o Notify the attending physician if there are any significant concerns regarding
the safety of the transport; if concerns still exist, the Team Leader will notify
the pediatric or nconatal ECMO dircctor as appropriate.

e The second ECMO specialist will be responsiblc for:
o Pushing thc ECMO pump during transport
o Maintaining bypass before, during and after transport

e Once the ECMO patient arrives in the receiving department the ECMO Core Team
member, perfusionist, or RD specialist and physician will be responsible for the
transfer and stabilization of the ECMO patient, catheters, and pump.

B. Equipment
] Battery pack
1 Transport monitor
2 Oxygen tanks E cylinders: 1 with a flow meter, 1 with a 50 PSI
1 Air tank E cylinder
1 Air/Oxygen extension hoses
1 Laerdal bag and mask
1 Ventilator/ Intubation equipment (RT responsibility)
1 Hand crank for centrifugal pump

Transport bag

C. Supplies: the following items will be maintained in a transport bag in a ready- to-go state by
the Core Team.

10 Hemochron tubes

1 Hemochron machine

| 250cc bottle of 5% albumin

1 Bag NS for fiuid resuscitation
2 3 way stopcocks

2 2 way stopcocks

20 lce syringes

20 3ce syringes

4 60cc syringes

2 pigtails
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20
30
20

[ e

sterilc raceway

Betadine swabs

0.7cc flushes (NS or 1/2 NS)
2cc flushes (NS or 1/2 NS)
Blood infusion set

Platelet infusion set

Sterile Trauma scissors
I-STAT blood gas analtyzer
#3 I-STAT cartridges

#7 1-STAT cartridges
patient ID stickers

ECMO flow sheets for backup if Cermner is down

D. Meds to be drawn up by clinical staff prior to fransport:

iv. Per ECMO physician

E. Personnel For the smooth, efficient, and safe transport of the ECMO paticnt, the following
personnel have been designated as essential to the success of an ECMO transport.

o ECMO physician

ECMO Core Team Member or Perfusionist or approved RD specialist
ECMO specialist

Bedside RN

Charge nurse

Additional RN (as necessary)

e Respiratory Therapy

F. Procedure:

PCT/PSA for moving in cquipment

e RT will secure 2 Oxygen and | Air E cylinders, to bottom of the patient bed

o Air cylinder and 1 oxygen tank must have 50psi adapters attached so the ECMO pump
has temporary gas source during fransport. Other oxygen tank is used for ambu bag.

e Place transport monitor on the patient bed

e Cover the patient with blankets.

e Disconnect all unessential I'Vs and put them to heparin locks, ie., intralipids, PA pres-
sure line, cte,

e Sccure the remaining IMED pumps.

e Place any chest tubes to water seal.

e Attach and securc chest tube pleurovacs to the patient bedside
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Connect the patient to the portable monitor.

Disconnect the patient from the ventilator, hand ventilatc the patient from this point on,
using minimal settings.

Take the baftery on its moveable platform,
= This is the electrical source for transport
®  Bc sure hand crank is attached to ECMO pump in the event of an cmergency
= The pump should be unplugged just before the whole tcam is ready to move

Transfer ECMO pump gas sources from the wall to the E cylinders

= CHECKYOURGAS GAUGES ONTHE FLOW METER TO BE CERTAIN
YOU HAVE GAS FLOW TO THE MEMBRANE OXYGENATOR,

You arc now ready for transport.

»  Check to make surc that the patient and pump are completely portable.

8 The ECMO Core Team member/designee will dictate the direction of movement
for transport. Upon arrival in the rceeiving department, transfer ECMO pump gas
sources from E cylinders to the wall sources. The E cylinders must be turned off
as soon as wall source gas has been established, as the tanks will run dry

Plug battery pack into wall source
Check the patient’s temperature and resct water bath to previous set point

Move the 1V pumps from the patient bed and sceure them on an 1V pole and plug them
into wall cleetricity.

Move any chest tube pleurovac from the patienf bedside and securc to the procedure
table in relation to the patient’s head
= Attach chest tubes to suction and be certain the correct amount of suction is be-
ing applicd

Transfer the patient to the procedure table.
*=  Once on the procedurc table, the eggerate mattress, code board and warming

mattress can be remmoved from under the patient if necessary

Place the patient on the ventilator that the respiratory therapist has sct up
= Check the ventilator settings

Secure the ECMO catheters to the procedure table, the same as if the patient is in the
critical care area.
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QOutcome After Neonatal ECMO

Pemny Glass, PhD

Objectives

After completion of this chapter, the participant
should be able to:

e  Describe the typical medical problems seen
in an ECMO patient prior to discharge from
the hospital.

e Describe the recommended follow-up for
an ECMO patient.

e List some neurodevelopmental problems
scen in the ECMO survivor at school age.

Introduction

ECMO has been shown to reduce mortality in
critically ill neonates with severc cardiorespiratory
failure which has been reftactory to conventional
ventilator management.* Given the severity of ill-
ness prior to ECMO treatiment and the risks inherent
with the procedure, it is important to recognize the
expected short term and long term problems identi-
fied among the survivors and identify carc practices
that may improve outcome.

Mortality

Mortality risk factors for ECMO-ireated
neonates have included: primary diagnosis prior
to cannulation, necessity for cardiopulmonary re-
suscitation, severe bleeding complications during
bypass and birthweight, Less than 60% survival is
reported for neonates with CDH, compared to 90%
or better for neonates with severe MAS. In a recent
review of the ELSO registry, Doski et al., reported
poorer survival for ECMO treated neonates who
required CPR prior to cannulation.? Approximately

one-half of the ECMO deaths arc associated with
significant bleeding complications, although bleed-
ing itself is not necessarily the cause of death. Lower
birthweight, even among ncar-term neonates treated

with ECMO, is also associated with poorer survival.®
Morbidity

Morbidity following neonatal ECMO is most
frequently recognized during threc time periods:
the post-ECMO/pre-discharge period, around 1-2
years of age, and again at preschool or school age.

Post Cannulation and Discharge Status

For some ECMO-treated neonatcs, neurological
status after decannulation and extubation is con-
sistent with moderate to severe hypoxic-ischemic
‘encephalopathy. By appearance, the infant may
be lethargie, hypotonic, and hyporeflexic. Patients
often requirc weaning froin narcotic or other
sedative medications given for pain management.
A significant rate of clinical and encephalographic
scizure activity is reported in the neonatal period,
and some infants at discharge arc still on anticon-
vulsant medication, Hearing screening (e.g. BAER)
may identify elevated thresholds in 25%, but this is
usually transient.

The most significant ncurologic finding in
the neonatal period is the extent and scverity of
hemorrhagic and non-hemorrhagic abnormalities
identified by routinc cranial ultrasounds during
bypass and head CT or MRI scans prior to hospital
discharge. Moderate to severe abnormalities occur
in approximately 10-15%, with an additional 25%
having smatler or more focal lesions. The majority
of the lesions are bilateral, with the unilateral le-
sions distributed fairly equivalently to lett or right
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hemisphere.® Major factors contributing to CNS
injury include underlying hypoxic/ischemic injury
and reperfusion following cantulation, systemic
anticoagulation, alteration of cerebral blood flow,
and loss of cerebral autoregulation.

A major developmental issuc for post-ECMO
patients centers around establishment of oral feed-
ing. The majority of ECMO neonates have difficulty
initiating a coordinated suck/swallow pattern even
in the presence of a fairly good non-nutritive suck
on a pacificr. The difficulty has been variously at-
tributed to their respiratory status, generalized CNS
depression, poor hunger drive, sorencss in the neck
from the surgical proccdure or in the throat from
intubation, and manipulation of the vagus ncrve
during cannulation and decannulation. Oral feeds
are often facilitated by small amounts fed slowly but
more frequently, and by oxygen via nasal cannula to
support respiratory effort. The presence of a naso-
gastrie tube may itself cause obstruction of airway
sufficient to interfere with successful oral feeding.
The majority of ECMO infants respond sufficiently
within 1-2 weeks to transition to all oral feeds.

Infants who fail to transition to all oral fecds
when other discharge parameters are sufliciently
stable, may be successfully sent home on nasogas-
tric feeds. A common finding has been that parents
generally do not replace the nasogastric tube once it
comes out (usually within a week) and most infants
adapt well to the consistent caregiver and more ad
lib feeding. Even so, closer tracking of intake and
weight gain in the first weeks and, in some cases,
months afier discharge by key medical personnel
is essential,

A small but significant proportion of ECMO
infants, usually those with chronic lung disease,
may develop food refusal which can stem from
overly stressful oral feeding practices that begin in
the hospitat and may be carricd over by the parent
after discharge home. ECMO neonates with a di-
agnosis of CDH have complex feeding issues such
as gastroesophageal reflux, in addition to difficulty
establishing oral fecds as described above and may
require placement of a gastrostomy tube to support
adcquate growth.
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Post-ECMO Qutcome at 1-2 Years

In spitc of all the carly feeding difficulty, normal
growth should be expected for almost all ECMO-
treatcd neonatcs after discharge home with the
exception of the CDH infant. Lincar growth is often
afTected in the first couple of years in the CDH group
even with good caloric intake. In ECMO survivors,
head circumfcrence below the 5™ percentile oceurs
at a higher than expected rate (10%) and, if it oc-
curs in conjunction with significant brain lesion, is
frequently associated with a major handicapping
condition at five years of age.”* Macrocephaly
has also been reported, which follows a pattern
consistent with venous obstruction obscrved on
neonatal ncuroimaging. It may resolve without
surgical intervention, but nceds close monitoring.
Macrocephaly may also signify late hydrocephalus
following earlier intraventricular hemorrhage.

Significant yespiratory sequelae are reported for
FECMO survivors during the first two years of lifc.
According to parental report, as many as 25% of
ECMO children are likely to have at least one epi-
sodc of pneumonia before age two, Even so, reactive
airway discase, as defined by recurrent episodes off
wheezing requiring treatment with bronchodilators
and/or corticosteroids, oceurs at a lower raie for
ECMO-treatcd neonates when compared to similar
infants treatcd with conventional therapy.®”

Therc is a typical pattern of ncurodevclopmental
sequelac following hospital discharge. As a general
rule, by 4 months of age the typical ECMO-treated
neonate is developing in the normal range on formal
testing (e.g. Bayley Scales of Infant Development),
with both the mental scale and 1notor scale scores
being 85 or above (mean = 100 + 15). Residual hy-
potonia or mild asymmetry persists in about 25% of
the infants. Mild motor delay typically accompanies
the hypotonia. The prognosis is generally good for
these paticnts. Infants who cxhibit morc significant
problems at this time are usually referred for com-
munity early intervention programs. In a manner
similar to pretern children with chronic lung disease,
resolution of the lung diseasc is generally followed
by improvement in motor milestoncs, unless the
probletn is accompanied by significant brain lesion.
By 1-2 years of age, significant neurologic abnor-
mality and/or Bayley scores < 70 are rcported in
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10-15% of the children, A larger proportion (25%)
exhibit a more specific delay in either language or
visual/perceptual abilities,

Lone-term OQutcome Following Neonatal ECMO

Among our 5-year ECMO cohort, 15% were
taking some form of asthma medication at the time
of our study and 10% of the cohort had been hos-
pitalized at least once for asthma. The prevalence
of asthma in our urban population of 5-11 year old
children is estimated around 5%.

Major disability or handicap is reported in ap-
proximately 15% of ECMO-treated nconates by
agc five.” The most commmon disability is mild to
moderate mental retardation. Severe or profound
impairment is unconmmon (< 5%). Motor handicap is
unlikely to occur alone, but rather as an accompani-
ment to more severe degrecs of inental retardation,
reflecting more diffuse brain injury. Surprisingly,
cpilepsy is rare (2%) by age five, even among the
ECMO children who had sustained significant neo-
natal brain injury.

Scnsorineural hearing loss is reported in the
range of 4-21% of ECMO-treated neonates by pre-
school age. Factors associated with hearing loss in
non-ECMO patients include: asphyxia, hyperven-
tilation, hypocapnia, and prolonged diuretic usage.
There is no evidence that the ECMO procedure itself
increascs fhe risk for hearing loss. For many infants
this hearing loss is progressive, following normal
BAERS in the newborn period.

Isolated cases of visual disability have been
reported, primarily cortical visual impairment as
would accompany severe brain damage. In spite of
the relatively hyperoxic condition sustained dui-
ing bypass, rctinopathy of prematurity is rarcly a
concern, sinee the lower birthweight limit of stan-
dard ECMO freatment has been 2 kg or 34 weeks
gestation.

The majority of ECMO neonates at school entry
arc functioning in the normal range on measurcs of
general intelligence, although the mean I} scorcs
and standard scorcs on measurcs of speeific neu-
ropsychological functioning are lower than in the
normal population.” In a manner similar to other
neonatal high risk populations, such as very low
birthweight infants, non-handicapped five year old

ECMO-treated children are at increased risk for
learning problems at school age.

Predictors

As in other populations of at-risk neonates, neu-
rodeveclopmental outcome is aftected by the severity
of chronic medical conditions such as bronchopul-
monary dysplasia and failure to thrive. As cxpected,
the strongest nconatal predictor of handicap in child-
hood is the extent and severity of abnormality on
post-ECMO neuroimaging.'® Even so, a significant
proportion of children who had moderate to severe
abnormality on neonatal neuroimaging have normal
1Q scores in childhood.

Family Stress

The often unexpected and acute crisis surround-
ing ECMO therapy is traumatic for the parents and
family of the nconate and the effect can be long
lasting. It is helpful fo remember that the parent has
had to face the fact that ECMO is a treatment of last
resort, that there is a time frame for their baby to
recover or treatment will be stopped, and there may
be significant brain injury. What may appear to be
routine to the ECMO tcam is often overwhelming to
the parents. Often, their emotioual release is delayed
until after the baby is discharged home.

Neurodevelopmental Follow-up

Long-term follow-up of ECMO paticnts is es-
sential. The ECMO team can ofter ongoing support
to the family after discharge to ease the transition,
Families should be guided to appropriate comimunity
resources as needed, cspecially if they are unable
to return for follow-up at the ECMO site. Direct
communication with the child’s pediatrician is also
important,

The current ELSO recommendation for follow-
up after discharge are for evaluations at the ages of
4-6 months, 1 year, 2 ycars, 3 years, and 5 years.
An age appropriatc neurodevelopmental evaluation
should occur at each of these visits. Behavioral
hearing testing and language screening arc also
recommended.
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For the majority of ECMO-treated neonates,
the critical issucs are developmental necds and
psychosocial support. However, comprchensive
multidisciplinary follow-up is essential for CDH
children or othcr ECMO children who have sig-
nificant medical and developmental issues, A team
approach and case management is essential to pri-
aritize the needs of the child and to relate directly
to the parent and conununity pediatrician. In this
manner, avoiding contradictory paticnt carc plans
and insufficient staft communication across multipie
disciplines {c.g. Surgery, Neonatology, Pulmonary,
Gastroenterology/Nutrition, Neurology, and Devel-
opmental Specialists) can be avoided. The long-term
management and follow-up of the ECMO patient
represents the final challenge to the ECMO team.,
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Chapter 22 Questions

1.

Tncreased mortality for ECMO treated infants
is associated with;

a) CPR prior to cannulation

b) Lowecr gestational age

¢) Bleeding complications

d) Diagnosis of CDH

¢) All of the above

A normal hearing screening {(BAER) in the
neonatal period indicates the absence of
hearing loss. Thercfore, hearing need not be
tested at later follow-up visits,

a) Truc

b) False

At the 4 month old visit, the most common
neurodevelopmental abnonmality noted is:

a) Hypotonia

b) Areflexia

¢) Hypertonia

d) Hyperreflexia

At | year of age, the typical ECMO-freated
patient will have ncurodevelopmental

scores in the normal range {100 + 15).

a) True

b) False

At school age, specific delays in language or
visual/perceptual abilitics will occur in
% of ECMO-treated children.

ay 5%

by 15%

e) 25%

d) 40%

The ELSO rccommendations for ECMO follow-
up include what 3 clements:

a) EEG

by Formal age-appropriate ncurodevelopmen-
tal testing

¢} Behavioral hearing testing

d) Language screening

Children who perform well on neurodevelop-
menial testing a age 4 months need not b
re-evaluatcd at later ages.

ay True

b) False

Major disability is reported in 15% of ECMO-
freated patients by age 5. The most common
disability is mild to moderate mental retardation.

a) Trae
b) Falsc

Non-handicapped 5 years old ECMO-treated
children with normal 1Q scores continue

to be at risk for specific learning problems.

a) True

b) False

. While normal growth is expected in the first 2

year of life for the majority of ECMO-
treated patients, infanfs with a diagnosis of
often experience failure fo thrive

and gastroesophageal reflux.

a) Mecconium aspiration syndrome

b) Sepsis

¢} Respiratory distress syndrome

d) Congenital diaphragmatic hernia

¢) Persistent pulmonary hypertension of the
newborn

Chapter 22 Answers

1. e
2. b
3. a
4, a
5 ¢
6. b,c,d
7. b
8. a
6. a
10. d
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Outcome Following Pediatric ECMO

Heidi J. Dalton, MD

Objectives

After completion of this chapter, the participant
should be able to:

e Better understand the available techniques
and tests that can assist with neurclogic
outcome following extracorporeal support

e  Understand the neurologic outcome ob-
served in the pediatric ECMO follow-up
literaturc and contained within the ELSO
registry,

o  Have improved understanding of the chang-
ing demographics of ECMO support and
how they impact further needs for neuro-
logic outcome research

Introduction

With the increasing use of extracorporcal life
support in patient groups outsidc the neonatc with
respiratory failure, the need for more intricate and
longitudinal neurological follow-up is becoining
more and morc important. While there is still little
information available for older patients, we will
examine here what we know, what we surmisc and
what we nced to focus on in the future, ‘

While in the past, ECMO was applicd primar-
ily to neonates with respiratory failure, improve-
ments in prenatal and perinatal care, coupled with
improved patient support techniques, have secn a
drastic reduction in the nced for ECMO in these
critically ill nconates.!” Over the past focw years,
ECMO support has become morc common in pa-
tients with underlying cardiac diseasc, sepsis, or as
a resuscitative tool in refractory cardiac arrest.>1°
In addition, ECMO support is now being applied to

adults, a group in which skepticism has delayed any

acceptance into common practice.'”"® The recently
published CESAR trial, which found improved sur-
vival in patients considered for ECMO as compared

to those treated with only conventional ventilation,
may increase the acceptance of ECMO in adults

in the future.” The need to develop standardized

neurological evaluation procedures, collect uniform

data and collaboratively share obtained results is

the most pressing issuc in the extracorporeal life

support field today.

Patients undergoing ECMO are at risk of neuro-
logic damage from hypoxia, acidosis, hypotension,
induced alkalosis prior to ECMO, and froin hemor-
rhage or ischemia related to systemic heparinization
and alterations in cerebral blood flow from ligation
of the carotid artery and internal jugular vein 202
Nevertheless, two-thirds of the nconatal respiratory
failure survivors appear to have a normal neurode-
velopmental outcome. The remaining third suffer
from mild to severe deficits in motor or cognitive
function. Sensorineural hearing loss has been noted
in 23% of patients, an incidence comparable to that
in infants with persistent pulmonary hypertension
treated conventionally. Another study of neonatal
ECMO found sensorineural hearing loss in 26% of
patients Of those affected neonates, 72% had pro-
gressive sensorineural hearing loss, with 48% hav-
ing a delayed onset of hearing loss identified. Fac-
tors identified with increased risk for sensorineural
hearing loss were a primary diagnosis of congenital
diaphragmatic hernia, duration of ECMO therapy >7
days and the total number of days children received
aminoglycoside antibiotics,”® Long-term cffcets of
carotid artery and jugular vein ligation are unknown.,

While nconatal ECMO patients have been fol-
lowed up to 15 years now from their initial event,
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with between 10-30% having some ncurologic
dysfunction, there arc few rcports on long term
ncurologic outcome in children. 2¢** One study
from Italy detailing outcome in 12 neonates and 9
children found that a ncgative ncurologic outcome
(Glasgow Outcome Score different from “good re-
covery” or a neurodevelopmental score <70) at 12
months following ECMO was present in 8.3% of
neonates and 30% of children who survived, ® When
followed over an additional 24 months, no further
deterioration was noted. In this single center report,
the most abnormal EEG (p=0.017), the first EEG
obtained after ECMO (p=0.028), the neuroimaging
scote obtained from CT or ultrasound (p=0.016),
and somatosensory cvoked potentials performed
after ECMO (p=0.014) werc all associated with
a negative neurologic outcome. Other variables
assessed in the pre-ECMO period (oxygenation
index, pH, pa0,) and during the ECMO run (pH,
pa0,, duration of ECMO, activated clotting time
and EEG) were not predictive of risk for a negative
neurologic outcome.

Scvere chronic respiratory disease in patients
treated with ECMO is uncommon.*® Most reports
relate an incidence of bronchopulmonary dysplasia
{defined as the nced for oxygen beyond the first
month of life) from 4% to 27%. Most cases occurred
in patients who had required extreme ventilator sct-
tings for more than 7 days before ECMO rescue. A
follow-up report of neonates treated with ECMO
and evaluated at 10-15 years post-ECMO found
that although the ECMO patients had some dimin-
ished lung function by pulmonary function testing,
they had similar acrobic capacity and were able to
reach anacrobic exercise goals similar to those of
age-matched healthy controls.”

Of 4,000 pediatric respiratory ECMO paticnts
listed in the Registry through July 2009, nine percent
of patients had intracranial infarct or hemorrhage
found on CT examination. Brain death occurred in
6% of the paticnts and 6% of patients had reported
seizures. Long term newrologic outcome data is
sorely missing in the pediatric population. Few
centers maintain regular follow-up clinics and
patients are oficn referred for ECMO from distant
sitcs, which makes follow-up difficult as well. In
one report of 15 pediatric and 4 adult patients, 58%
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survived to discharge. Patients were evaluated by
use of the Pediatric Cercbral Performance Category
(PCPC, which measures cognitive impairment) and
the Pediatric Overall Performance Category (POPC,
which measures functional morbidity).* Overall,
04% of survivors had normal PCPC scores, 27%
had mild disabilities and 9% had moderate cogni-
tive disability. Functional morbidity was normal in
27% while 45% had mild disability, 18% modcrate
disability and 9% were severely disabled.* 5(45%)
had mild disability, 2 (18%) moderatc disability and
I (9%) was scverely disabled.

Of interest, when 161 patients with ARDS, en-
tered in the EL.SO-sponsored randomized pediatric
ECMO trial from the 1990°s, were cvaluated for
PCPC and POPC scores following hospital dis-
charge, findings were similar. Overall survival was
63%. Of survivors, 53% were normal, 19% had mild
disability, 18% moderate disability and 10% had se-
vere disability as per their POPC prior to the admis-
sion.® At the time of discharge, 87% had no change
in their PCPC, 7% had a one catcgory change and
6% had a more than onc category change. Of the
patients with a more than one catcgory change
in POPC/PCPC, 4 had a trauma rclated disability
(e.g. spinal cord injury). When these paticnts were
removed from the analysis, only 2% of ARDS sur-
vivors had a more than one catcgory change in their
PCPC and 10% demonstrated a change in the POPC.,
None of the patients in this study were randomized
to receive ECMO. However, this information docs
provide some glimpse into oufcome from severe
respiratory failure in patients not receiving ECMO
that might be used as a comparison,

In the UK collaborative ECMO trial, which fo-
cused only on neonatal respiratory failure, moderate
to severc disability was noted in 13% of the children
supported with ECMO at 4 years follow-up.*

Neurologic complications in cardiac patients
who receive FCMO parallels that of respiratory
failure patients. Four pcreent of patients developed
brain death, 3% had intracranial infarct and 6%
had intracranial hemorrhage, Since many cardiac
patients arc in a state of prolonged low cardiac
output or sudden cardiac arrest prior to ECMO, the
ability to assess neurologic function once ECMO is
instituted is vitally important. Paralysis and sedation
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should be minimized until a neurologic examination
can occut. This information is especially important
in paticnts who are being listed for transplantation
to avoid transplanting a viable organ into an inap-
propriate recipient,

A recent study which sought to identify risk
factors for acute ncurological injury in children
undergoing ECPR, found 22% patients had acute
neurological injury, which they defined as occur-
rence of brain death, brain infarction or iniracranial
hemotrhage identified by ultrasound or computer-
ized tomography imaging.®® Brain death oceurred
in 11% , cerebral infarction 7% and intracranial
hemorrhage in 7%. The in-hospital mortality rate
in patients with acute neurological injury was 89%.
During ECMO, ncurologic injury was associated
with ECMO complications ineluding pulmonary
hemorrhage, dialysis use and CPR during ECMO.
Pre ECMO factors including cardiac disease and
pH > 6.8 were associated with deereased odds of
neurological injuries,

The long-term follow-up of children with car-
diac discase who required mechanical cireulatory
suppori during a decade of experience at Children’s
Hospital, Boston was recently analyzed.* Thirty-
seven children (20 ECMO and 11 ventricular assist
device (VAD) survivors) were followed for an aver-
age of morc than four years. Only a single patient
died in either group for an overall long-term survival
of 95%. Eighty percent of the patients in both groups
were described as exhibiting good to excelient gen-
eral health. Both low patient weight at the time sup-
port was originally instituted and long duration of
hypothermic circulatory arrest in operative patients
were associated with poor neurologie outcome. The
majority of patients with these characteristics were
supported with ECMO. Neurologic impairment of
moderate to severe degree was noted in more than
60% of the ECMO patients and in 20% of VAD
survivors. Adverse neurologic outcomes were not
associated with pre-support cardiae arrest, carotid
cannulation or carotid reconstruction. Other series
have noted ncurologic complications in 20-30% of
cardiac ECMO patients.””* Survivors arc generally
described as “normal” neurologically, although the
extent of examination or radiologic assessment of
the braia is unknown.

Ancw report from California, not yet published,
is the first to provide a large review of ECMO pa-
tients over time and perhaps heralds a new ¢ra of
focus on longitudinal outcome well past the hospital
discharge period.® This study reviews outcome
of non-neonatal patients treated with ECMO in
California over a period from 1999-2006, includ-
ing subsequent hospital readmissions, development
of long-term morbidities and long term survival,
Paticnts were identified and assessed using the Cali-
fornia Patient Diseharge Databasc. This is a hospital
discharge database of all nonfederal hospitals in the
state of California, A discharge abstract for cach
inpatient hospitalization is recorded which includes
patient demographics, admission and discharge de-
tails, patient disposition and up to 24 diagnoses and
20 procedure codes. The accuracy of the data is vali-
dated internaily through nine levels of checkpoints
with an error tolerance level of <2%. Prior reports of
health outcomes in both adult and pediatric patients
using this databasc have been published.

In the current study, all children between the
ages of 1 month and 18 years who had undergone
ECMO at 13 of the 516 licensed California hos-
pitals were extracted from the databasec. Patients
with congenital heart disease were excloded, While
1,313 children were identificd who had undergone
ECMO in the 8 year study period, 896 were nconates
and 229 had congenital heart disease, leaving 188
children from 13 California hospitals who received
ECMO for non-neonatal diseasc. The median age
was 3 years and 46% survived to discharge. Latc
deaths (after discharge) occurred in 5% of chif-
dren. Indications for ECMO included acquired
heart disease in 81, pneumonta in 56, other forms
of respiratory failurc in 22, sepsis in 8, trawmna in 8
and other indieations in 12. Fifty six of 87 survivors
were followed over a period of 3.7 years. Hospital
readimission rate was 62% with a mean iune to
first readmission of 1.2 years. Readmissions were
most frequent for respiratory infections (34%)
while 7% of patients had reactive airway disease.
Neurologically debilitating conditions occurred
in 16% of patients, 7% with cpilepsy and 9% with
development delay. Of readmitted survivors, the
cumulative length of stay during rehospitaliza-
tion was 8 days with an average hospital charge of
$43,000. Regarding the initial ECMO hospitaliza-
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tion, patients had an average length of stay of 23
days with median hospital charge of $423,000.
Dialysis was common, occuiring in 17% of patients.
Survival to discharge among the California cohort
was not different from that recorded in the ELSO
registry (46% to 49%, p=0.29). Survival based on
indication for ECMO was not statistically different
between groups. In the 5% of patients who suftered
late death, all were related to acquired heart disease
requiring cardiac transplantation during the ECMO
hospitalization. Thus, the overall long term survival
rate was 42%. By multivariatc regression analysis,
a positive volume-outcome relationship was identi-
fied after controlling for ECMO indication, agg, and
whether the patient was transferred from aunother
facility (HR 0.98/case,p<0.01). Thus, comparing
hospitals with a mean volume of 14 cases to those
onc standard deviation above the mean (26 cascs),
there was a 1.34 times higher likelihood of survival
with inereased hospital volume, This finding has not
been described previously. Further evaluation will
be required to ascertain if this is a consistent finding
or just among this one-state cohort.

This complex cvaluation of patients from
California will hopefully provide a springboard for
futurc efforts to perform similar analysis of ECMO
patients in the future. Issues of maintaining patient
confidentiality and HIPA A restrictions are still con-
troversial in many arcnas and this study may provide
a framework to allow other states or database reg-
istries to develop similar patient tracking systems
which ensure confidentiality. Resolution of some
of these issucs will likely make future evaluations
either easier to perform or so difficult that only a
prospective, controlled study will allow appropri-
ate data collection to follow paticnts longitudinally
outside a single center

Other scrics of pediatric respiratory failure
treated with ECMO have been small and are quite
old compared to the current era. In onc series, 26
paticnts were evaluated 1-3 years after ECMO. %
In pre-schoo! age children, 5/13 (38%) were nor-
mal, 4/13 (31%) patients had abnormalities prior
to ECMO (cortical atrophy, Goldenhar’s syndrome,
Trisomy 21 and child abuse) and remaincd at their
pre-ECMO baseline and 4/13 (31%) werc abnormal.
None of these patients had cvidence of cerebral
hemorrhage or infaret on CT cxamination, although
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cortical atrophy with mild hydrocephalus was pres-
ent in several paticnts. Whether observed abnormatli-
ties following ECMO were related to pre-ECMO
hypoxemia or ischemia is not known. In school age
children assesscd by parental report, 10/13 (77%)
were normal, 2/13 (15%) were below average and
1/13 (8%) was above average. For patients over 5
years of age at the time of ECMO, 4/5 were normal.
No CT abnormalitics in the normal children were
found. The single child with development delay had
evidence of hypoxic/ischemic encephalopathy on
CT cxamination,

In areview of patients treated with ECMO at the
University of Michigan following cardiac surgery
between 1995-2001, 74 patients were analyzed. In
this period, 69% were placed on ECMO following
2 ventricle repairs while 28% had single ventricle
physiology. *! Final outcomes found that 32% dicd
when scparated from ECMO and an additionat 18%
died within 48 hours after removal from ECMO, In
all, 50% of patients survived to hospital discharge.
Survival was not affected by age, mode of ECMO,
site of cannulation (35% cervical) or cardiac arrest
prior to ECMO, Patients placed on ECMO during
CPR had significantly less survival (20% vs 80%
survival in those not receiving CPR). Patients with 2
ventricle repairs trended to improved survival (58%
vs 34% single ventricle). Need for renal replace-
ment therapy and elevated lactate 48 hours after
cannulation for ECMO were both associated with
poor outcome. Neurologic dysfunction in the form
of scizures was found in 14% of patients (n=10)
although presence of seizures was not correlated
with death. Intractanial hemorrhage or stroke noted
onradiologic examination was found in 7% (n=5) of
paticnts, again without rclation to death. This review
gives little information on the cause of death or
reason for removal from ECMO in non-survivors so
the extent of neurologie injury among these patients
cannot be ascertained. No long term neurologic
function results are deseribed among survivors,

In perhaps one of the first most detailed deserip-
tions of neurodevelopmental outcome following
ECMO outside the neconatal respiratory failurc
population, Hamrick reported on 53 infants treated
following cardiac surgery.*? Average age at followup
was 55 months, or about 2.5 years following ECMO
in most patients, Qverall, only 13% were described
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as “completely intact” based on overall testing and
clinical examination. Among the 17 survivors, 16
were available for follow-up and 50% had normal
cognitive outcome. In 3 (21% of survivors), cogni-
tive outcome was 1-2 SD below the mean whilc 4
patients (29%) were abnormal (>2 SD below the
mcan). Neuromotor outcome was normal in 72%
of survivors, 7% were “suspect” and 21% had ab-
normal ncuromotor performance. This report also
found that no patient with an aortic cross-clamp
times >40 minutes had normal cognitive outcome.
This factor has not been found to be predictive of
outcome in other studies. As with other reports, the
nced for renal replacement therapy was associated
with poor outcome. Cardiac arrest was also found
to be predictive of death in this study, although
this center did have a rapid-resuscitation circuit
or protoco! in place over the study period and this
likety contributed to this factor as a risk for death.
Neurologic hemorrhage noted by ultrasound was
cited as an indication to withdraw support in 25%
of patients, with specific details of extent and Joca-
tion of damage not described. Among survivors,
abnormalities in neuro imaging by ulirasound or
MRI correlated with observed neurologic deficits,
More recently, an excellent review of mental
and motor outcomes in 39 children supported with
cardiac ECMO in Edmonton, Alberta (Canada) for
a 5 year follow-up period was presented.” All pa-
tients treated with venoarterial ECMO for cardiac
discase who were less than 5 years of age were
eligible between 2000-2004. Consent for long-term
follow up was obtained from parents/caregivers
once survival off ECMO was likely. Information
was obtained through specific chart review and from
existing nconatal follow-up clinics throughout the
provinces where patients resided. All assessments
were done at least 6 months following ECMO. A
family socioeconomic status tool used in previous
reports that incorporates income, education, “pres-
tige” factor of employment among a population
using the Blishen index was recorded. Pediatricians
trained in nearodevelopmental follow up assessed
evidence for cerebral palsy or visual impairment.
Hearing was tested. Patients weve given the Bayley
Scare of Infan{ Development I if <42 months of age
ai testing and the Wechsler Preschool and Primary
Scale of Intelligence if assessed after 48 months of

age. A developmental quotient score of less than 70
indicates mental delay. Parents complcted the Adap-
tive Behavior Assessment System and Multiattiibute
Health Status Classification System questionnaires
to assess perceived motor, development, behavior
and self-care function. Factors relating to the pre-
ECLS period, indication for ECLS, and ECLS
variables for up to 120 hours following initiation
were recorded. Patients were divided into 3 groups:
single ventricle anatomy, biventricular anatomy and
myocarditis. Of the 39 patients placcd on ECLS
during the study period, no demographic, pre-ECLS
or ECLS related variables were different between
the 3 descriptive groups, Overall survival was 46%
to discharge and 41% at 2 years. No difference in
mortality was noted between groups.

Among the entire cohort, only 18% had no
adverse outcomes reported (n=39). Disability was
found in 23% of survivors and 59% of the entire co-
hort had died by 2 years. Overall, 50% of survivors
had mental detay, all 3 survivors with chromosomal
abnormality (1 Turners, 2 chromosome 22) being
abnormal and 38% of survivors without chromo-
soimal abnornnality having abnormalities. Predictive
models for death and delay found that death at 2
years was associated with days of hospitalization,
lactate on adinission to the ICU, platelets infused
over the first 120 hours of ECMO, single ventricle
anatomy, ventilator days, pre-ECLS highest lactate,
adinission weight and scizures. Logistic regression
found that lactate on admission to the [CU and single
ventricle anatomy was associated with death at 10
days. Comparison of survivors with and without
mental delay found only presence of chromosomal
abnormality to be predictive (p=0.06) Continuous
variables were examined to obtain correlation with
mental score in 16 survivors. Of noie, CPR before
ECLS, during initiation of ECLS and duration of
CPR were not associated with either increased risk
of death or mental delay,

In another recent review of nearologic morbid-
ity in ehildren receiving ECMO for cardiac disease,
Chow et al examined the outcomes of 90 children
treated at the Hospital for Sick Children in To-
ronto between 1990-2000. * Short term outcomes
assessed included: seizures, paresis, dystonia or
chorea, coma, gaze palsies or visual field defects
or other findings such as brachial plexus injury.
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Long term outcome was determined by contact-
ing families with a standardized questionnaire by
phone (19 pts), in cardiac outpatient clinic (5 pa-
tients), neurodevelopmental elinic (1 pt) and during
rehospitalization (1 pt). Deficits were divided into
niotor impairment, cognitive/behavioral impairment,
seizures and other. Results fromi neuroimaging and
autopsy studics were also reported. All ncuroimag-
ing results were evaluated by a radiologist blinded
to the chnical details and outcomes. The median age
of patients was 0.77 years. Sixty-onc patients were
neonates and 42 were male. Patients had underlying
diagnoses of: myocarditis (n=10), cardiomyopathy
(1=9) or structural heart discase (n=78, 5§ with
biventricular repair, 7 single ventricle repair and
6 without surgical intervention). Of patients with
repair of congenital defects, 40 children were placed
on ECLS directly from cardiopulmonary bypass.
Three patients were bridged to heart transplant and
& patients had multiple ECMO runs (7 patients had
2 runs and 1 patient 3 ECMO rans), Thirty-seven **
pereent of children required CPR for cardiac arrest
prior to ECMO. Thirtecen children were bridged
to heart transplant from ECMO (2 expired) and
13 had an intracardiac repair performed while on
ECLS (11 dicd).

In eight children who had neuroimaging prior to
ECLS, 1 had a subdural hematoma noted while one
had an infarct. Overall survival in these 8 patients
was 25%, Thirty-eight children underwent neuroim-
aging cither during or after ECMO, distributed as
35 head ultrasounds, 17 CT and 2 MRI1. Abnormali-
ties were noted in 24 patients, with 9 hemorrhages,
4 infarcts, 7 ventriculomegaly and 4 with cortical
atrophy. No scans demonstrated hydrocephalus. In
11 non-survivors who had autopsy findings available,
7 brain hemorrhages were noted, 3 had infarets and
1 had cerebellar tonsillar herniation. Long-term
outcome assessment in survivors was performed at
an average of 4.5 years fofllowing ECMO (range 4
months-9 years). Evidence of scizures was noted in
22% of children during their initial hospital course.
Of these, 10/20 (50%) of patients died, 5 had long-
term neurologic sequelae and 5 were “normal” at
follow up. Overall, only 15/90 (17%) of the total
study population were ncurologically normal, while
11 had long term neurologic abnornalities. Thus,
39% (11/28) survivors had long term neurologic
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sequelac on follow up exani. Patients with congeni-
tal cardiac defects had worse outcome than patients
with miyocarditis or cardiomyopathy (68% vs 32%,
p=0.03). There was no difference in outcome based
on whether ECMO was used for resuscitation, for
inability to separate from bypass, for myocardial
dysfunction or for postoperative low cardiac output
state. There was also no statistical diffcrence in
outcome based on whether patients were preopera-
tive, postoperative, intraoperative or non-operative,

-Univariate analysis found that congenital heart dis-

ease and abnormal neuroimaging werc predictive of
short-term neurologic sequelae. Both the presence
of congenital heart defeets and the presence of
short-term neurological cvents were associated with
death. Logistic regression, however, only noted that
abnormal ncuroimaging was associated with short-
term neurological events (p=0.03, OR 10.5, 95% CI
2.2-50). Age, sex, previous ECMO, CPR, type of
repair, congenital heart diseasc versus myocarditis,
were not found to be significant factors. To assess for
long term neurologic outcome and long term mortal-
ity, factors of age, sex, previous ECMO, previous
CPR, short-term ncurological cvent, type of repair,
abnormal neuroimaging during admission, and pres-
ence of congenital heart disease versus myocarditis
were entered into regression analysis, Previous CPR
predicted lack of long-term survival (p<0.001, OR
2.6, 95% CI 1.47-4.47). No significant predictors
of long term neurologic outcome were identified.
Overall outcome from this report noted a 66%
short termy mortality, with another 3% of patients
expiring following hospital discharge for an overalt
survival rate of 28%. Short-term neurologic events
occurred in 22% (20/90) of patients and long term
sequelae were noted in 12% (11/90), which ac-
counted for 39% (11/28) of survivors. The report
highlights the nced for prospective studies which
will further assess the impact of risk factors on
survival, short-term and tong-term outcome and
neurodevelopmental function. From these inves-
tigations, potential stratcgies to prevent adverse
outconies may be developed to improve outcomes.
In one cvaluation of outcomes following extra-
corporeal life support applied during eardiac arrest
at the Children’s Hospital of Philadelphia, 50% of
66 patients with CPR cvents were decannulated
and survived for at least 24 hours.” Overall 33%
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of children undergoing ECPR survived to hospital
discharge. Ncurologic outcome was evaluated by
review of medical records and discharge sum-
marics. A meaningful neurologic impairment was
prospectively defined as a new seizure disorder, loss
of developmental milestones, loss of muscle tone,
or focal weakness. Admission and discharge PCPC
and POPC were calculated for survived children >2
months of age. Of 21 survivors, 24% were noted to
have significant neurologic impairment at discharge,
3 with stroke and three with seizure disorder. Admis-
sion and discharge PCPC and POPC were available
in 10/13 survivors who were >2 months of age. Of
3 patients >2 months of age who survived after >60
minutes of CPR, 2 had no change in thesc scores
while 1 patient had a change of 1 in the PCPC and
POPC scores. In 3 infants <2 months who had CPR
for >60 minutes, 2 developed a new scizure disorder
and 1 had no apparent sequelae. Thus, 3/6 patients
with >60 minutes of CPR prior to ECMO had no
gross neurologic injury at discharge. Ot 10 patients
who died within 24 hours of ECMO decannulation,
3 had support withdrawn due to neurologic devasta-
tion, 2 from ongoing multiorgan failure, 3 suffered
an additional cardiac arrest from which resuscitation
was not successful and the cause of death was un-
clear in 2 patients, Another finding from this review
was that patients with underlying cardiac disease
(19/43, 44% survival) had improved outcome as
compared to those with other medical conditions
(2721, 9.5%). Whether this reflects intrinsic dif-
ferences in patient physiology, patient selection or
access to ECPR itself is unclear. When compared
to 79 cardiac arrest events in the same institution
between 2000-2002 who did not receive ECMO for
resuscitation, 36% survived to discharge. However,
0/10 conventional CPR patients survived after >30
minutes while 14/43 ECPR patients survived.

In a revicw of the ELSO registry focused on
ECPR outcomes between 1992-2005, 682 patients
were evaluated. * The median age was 3 months and

median weight 4.6 kgs. Among diagnostic groups:

cardiac disease (n=499, 73%), congenital heart
disease (n=398), myocarditis and cardiomyopathy
(n=101}, sepsis (n=54, 8%), pediatric respiratory
failure (n=43, 6%}, misccllaneous (n=35, 5%), neo-
natal respiratory failure (n=34, 5%) and accidcntal
injury (n=17, 2%). Although ECPR use increased

over time, survival did not improve over the study
period. Mortality was lower in children with ncona-
tal respiratory diseasc and cardiac discase than with
other diagnostic categories. Children who survived

had higher median paO, and arterial pH before

ECMO than children who died. Of 421 ECPR non-
survivors, 221 patients (52%) died within 72 hours

of ECMO inifiation and brain-death criteria were

met in 85%. Predictors of death in ECPR patients

included need for CPR during ECMO (OR 3.06,
95% CI 1.42-6.58), arterial blood pH <7.2 on ECMO

(OR 2.23, 95% CI 1.23-4.06), radiologic evidence

of CNS injury during ECMO (OR 2.79, 95% CI,
1.55-5.02), pulmonary hemorrhage (OR 2.23, 95%

CI1.11-4.5) orrenal injury (OR 1,89, 95% CI 1,17-
3.03). The major limitation of the ELSO registry is

that there is no long-term neurologic information

provided in the database, no quality of lifc informa-
tion and no data on CPR techniqucs or other adjunct

therapics such as hypothermia. As with other reports,
this review highlights the need for specific, prospec-
tive evaluation of these factors as well as neurologic

outcome in paticnts undergoing ECPR.

In addition to pediatric patients, use of ECMO
as a resuscitative tool in adulis with refractory car-
diac arrest is also increasing. Survival to discharge
is often quoted as between 30-40%. * As with other
studies, many reports outlining outcome in adults
refer only to neurologic function at time of discharge
and no speceific long term testing and cvaluation arc
available. Survival obtained with ECMO from these
pilot reports have triggered a renewed interest in
expanding the use of ECPR techniques to patients
in adult emergenecy departments. The recent flury of
adult ECMO for HINI influenza has also increased
awareness of ECMO in tlhie adult comnmnity. These
events may well significantly increase the use of
ECMO internationally.

New equipment, which is smaller, easier to use
and portable, combined with better understanding of
patient management techniques may herald a new
frontier for ECMO use. Close attention to functional
outcome and quality of life among survivors of
ECMO, as well as analysis of cost-benefit ratios,
arc mandated to avoid exccssive use of ECMO
techniques or to help more firmly establish their
beneficial role in the inedical treatment armentarium.
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Chapter 23 Questions

L.

The majority of paticnts who received cardiac
ECMO were placed on bypass with the follow-
ing diagnosis:

a} Bridge to transplant

b} Myocarditis

c) Cardiac arrest

d) Following repair of congenital heart disease

Neuroimaging abnormalities have no relation-
ship to observed outcome in ECMO patients
a) True

b) False

The following abnormalities have been noted
in > 5% of pediatric ECMO survivors treated
for respiratory failure EXCEPT:

a) Stroke

b} Hydrocephalus

¢) Mild to moderate mental retardation

d) Chronic renal failure

The neurologic complications scen in survivors
of cardiac ECMO differ greatly than those scen
in ECMO survivors treated for respiratory fail-
ure.

a) True

by False

The following statement correctly describes the
changing ECMO demographics noted in the
medical literature or ELSO Registry:

a) Most patients in cardiac failure reccive
venovenous ECMO

b) Neonatal ECMO for respiratory failure has
increascd

¢) ECMO has never been successfully used
during resuscitation from cardiac arrest

d) Adults with respiratory failure are currently
the largest group of patients who are placed on
ECMO support

¢) None of the above

Chapter 23 Answers
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Case Scenarios - Neonatal, Cardiac, ECPR, Adult, Pediatric

Patricia English, MS, RRT-NPS and Jeanne Braby, MSN, RN, CCRN

Objectives

After completion of this chapter, the participant
should be ablc to:

e List the questions that need to be answered
when considering whether a patient is a
candidate for ECMO support

e List scveral parameters that indicate ad-
equate oxygen delivery during venovenous
ECMO support

o List several complications associated with
providing ECMO support

e  Describe common technical causes of acute
desaturation during ECMO

Introduction

The scenarios presented in this chapter are
designed to highlight physiological and technical
issues associated with managing patients on both
venoarterial and venovenous ECMO support, 1t is
hoped that after reviewing the situations presented,
the specialist will be beiter prepared to respond to
ECMO complications.

The five scenarios presented are based on actual
patient situations, Some events have been changed
to dec-identify the paticnt. Some situations have
been cxpanded or exaggerated to allow the reader
greater lcarning opportunities. Further explanations
associated with the discussion points raised with
cach scenario can be found in various chapters in
this manual as wcll as chapters in the ECMO Ex-
tracorporcat Cardiopulmonary Support in Critical
Care, 3" edition,

As the scenarios play out, responses to situa-
tions are suggested. Tt is important for the reader

to know that the sugpested responscs will be the
philosophy of some centers but may not be the
standard approach for other centers. Throughout
cach scenario discussion points are highlighted.
Thesc discussion points arc written to help ECMO
Specialists reflect on how a similar situation might
be handled in their center.

Neonatal Case Scenario

Baby I is a 41 week gestational age, 3.5 kg in-
fant born by normal spontancous vaginal delivery.
Meconium stained fluid was noted and the baby
was limp and without spontaneous respiration. The
infant was intubated twice, cach time suctioned for
large amounts of meconium, The baby remained
apneic with a heart rate of 60. Positive pressure
via bag mask ventilation with 100% oxygen was
given. After 30 seconds the infant had a heart rate
of 120 and began to breathe spontaneously. The in-
fant was taken to the special carc nursery breathing
spontaneously on nasal cannula oxygen. Over the
next hour the baby developed increasing respiratory
distress. He was transferred {o the NICU, intubated
and placed on a mechanical ventilator. Surfactant
was adiministered before a chest x-ray (CXR) con-
firmed the cndotracheal tube (ETT) was in the right
mainstem bronchus. The ETT was repositioned. A
right-sided pneumothorax was also noted. A pigtail
catheter was placed and the pneumothorax resolved.

Two hours later the infant had an acute desatura-
tion. Decreased breath sounds were noted bilaterally
and a repeat CXR showed bilateral pnecumothoraces.
A pigtail catheter was placed on the left and a sec-
ond pigtail placed on the right. The baby continued
to decompensate and an ECMO center transport
team was called. The baby arived at the ECMO
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center hypercarbic, hypoxic, hypotensive, on va-
sopressors and nitric oxide. Attempts to improve
hemodynamics, oxygenation, and ventilation were
made over the next four hours. Air leak continued
from two pigtail cathcters. The infant’s best PO,
was 42 mmHg and the lactic acid level continued
to risc. A cardiac ECHO showed suprasystemic
pulmonary artery pressures, right to left shunting
at the ductal level and at the foramen ovale, with
poor biventricular function, A head ultrasound was
negative for hemorrhage. A coagulation panel was
sent and no coagulation issues were identified. The
decision was made to place the infant on VV ECMO.
An ECMOQ circuit was primed with PRBC,
heparin, tham, albumin, and calcium gluconate.
The infant received a bolus of heparin prior to can-
nulation. A 12 Fr double lumen cannula was placed
in the mid right atrium and the infant was started
on VV support. ECMO flow was increased to 400
mL/min (114/kg/min) over twenty minutes using a
roller pump and a silicone membranc oxygenator.
The sweep flow was started at 1 Ipm, at 70% oxygen.
Oxygen saturation improved from 68% to 78%.

Discussion points:

s With pump flows set at nearly 115 mL/kg/
min why didn’t the patient’s arterial satura-
tions increasc further?

e  What is the normal cardiac output of a 3.5
kg infant?

e  What arc concerns with VYV ECMO that
may limit the potential to support this
paticnt?

e  Should the patient have been cannulated for
VA support instead of VV support?

e lstwenty minutes an appropriate amount of
time to ramp up the pump flow to 400ml/
min?

e  What are specific concerns associated with
the use of a double lumen cannula?

e  What are signs of significant recirculation?

o What can be donc to minimize recircula-
tion?

e Could the pump occlusion be set inappro-
priately?

e How can the pump occlusion be verified
after support has been started?
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Artcrial, pre-membrane and post-membranc
blood gases were obtained and the results are listed
in Table 1,

The color of the blood in the drainage line re-
sembled the color in the return line, both appearing
well saturated, The cannulating surgeon was made
aware of the concern and repositioned the cannula,
Decreased recirculation resulted as evidenced by
desaturated blood in the drainage line. The infant’s
arterial saturations improving to 92%. The mean
arterial blood pressure (MAP)Y improved and the va-
sopressors were weaned slightly maintaining a MAP
between 45 and 60 mmHg. The ventilator settings
were weancd and the infant’s saturations remained
stable in the low 90’s. An ACT was obtained soon
after support was started. The results were higher
than desired so an ACT was obtained every 30
minutes unti! the ACT decreased to 250 scconds, A
continuous heparin infusion was started at 20 units/
kg/hour and ACTs were followed hourly with a goal
of maintaining ACTs at 200 seconds.

On ECMO day two the infant’s sedation had
been weaned and he was moving all cxtremities and
opening his eycs. His blood pressure was stable and
his oxygen saturations were in the high 80°s to low
90’s. An audible alarm sounded on the console of
the SS 11T and the low rate was noted to be ramping
down and then stopped. The baby’s color quickly
became dusky and his oxygen saturations fell from
89% to 75%. A drop in MAP te 32 mmHg was noted.

Tablcl, Blood Gas Results

PCO, PO,
pH mmHg mmHg
Pre-
membrane  7.42 40 68
Post-
membrane  7.44 38 240
Arterial 7.36 48 52
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Discussion points:

e When the pump stops should hand cranking
be immediately initiated?

o Which alarm(s) could have sounded and
activated the flow ramping, then stopping
the pump?

e If the bladder (negative) pressurc alarm
soundcd what are the most likely causes?

o  What causes acutc changes in right atrial
volume?

e What are indieations that the pump flow is
too high? '

e What could acutely restrict flow out of the
drainage lumen?

e Ifaclot occurred where would it most likely
have lodged?

o If the cannula is kinked what is a likely
cause in an awake moving patient?

e If a high pressurc alarm (post-pump)
sounded what are the most likely causes?

¢ What effect does the patient’s blood pres-
sure have on the circuit pressures during
V'V support?

e  What is the most likely reason the blood
pressure fell?

o  Wherc is the most appropriate place to begin
to determine the cause of a high pressure
alarm?

¢ How should the paticnt be managed while
the cause of the problem is being identified?

e  Should the alarm limits be changed in order
to get some support to the patient?

After identifying that the negative pressure
alarm caused the pump to stop, the specialist ob-
served that the baby had turned his head toward
the cannuia and created a kink in the cannula. The
baby’s head was repositioned, the kink resolved and
the pump support was restored to baseline,

At ECMO hour 54 the SPO, suddenly decrcased
to from 90 to 72%. The infant appeared dusky, be-
came tachypneic and tachycardiac.

Discussion points:

e Whatis a likely reason for a sudden increase
in respiratory rate during ECMO support?

¢  Why would a patient being supported with
ECMO suddenly become dusky?

e Could the pump flow have been inadver-
tently changed?

e Docs the blood coming out of the oxygen-
ator appear well saturated?

e Is the sweep flow connected to the oxy-
genator?

e s the sweep flow connected at the gas
source and is the flow rate still the same?

e Ifthe gas source is an oxygen blender, could
the blender have failed?

Knowing that acute changes in saturation and
ventilation arc most likely signs of technical issues,
the ECMO specialist started a rapid visual inspec-
tion of the ECMO system. The pump flow remained
at 400 mL/minute, The system pressures wcre
unchanged and the sweep flow meter was running
at 1 Ipm. The tcam was called to the bedside. The
ventilator FIO, was turned up to 1.0 with minor
improvement in SPO,,. The specialist then noted that
blood coming out of the oxygenator was quite dark
and quickly inspected the oxygen supply tubing. The
tubing had become disconnected at the oxygenator.
The tubing was re-aftached to the oxygenator, The
infant’s SPO, improved, heart rate (HR)) and respira-
tory rate (RR) returned to baseline.

Later the same night the patient’s vasopressor
requircment was increascd in order to maintain a
MAP > 45 mmHg. The pump speed began slowing
down and a punmip flow of onty 75 mL/kg was ob-
tainable. A recent CBC revealed a drop in platelets
from 105K to 88K and a decrease in hematocrit froin
35 to 30%. The last ACT was high at 250 seconds
on 35 units’kg/hy.

Discussion points:

e Could a 5% decreasc in hematoerit indicate
the patient is actively blceding?

e Wherc are likely sources for bleeding?

o  Should the patient immediately receive a
transfusion?

e What arc other possibilities for a 5% de-
crease in hematocrit?

e Should the hematocrit be repcated if there
are no obvious clinical signs of bleeding?
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e The patient’s ACT was 50 scconds above
the prescribed range. Is that likely causing
the patient to blecd?

During the period when the hematocrit de-
creascd, the chest tube output which had been 1-2
mL/hour {or several hours had increased to 25 mL
from the right side and 15 mL from the left side. In
responsce to the increased bleeding from the chest
tubes the target ACT was lowered to 160-180 sce-
onds. The heparin infusion was reduced from 35
units /kg/hr to 20 units/ kg/hr, The patient received
a platelet transfusion and 10 mlkg transfusion of
PRBC. Over the next few hours the chest tube output
lessened and the paticnt’s blood pressure stabilized.

On ECMO day five the infant was stable hemo-
dynamically, off all vasopressors, and on low venti-
lator support with a SPO, in the low 90’s. There had
been no clinical evidence of ductal shunting for >48
hours and a repeat ECHO confirmed decreased pul-
monary artery pressures with improved biventricutar
function, The CXR showed good lung expansion
bilaterally. The tidal vohume increased from 2 mlL/
kg to 5 ml/kg. The sweep flow was weaned from 1
lpm to off over 6 hours. The ventilator support was
adjusted to provide adequate CO, reoval. The
patient’s SPO, remained stable on 40% oxygen.
The patient was trialed off ECMO support with
the membrane capped. The pump flow continued
at 400 mL/min.

Discussion points:

e  What is the purpose of “capping” the mem-
brane?

e  What needs to be monitored closcly during
the trial off period?

e Arc the venous saturations useful during a
trial off of V'V support?

e  What are indications of a failed trail off
ECMO support

e When weaning VV support does the punip
fiow need to be weaned?

After four hours the patient remained hemody-

namically stable with SPO,’s in the low 90’s on 40%
oxygen. The arterial blood gas showed adequate
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CO, and pH. The patient was decannulated and
discharged to home on day of life 21,

Cardiac Case Scenario

A2 ¥ month old male with a history of truncus
repair was placed on ECMO for cardiac support
after an unsuccessful attempt at chest closure. He
was born at 30 weeks gestation with a birth weight
of 1266 grams. At the time of cannulation, his
weight was 2.9 Kg. He had one mediastinal and
two pleural chest tubes. A 16 Fr DLP cannula was
placed directly into his right atrivm and an 8 Fr DLP
canntla was placed in his aorta. A roller pump with
a Carmeda-coated circuit, a hollow fiber oxygenator,
and a silicone bladder was used. The cardiovascular
surgeon ordered that heparin not be uscd for 24
hours because the patient was at risk for bleeding.
The initial pump flow was 500 mL/min (172 mL/
kg/min.). The initial pre-oxygenator pressurc was
218 with a post-oxygenator pressurc of 202 and a
gradient of 16. The initial ACT was 344 using an
ACT+ cuvette with the Hemochron Signature Plus
analyzer. The next hour’s ACT was 17]. Target
range for a patient at risk of bleeding is 160-180
seconds using this instrument and the ACT+ cuvette.
Athour 5 of ECMO, the ACT was 145, with a repeat
of 134 seconds. The information was relayed to the
new attending MD in the following way, using the
SBAR tool for communication,

Situation: “The ACT is now 145 seconds.”
Background: “Dr. CV did not want any heparin
started for 24 howrs.”

Assessment: “The ACT has fallen below the range
of an unheparinized patient. T am oncerned that
clots will begin to form in the circuit it the ACTs
remain this low.”

Recommendation: “1 would Tike to start the heparin
and get the ACT back within range.”

The MD agrecd to start the heparin at 10 units/
kg/hr, and increase the drip as needed to maintain
ACT’s 160-180 seconds. Table 2 shows the resulting
ACT’s along with the heparin dose.



Chapter 24 - Case Scenarios - Neonatal, Cardiae, ECPR, Adult, Pediatyric

Discussion points:

e  What is the best way to communicate in-
formation?

o How do you deal with conflicting orders
from different physicians?

e  What are the risks/benefits of not running
heparin in a circuit?

o  What are the risks/benefits of using un-
coated circuits?

e What is considered the normal range of
heparin drips on ECMO?

e  What could affect the incrcased need for
heparin?

e  What elsc should be considered?

¢  What affects the pre and post-oxygenator
pressures?

At hour 9 an antithrombin III (AT III) activity
level was sent, It camc back @ 47% (normal labora-
tory reference range for this age patient is 48-108%).
At hour 12, the ECMO specialist noted a clot in the
arterial cannula, The patient was removed from
ECMO and the surgeon was able to retnove the clot
from the cannula. The urine output ranged from 25-
80 mTL/hr (8-27 mL/kg/hr). AT 11l concentrate was

Table 2. ACT and Heparin dose

given at hour 14, and the heparin rate was decreased
to 50 units/kg/hr,

The paticnt’s heparin requirements continued
to increase on day 2 of ECMO. The heparin drip
nceded to be increased to100 units/kg/hr in order
to maintain the ACT within the range of 180-200
seconds. The AT 111 activity level was 128%.

Discussion points:

e  What clsc could affect the heparin require-
ments?

o What other test resulis would be important

to know?

When should FFP be given?

When should Vitamin K be given?

When should cryoprecipitate be given?

When should you verify the concentration

of the heparin syringe or bag?

o How docs AT TII effect heparin require-
ments?

ECMO hour ACT Heparin bolus (whkg) Heparin drip rate
(u/kg/hr)
5 145/134 10 10
5V 123 20 20
6 150 10 25
6 2 130 20 35
7 146 10 45
7% 135 30 50
8 148 20 55
8 2 147 20 60
9 137 30 65
9% 153 30 65
10 165 65
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Table 3 below shows the results of a DIC screen

The platelet count ranged from 80-120K, and
the patient was requiring 1-2 units of platelets per
day. A heparin level was drawn and it came back at
0.3 units/ml, which was considered adequate.

On day 3 of ECMO, the pump flow was gradu-
ally decreascd from 400 mL/minute (138 mL/kg/
min.) to 200 mL/ min (69 mL/kg/min.). The mean
BP’s had been >40 mmHg on a pump flow of 400
mL/min. When the pump flow was decreased to
200, his mean BP dropped to 30 mm Hg. His SPO,
decreased from 95 to 80%.

Discussion points:

e On VA ECMO, what parameters would
indicate that a pump wean is successful?
e  What are other indicators of perfusion?

On day 4 of ECMO, the patient’s PCO, was 71
mmHg on an ABG, The orders were to maintain
the PCO, 40-60. The ECMO pump flow was at 400
mL/min. and the gas (sweep) flow was at 0.3 L/min.

Discussion points:

e What adjustment should be made to the
punmp?

e  How do vou determine what is the low and
high limit of sweep flow?

e When do you worty that the oxygenator is
failing?

o What dcvices do you have to monitor the
effeet of pump flow or sweep changes?

Onday 5 of ECMO, the circuit was changed due
to large amount of plasma leakage from the hollow
fiber oxygenator, as well as for the appearance of
multiple fibrin strands coating the tubing,.

Discussion points:

o How does a circuit change affect medica-
tions the paticnt is receiving?

e Is it beneficial to pre-medicate with steroids
prior to a planned circuit change?

o Will the patient nced platelets after a circuit
change?

The heparin was stopped for a planncd chest ex-
ploration. The pump flow was increased to 900 mL/
minute (3 10mL/kg/min.) during the surgery. When
the ACT dropped to 170 seconds, the heparin was
started at 10 units/kg/hr. Factor VIIA (Novoseven)
was given for large amount of bleeding from thic
chest tubes.

After discussion with the parents, the patient
was decannulated after 172 hours on ECMO due
to futility,

Discussion points:

e  What is the dose for Factor VIIA?

e What arc the risks of factor VIIA adminis-
tration during ECMO?

e How do you determine when to discontinue
ECMO?

e How should the subject of discontinuing
support discussed with the family?

o How do you dcbrief/support the stalf after

The sweep fiow was increased to 0.4 L/min and a long ECMO run?
the resulting patient PCO, was 56 mmHg,
Table 3. DIC Screen
Normal ranges
PT 15.8 sec (12.1-14.2) sec
INR 1.38
PTT >200 scc {23.8-35.0) sec
T >100 (13.1-19.8) sec
Fib 200 {200-400mg/dl)
D-Dimer 1.70 {<0.46 up/ml)
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ECPR Patient Case Scenario

A9 month old 7 Kg female with a diagnosis of
hypoplastic teft heart syndrome status post stage
11 palliation with a Glenn at 6 months of age, was
admitted to an outside hospital cmergency room
for fever and increased irritability, She had a 2 day
history of incrcascd stools. Her vital signs were
reported as HR 236, RR 38, SPO, of 70%, and tem-
perature of 105.1 F. She was given acetaminophen
and ibuprofen. An TV was started, and she was given
a dose of an antibiotic. When the transport team ar-
rived, they noted that the patient clinically appearcd
to have evidence of poor cardiac output.

Discussion points:

e What is the cxpected SPO, for a single
ventricle patient who is status post a Glenn-
Surgery?

o What are some clinical symptoms of de-
creased cardiac output?

She had grunting respirations, cool and clammy
extremitics, and poor pulses, An attempt to repcat
a fluid bolus of 20 ml./kg of normal saline resuited
in TV infiltration, so an intransseous line was placed
and she received another fluid bolus and was started
on an epinephrine drip at 0.1 meg/kg/min. Her
hemodynamics remained unstable and she became
increasingly tachypneic. During this time, her
heart rates were in the 250s. The transport nursc
was unable to obtain a blood pressure or a pulse
oximeter reading and the child was intubated. The
epinephrine was increased to 0.2 meg/kg/min, and
a milrinone drip was started at 0.5 meg/kg/min. On
the flight baek, her HR decreased from 250°s to
160’s and 170’s. A BP of 113/75 with a mean of 86
was obtained. Her epinephrine was turncd down to
0.1 meg/kg/min. Her pulse oximetry was intermit-
tently obtained with SPO, readings of 63% with
poor tracings. Her extremities remaincd mottled
and her pulses, skin temperature, and eapillary refill
time were poor.

Upon arrival to the PICU, attempts were made
to place arterial and central lines. Epinephrine was
rapidly escalated to | meg/kg/min and a norepineph-
rine infitsion was started and escalated to 1 meg/

kg/min. The HR dropped to 100, and the nursc was
unable to obtain a blood pressure or palpate a pulse.
Compressions werc started, and the child’s head was
packed in ice. Venous blood gas showed pH 6.88,
PCO, 103, PO, 38.6, venous sat 35.6% and base
deficit of 22.2. The Het was 58.8, glucosc 31, and
lactic acid 52 (normal 4.0-15.0 mg/dl).

Discussion points:

o Af what point should the ECMO team be

called?

o What tests, labs, ctc. need to be done prior
to ECMO?

e  What factors determine if the patient is an
ECMO candidate?

e  Who should make the final decision?

The paticnt was placed on a Biomedicus {cen-
trifugal) pump with a Carmeda-coated circuit and
a Minimax Plus hollow fiber oxygenator. An 8 Fr
Carmeda coated Biomedicus cannula was placed in
the right common carotid artery. A 10 Fr Carmeda-
coated Biomedicus cannula was placed in the right
internal jugular vein and it was connected with to
al0 Fr FemFlex cannula that was placed in the right
Femoral Vein. The initial puinp flow was 850 mL/
min (120 mL/kg/min) with the pump RPMs ai 2680.

Discussion points:

e  What special cannulation techniques atc
necessary when a patient has had a Glenn
procedure?

e  What temperaturc do you want to “cool” the
paticnt after a cardiac arrest?

e How long do you want to keep them cool?

e How high of an ECMO pump flow is neces-
sary for a single ventricle paticnt?

e  What determines how high you ean adjust

your RPMs?

What is an adequate blood pressurc?

How docs preload and afterload affeet

pump flow with a cenfrifugal pump?

The first ABG on ECMO was pH 7.11, PCO,
52.6, PO, 174, sat 98% with a base defieit of 12.3.
On hour 6 of ECMO, her ABG was pH 7.22, PCO,
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56.1, PO, 129, SPO, 98% with a base deficit of 5.3.
By ECMO hour 24, her pressors were able to be
weaned off, and her mean BP’s remained in the mid
50°s. The water temperature was set in the blood
warmer to maintain her core temperature between
32 and 34 degrecs Celsius. Her HR was in the 140-
150 range. Her pre- and post-oxygenator pressurcs
were in the 320-340 range, Urine output was low
at 1 mi/kg/hr, and was blood-tinged. Her BUN and
creatinine are listed in Table 4 below. She was at a
positive fluid balance of 1 liter.

Discussion points:

e When using a cenfrifugal pump when
should you be coneerned about high oxy-
genator pressurcs?

e  What can you do to lower oxygenator pres-
sures?

e How do you know if hemolysis is occur-
ring?

e Under what conditions should hemofiltra-
tion be considcred?

o  Where should the hemofilter shunt be
placed in the cireuit?

e How do you assess actual pump flow with
a hemofilter in place?

Hemofiltration was started on ECMO day 3 to
remove 20 ce/hr. The RPMs were decreased to 2360
with a resulting pump flow of 720 mL/min (102 mI./
kg/min). The pre- and post-oxygenator pressures

Table 4 BUN and Creatinine®

ECMO day BUN Creatinine
! 49 1.1
2 62 1.3
3 72 1.8
4 96 22
5 118 27

*Normals BUN 5-20 mg/dl, Creatinine 0-0.5 mg/d!
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decreased to 250- 260 range. At ECMQO hour 50,
the oxygenator had started to lcak, and the urine
continued to be bloody. The decision was made to
switch to a roller pump circuit,

On ECMO day 4 the head ultrasound showed
a left frontal and parictal area lobe hemorrhage
with a questionable arca representing a cerebrovas-
cular event. The patient was transported for a CT
scan. A head CT showed a right middle cerebral
artery stroke with multiple petecchial hemorrhages.
ECMO was discontinued after discussion with the
family and the parents were assisted in holding their
child. She expired 4 hours later.

Discussion points:

e IsaCT necessary?

e What do you nced to consider prior to an
in-house ECMO transport?

o  What personnel should be present to assist
with a transport?

e How can the cannulas be cut and clamped
from the circuit to enable a family to hold
the child easily?

Adult Respiratory Failure Patient Case Scenario

A 54 year old 60 Kg female was diagnoscd with
necrotizing pnewinonia. On day two of hospitaliza-
tion she began having increasing respiratory distress
resulting in intubation and moderate ventilator sup-
port. On day 3, her CXR showed bilateral lower lobe
and right middle lobe consolidation with a smalt
right pleural effusion.

On day 5 of hospitalization, her CXR revealed
new consolidations in both upper lobes and bilat-
cral effusions, right side greater then left. On day 6
the patient became increasingly more hypoxemie,
hypercarbic and acidotic. Arterial blood gas results
were as follow: pH 7.15; pCO, 82; PO, 46; SPO,
77%; SVO, 47% on signifieant ventilator scttings:
RR 26; VT 360; PIP 50, PEEP 17; FIO, 1.0. She was
on multiple vasopressors and ber vital signs were
HR 156, BP 80/56 with a mean BP of 66 mmHg,
The ECMO tcam was consulted.
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Discussion points:

o When should ECMO be considered for adult
respiratory failure?

e  What level and length of time on ventilator
support is considered a relative contraindi-
cation to ECMO?

o Is there an age and/or weight limit above
which ECMO should not be considered?

o Is ECMO an appropriate option with morc
than one organ system failure?

o Would a patient with a coagulopathy be an
ECMO candidate ?

o Isthere a rcasonable cxpectation for a good
quality of lifc post-ECMO?

In this casc, ECMO was considered when the
patient did not improve on escalated ventilator set-
tings. At the level of ventilator support being used,
ventilator induced lung diseasc was a significant
concern, Consideration wag given for the duration
of ventilator suppeort, but cxcept for the fast 16 hours
pre-ECMO, she had been on modcrate fevels of
ventilator support. It was felt that her [ung process
was likely reversible and that she had no other or-
gan system failure. She was not coagulopathic. The
expeetation of a good quality of life was reasonable.
Discussion poinfs:

¢  What type of support is most appropriate
for this patient -VA or VV support?

e  What arc the goals of support (adequate
0, delivery/ CO, removal, cardiac support,
minimize barotrauma)?

e Do cxisting central venous lines complicate
cannulation?

e Areany potential cannulation sites infeeted?

e  What is thc center’s cxperience with manag-
ing various types of ECLS?

e  What type of cquipment is needed?

e Are appropriate size and type cannulas
available?

The primary goals for this patient were adequate
oxygen delivery while minimizing the potential for
barotrauma. Her degree of hemodynamic stability
was considered and it was felt that with adequatc
oxygen delivery on ECMO, her cardiac function

would improve and her vasopressor requirement
would diminish, The decision was made to placc her
on VV support. A 23 French right internal jugular
cannula was placed for drainage and a 17 French
cannula was placed in the left fomoral vein as a
return cannula, Her right groin was not used for
cannulation since a previously placed right groin
central linc had a positive blood culture. A roller
pump was used with a Quadrox D oxygenator. The
initial pump flow was 3.5 liters per minute (Ipm)
and the sweep gas flow was 6 Ipm.

Discussion points:

e Would the patient be better supported if the
drainage cannula was in the femoral vein
and the return cannula in the R1J?

e What are the advantages of one sitc over
another?

e  How much pump flow is needed to provide
adequate oxygen delivery?

e How is oxygen delivery assessed during
VV support?

e Is recirculation a concern?

In this case, the jugular vein was used as the
drainage cannula as the RI1J was able to accom-
modate a significantly larger cannula than the left
femoral vein. A higher pump flow was likely to
be achieved draining from the larger cannula. The
determination of adequate oxygen delivery was
made as vasopressor requirement decreascd, base-
linc heart rate decreased from 156 to 90, lactic acid
levels decreased, urine ouiput incrcased, and the
capillary refill time decreascd from 5 scconds to <
3 seconds, Recirculation was 1ot a significant factor,
Desaturated blood was observed in the drainage line.
Additionally the pre-oxygenator saturation was 70%
while her arterial saturations were in the mid 80’s.
The ventilator FiO, was ablc to be lowered to 0.6.

On ECMO days 1-2, her vasopressor require-
ments were decreased further and her HR remained
85-90, with a BP of 110/60 and a MAP of 84. Her
SPO, was 88-920%, on a pump flow of 3.5 Ipm and
60% oxygen from the ventitator. Her ventilator
support inecluded PEEP of 20, a pressure control of
10, and a rate of 10. Her pH and PCO, improved,
however, her total body fluid balance was 8 Liters
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positive. She remained stable and by ECMO days
3-6, she was able to be weaned off all vasopressors,
and her oxygcnation improved on a FiO, of 0.5 on
the ventilator, In addition a vigorous diuresis was
ongoing.,

Discussion points:

»  What are “acceptable” ventilator settings
on VV ECMO?

e  Would prone positioning be useful?

e Are ventilator recruitinent mancuvers in-
dicated?

o  What is the effect of a positive fluid bal-
ance?

o Would hemofiltration be helpful?

In this case, the ventilator was set so that pres-
surc did not exceed 30 ecmH,O to decreasc the
potential for ventilator induced lung injury. CO,
removal was achieved using a sweep flow of 12
Ipm, The FiO, was weancd maintaining the SPO,
> 85%. Daily lactic acid levels were followed to
help evaluate adequacy of tissue oxygenation, The
patient continued to diurese well on her own, diuret-
ics and hemofiltration were not nceded.

On ECMO days 7-9, daily bronchoscopies were
done, removing large amounts of purulent sccre-
tions. By ECMO day 10 her SPO, improved to the
low 90’s on a FiO, of 0.5. On ECMO days 10-13,
the PEEP was weancd from 18 to 12 but resulted in
significant lung volume loss on CXR and worsening
compliance. In hope of regaining lung volume the
PEEP was incrcased to 24 emH, 0.

Discussion points:

o  How is best PEEP level determined?

e Should daily bronchoscopics be standard
practice for adult respiratory failure patients
on ECMO?

o  What is the effect of PEEP on venous
return?

¢ Does PEEP interfere with achieving the
desired pump flow?

In this case, the PEEP of 24 did not appcar to
impact venous return since the pump flows could
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be maintained. The increased PEEP resulted in
increased fung volume by CXR and improved
compliance.

On ECMO day 14, a small increase in pre-
membrane pressurc was noted with no change in
the post-oxygenator pressure. A few hours later, the
pre-oxygenator pressure increased by 100 mm Hg,
again with no increase in post-oxygentor pressure.
The pump flow was decrcased to maintain system
pressures within desired range and the patient’s
SPO, remained above 88%. The d-dimets were
clevated significantly.

Discussion points:

e Is the change in pre-oxygenator pressure
significant?

e  What is the maximum pre-oxygenator
pressure?

e What affccts pre-oxygenator pressure?

o With rising oxvgenator pressures should
the oxypenator be replaced or is a complete
circuit change indicated?

¢ Should stcroids be given prior to a circuit
change?

o  Should a new cireuit be crystalloid or blood
primed?

e What effect will a new circuit and/or oxy-
genator have on drugs/platelets/heparin?

e How is the patient supported the during a
circuit change?

o What are other indicators to help decide
when a circuit needs to be changed?

The high pre-oxygenator pressure indicated
that the resistance in the oxygenator had increased,
likely from clot formation The decision was made
to change out the entire circuit because the patient
had already been on ECMO for 2 weeks, was not
likely to be weaned off ECMO in the next day or
two, clots were visible in other parts of the circuit,
and d-dimers were rising. An adult circuit was
crystalloid primed and 25% albumin was added to
deereasc blood swrface interactions. The ventilator
support was adjusted and medications were readily
available. The cireuit was changed with only a brief
interruption in support to the patient, Post circuit
change PRBCs were given to achicve a hematocrit
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within the desired parameters, Platelets were not
needed after the circuit change, likely because the
Quadrox D oxygenator has littte effect on platelets.

On ECMO days 15-17, thc PEEP was gradually
weaned from 24 to 15, and the patient remained
well ventilated with stablc oxygenation on a FIO,
of 0.4. The patient’s lung compliance improved
sipnificantly and her CXR began to show improve-
ment. The swecp flow was decrcased from 8 to
5 to 3 Ipm and then removed. She remained well
saturated, hcmodynamically stable over the next
two hours and was decannulated from ECMO, Two
days post-decannulation a percutancous trache-
ostomy was placed for long term ventilation. She
was eventually weaned from ventilatory support
and her tracheostomy was removed. On hospital
day 40 she was discharged, ncurologically intact,
breathing room air.

Pediatric Respiratory Failure Case Scenario

A fifteen month old 1] kg. previously healthy
child was admitted to an outside hospital and diag-
nosed with RSV bronchiolitis and respiratory failure.
On hospital day onc he was intubated and placed
on a conventional ventilator. Over the next twenty-
four hours he became increasingly more difficult to
ventifate and was transferred to an ECMO center. On
arrival at the ECMO center his SPO, was 82% on
100% oxygen. His PCO, was 166 with a pH 7.05.
Despite ventilator adjustiments, muscle relaxanis
with adequate scdation, an inhaled nitric oxide trial,
and intravcnous and inhaled steroids, his vespiratory
distress worsened. His PCO, remaincd greater than
150 mmHg and his oxygenation was marginal, He
remaincd hemodynamically stable with good urine
output for about twenty-four hours. The following
morning his blood pressurc began to decrease re-
quiring vasopressors, A sputum sample sent at the
outside hospital was now reported to be positive
for adenovirus. An infectious discase consult was
abtained and the rccommendations of the 1.1, team

" were institated. His CXR showed diffuse bilateral
airspace opacities consistent with multifocal pneu-
monia along with smali bilateral pleural effusions,
A cardiac ECHO was obtained with no struetural
defeets noted and by ECHO his cardiac function was
quite good. His coagulation pancl showed no gross

coagulopathy. His oxygenation remained marginal
and on hospital day 4 any attempt to provide care
to the child resufted in significant desaturation with
long recovery periods to achieve a saturation in the
80’s. The decision was made to initiate VV ECMO,
An 18 Fr double lumen cannula was placed in
the child’s right internal jugular vein. The cannula
was connccted to a circuit consisting of 3/8 inch
tubing with a 1.5 m2 silicone membrane oxygen-
ator. Pump flow of 800 mL/min (72 mL/kg/min.)
was achieved and thc SPO, increased from the
60’s to the low 80’s. Five howrs post-cannulation
a kink was noted in the cannula and the maximum
achievable pump flow was 500 mL/min. SPO, fell
to the 70’s. Surgery was consulted and a singlc lu-
men 18 Fr cannula was inserted into the R1J along
with a 14 Fr cannula inserted into the right femoral
vein. A pump flow of 1 lpm was achieved and the
paticnt’s SPO, improved to mid 80’s, The heart rate
remained elevated at 155 and the blood pressure was
labile. A fluid bolus was given twice and multiple
vasopressors were added. Urine output dropped to
| mL/kg/hour. Capillary refill was > 3 seconds and
the plasma lactic acid level inercased overnight. The
ventilator FIO, remained at 1.0, PEEP of 16, pres-
sure control of 14 with a tidal volume of 20 mL and
a respiratory rate of 10. The sweep flow was at 4.5
Ipm to achicve a patient PCO, of 80mmHg with a
pH of 7.18. The following morning a 14 Fr arterial
cannula was inserted into the right carotid artery and
VA ECMO was initiated. A 2.5 m2 membrane was
inserted into the circuit replacing the 1.5 m2. The
maximum achievable pump flow was 1 Ipm.

Discussion points:

e [s a pump flow of 1 [pm on VV support
the same as a pump flow of 1 Ipm on VA
support?

e  Would the amount of CO, removal be the
same at a sweep flow of 4.5 Ipm through a
2.5 m? membrane as it is through a 1.5 m?
membrane?

e What would limit the maximurm attainable
pump flow to only 1 lpm?

On VA support with a pump flow of 1 Ipm and
sweep flow of 6 lpm the patient’s condition was
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much improved: blood pressure was stable off pres-
sors, heart rate decreased to 90, capillary refill <3
seconds with an SPO, >95. The PCO, decrcased to
the 50°s with a pH 7.33. The patient’s lung compli-
ance remained poor at 1.4 cc/emH20. The ventilator
support was decreased to ECMO “rest” settings at an
F10, of 0.3 and the pressure control was decreascd
to 10 with a set rate of 10.

On ECMO day 5 the specialist attempted to
reposition the tubing in the roller pump (walk the
raccway) to avoid tubing wear. During the proce-
dure the tubing became pinched in the roller and a
raceway rupturc occurred.

Discussion points:

¢ Should the raceway be rotated or reposi-
tioned periodically?

e What precautions should be taken during
the raceway repositioning?

e Should the pump flow be turned off, or
slowed during the procedure?

o What ecquipment needs to be at the bedside
in the event of a raceway rupture?

o What fluid should the replacement tubing/
connectors be primed with?

e When a rupture is identificd how should the
patient be managed?

e During the time off support for a circuit
repair should heparin continue to be admin-
istered to the patient?

The specialist immediately calied for assistance
managing the patient anticipating that thc patient
may become unstable. She clamped the circuit off
separating the patient from the circuit and quickly
identified the point where the rupture had occurred.
She applicd manual pressure at the rupture to
minimize cireuit blood loss and was able to quickly
reposition the tubing in the pump with the point of
rupture positioned before the pump. While manually
applying pressurc on the tubing without impeding
flow, she was able to re-start ECMO support. The
sterile raceway repair kit, which was kept at the
bedside, was opencd. Preparation for repairing the
rupture included having the optimal number and
type of care givers at the bedside, adjusting the
ventilator seftings and preparing medications to treat
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the patient during the time off ECMO support, The

specialist took the lead in outlining to others what

nceded to be done and individual responsibilitics

were identified. The patient was clamped off suppost,
the pump stopped and the sweep flow removed from

the oxygenator. The ruptured raceway section was

cut out and a fluid filled connector was inserted in

order to join the cut raceway segments. The pump

and sweep flow were re-started, atter assessing that
the circuit was free of air and without any further
leak ECMO support was retumed to the patient.
During the time off ECMO the patient’s SPO, fell

to 78%, his heart ratc dropped to 65 and he was hy-
potensive, As the pump flow was re-started the SPO,

increascd to 97% and his heart rate and blood pres-
sure stabilized. The ventilator support was reduced
back to the pre-event scttings. The patient continued

to receive heparin during the repair. An ACT was

obtained immediately after re-starting support.

On ECMO day 4 the child’s platelet count,
which had been slowly decreasing, dropped from
90 K to 40K over six hours. The level prescribed
for transfusion was >60 K and the child rcceived
a platelet transfusion. Despite the transfusion, the
platelct count did not rise. A second transfusion
was ordered and a Platclet Factor (PF4) was scnt to
test for heparin induced thrombocytopenia (HIT). A
hematology consult was obtained and the consulting
physician confirmed the diagnosis of HIT.

Discussion points:

e How is anticoagulation maintained during
ECMO once HIT is confirmed?

e Ifan altcrnative method of anticoagulation
is used what is the best method of assessing
the appropriate amount of anticoagulation?

e If the cannulas are heparin coated do they
nced to be replaced?

o Are ACT’s a reliable indicator of anti-
coagulation when heparin is not being
administered?

The decision was made to change the ECMO
circuit and to use a dirvect thrombin inhibitor for
anticoagulation. In this case Argatroban was ordered.
The patient was given a belus dose of Argatroban
and heparin was discontinued. A continuous infu-
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sion of Argatroban was started. ACT*s could no
longer be considered reliable indicators of adequate
anticoagulation, The Argatroban dose was titrated
to maintain APTT betwcen 60-90 scconds. A new
circuit was also primed with Argatroban and the
circuit was changed. The cannulas were not heparin
coated and were left in place. The patient remained
on ECMO support for nine additional days on the
same circuit without any clotting or bleeding is-
sues. He was eventually weaned from support and
discharged to a rehabilitation hospital on a ventilator.
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Chapter 24 Questions Chapter 24 Answers

1. When a patient receiving ECMO support has
an acute desaturation the most likely cause is
a) from atechnical or mechanical malfunction
b) cardiac failure
¢) respiratory failurc
d) bleeding

Eal
O oo s

2. Increasing pre-oxygenator pressure with no
change in post-oxygenator pressure indicates
a) an increasc in the patient’s blood pressure
b) anincreasc inresistance within the oxygen-
ator
¢) the pump flow is too high
d) the pump occlusion is set too tight

3. Indications that a patient is tolerating weaning
from VA support include which of the follow-
ing?

a) the patient’s blood pressure is stable

b) the SVO, decreases

¢) the SVO, remains within the desired range
d) aande

4. During VV support a clcar indication of severe
recirculation is
a) desaturated blood in the drainage line and
desaturated blood in the return line
b) well saturated blood in the drainage line
and desaturatcd blood in the return line
¢} well saturated blood in the drainage and
refurn line
d) SPO,>95%
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Trouble Shooting: The What-1f’s of ECMO

Eugenia K. Pallotto, MD, MSCE, Barbara M. Haney, RNC-NIC, MSN, CPNP-AC, Jeanne Braby, RN,
MSN, CCRN and Patricia English, MS, RRT-NPS

Objectives
After completion of this chaptcr, the participant should be able to:

e Provide a trouble-shooting algorithm for the ECMO Specialist
o  Provide a quick guide for the approach of common ECMO clinical questions
e (ive common solutions to common problems

Introduction:

The following tablcs provide a framework to guide the specialist in identifying and solving potential
problems with the ECMO circuit and the ECMO patient. The specialist must be trained to troubleshoot
the unique circuit issues at his/her institution. Understanding the appropriate time to remove the paticnt
from bypass in order to safely correct a circuit problem is a critical part of specialist training,

Therc arc multiple causes and solutions for each symptom listed. The table is not meant to imply that
there is only one solution for each cause. It should not be viewed as a one to one relationship between
cause and solution. ‘

Trouble Shooting the ECMO Circuit

Problem Svipptoms Causes Solutions
Pump Failures | No lights on e Powercords dislodged e Hand crank until power
cquipment to cart or pump available

e Power failure Plug in properly

e Battcry malfunction/ o Use portable powcer supply
not charged

e Individual pieces of
cquipment not turned
on
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Problem Svimptoms (.auses Solutions
Pump without e Pump power switch Hand crank until power
power off available if circuit pressures
e ECMO cart powcr arc normal and without
switch off alarms
e Pump not plugged in Turn switch on

Pump Failures
~ (cont.)

Pump shutting off e
or not turning

Overheated pump e

Pump rotating but e

no How °

“Negative Pres- | Cavitationas =~ o

sure Monitor | pump continucs

Failure (e.g. to tum

bladder box,

bladder/

compliance

chamber, o

transducers)
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System pressures
alarming

Pump on/off knob
turncd off

Flow knob turned to
ZCI0

Bubble detector alarm-
ing and set to control
pump

Error code flashing
due to roller heads
having been manually
turncd/hand-cranked
Cover lid open

Pump malfunction

Wet connections

Inadequate occlusion
Pump malfunction

Chamber full: outlet
obstruction (kinks,
iwists, large dislodged
clot blocking neck/
tubing)
Bladder/Compliance
Chamber not full:

malfunction of bladder

box toggle switch,
conncctions, or plugs;
mialfunction of pics-
sure transducer; clot
i pressure transducer
tubing or connections;
pump or bladder box
in override modc

Check for defective alarms
Plug in properly

Correct reasons for pressurc
alarms

Check for air

Check flow knob for appro-
priate settings

Turn pump power switch off
and back on to reset

Check lid cover

Hand crank only if circuit
pressures arc normai and
without alarms (DO NOT
hand crank if ppmp stopped
for high [oxygenator] or low
[bladder] pressure alarms)
Turn pump power button off
and back on to resct

Check connections

Adjust occlusion
Replace pump as indicated

Correct obstruction”
Correct toggle switch or
conncction problem

Change bladder and/or box
Flush, zcro, replace pressure
transduccrs

Verify integrity of pressure
transducer lincs or stop-
cocks and replace as needed
Verify pump and bladder
box arc not in override
maode
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Pressure
Monitor
IFailure (e.g.
bladder box,
bladder/
compliance
chamber,
fransducers) —
(cont.)

DINS .
Pump not stop-
ping when venous
line clamped

No alarms

Blood on floor

AUSES. :

Solutions

er/Compliance
Chamber full: inad-
equate raceway occlu-
sion; flow problem
Bladder/Compliance
Chamber not full;
malfunction of bladder
box toggle switch,
plug, or box charge;
maltunction of pres-
sure transducers; pres-
sure transduccr not
connected ot stopcock
turned off; clot in pres-
sure transducer tubing
or connections

Battery malfunction
Bladdcr box plug not
connected

Power failure
Incorrect pressure
alarm limit settings
Pressure transduccr
malfunction
Pressure transducer
not connected, stop-
cock turned off, or clot
in tubing or connec-
tions

Leak in bladder
Cracked connector

Correct raceway occlusion or
flow abnormality

Change bladder box

Flush, zero, replace pressure
transduccers

Verify integrity of pressurc
transducer lines or stopcocks
and replace as necded

Change bladder box as
indicated

Ftush, zero, and replace
pressurc transducers as
necded

Check and resct pressure
limits

Verify integrily of pressure
transducer lines or stopcocks
and replace as needed

Change or repair bladder /
connector

273




Pallotto E., Haney B., Braby J., and English F.

ow Flow/

“Cutting Out”

”Racewaj’ e

Rupture
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e Kink in tubing be-
tween the baby and the
pump

e  Pressure alarm limit or
thresholds set too low

e Flow knob bumped
too high

e  Pressure transduccr
malfunction

e Clot in venous line,
cannula, connectors,
efc.

e Intravascular volume
depletion

e Inadcquate venous
return due to patient
condition (e.g. peri-
cardial tamponadc or
increased abdominal
pressure)

e Bed/warmer height
too low

Positive pressure e Kink in tubing
{(oxygenator) between pump and the
alarm baby
e  Kink or malposition of
arterial cannula
o Oxygenator clotted
o  Arterial hne filter
clotted
e Pressure alarm limit or
thresholds set incor-
rectly
o Pressure transducer
malfunction

Blood in roller e Raceway tubmg dé—

pump velops leak from wear
and tear

Symptoms Canses Solutions

egalive pres- e Venous/cephalic cath- Reposition catheter, head, or
sure (bladder or eter malpositioned neck
venous line pres- e Cannula kinked Check cannula position and
sure) alarm e Cannula too small manipulate as necded

Consider replacing or adding
second catheter

Remove tubing kinks

Adjust pressure alarm and
threshold scttings

Check flow scale and lowcer
blood flow

Flush, zero, and replace pres-
sure transducers as necded
Check for clots

Consider fluid bolus
Evaluate for and treat patient
condition causing inadcquate
venous refurn

Raise the height of the bed/
warmer

Remove tubing kinks
Check cannula position
Replace oxygenator if indi-
cated

Check for clots

Adjust pressure [imits and
thresholds

Flush, zero, and replace
pressure transducers as
needed

Verify integrity of pressure
transducer lines or stop-
cocks and replace as needed
Replace arterial line filter

Replace or repair raceway
segment
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Problem

Symptoms

Causes

Solutions

Air in Circuit

Pre-oxygenator
{(venous line or
bladder, compli-
ancc chamber,
raceway)

Oxygenator

Post-oxygcnator
{(sonic centers
have an additional
air trap prior to
the arterial fine)

Cracked or open
stopcocks, pigtails, or
connectors in venous
line

Air from IV infusions
or volume pushes into
circuit

Yenous cannula
connector loose or
cracked

Venous cannula dis-
lodged - side hole out
of vessel

Air in right atrium -
patient source (e.g.
from eenfral line infu-
sion)

Air from IV infusion
or volume pushes into
the circuit

Air leak in oxygenator
or gas outlet obstruc-
tion in oxygenator
Priming problem

Air leak from venous
ling, bladder, compli-
ance chamber, race-
way - as above

Alir from IV, medica-
tion, or platelet infu-
sions into circuit

Air leak from venous
line passing through
oxygenator

Air leak from oxy-
genator or gas outlet
obstruction

Waik air to removal location
- aspirate air {rom bladder,
top of oxygenator, or bubble
trap

Remove air - air blood
interfaces will promote

clot formation and risk air
embolus to the patient
Check for leaks and sccure
conncctions

Replace pigtail and connec-
tor components

Correct cannula problems

Remove air - air blood inter-
faces will promote clot forma-
tion and risk air embolus to
the patient

Replace oxygenator

Monitor closcly for recur-
rence

Remove air - air blood
interfaces will promote

clot formation: risk of air
embotus to the patient

Stop air leak

Check air dctector function,
if present

Replace oxygenator

Clamp off ECMO ifrisk of
air reaching arterial line
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Problem ymptoms. Causes Selutions
~Air in Circuit — | Arterial Tine Massive air pumped e Emetgency! - manually kink
(cont.) from venous side the arteriat line to stop the
Air leak from oxy- flow and rise of air
genator or gas outlet ¢  Prevent paticnt transfusion
obstruction with inadvertent air embolus
¢ Find and stop lcak
e Replace oxygenator
e Clear arterial line of air by re-

Water Heater
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lines

Water dripping

Temperature
alarm

Blood in wafer

cr water/blood scal

Crack in outer plastic
housing

Icak at water hose
connections

Temperature set im-
properly

Water heater pump
malfunction

Large amount of cold
water added to water
TESCIVOir

Unit just turned on
Temperature recently
adjusted

Water level too low

ck in heat exchang

circulation through the bridge
and removing from an ajr trap

gency! - turn off the
heater immediately, remove
water hoses, and replace heat
cxchanger

Try to scal with bone wax or
replace

Turn water heater off, rcseat
the water hose connections

Check and resct teniperature
setting as necded
Replacement of water heater
may be indicated

Add water to heater
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}*Exc%anger !

Water Heater —
(cont.)

....... \RDLOIEYS
nt cold

Patie

Paticnt hot

ALSES

Solutions

~ Heater umt malfunc-

fion - check water
wheel - must be turn-
ing

Not turned on
Temperaturc set point
too low

Temperature LED mal-
function after power
interruption - reading
characters rather than
temperature

Water shut off valves
turned off

Water hoses kinked,
occluding water flow
Radiant warmer mal-
[unction

Heater unit set in
FLUID mode without
inline temperature
probe

Large amount of cold
water added to water
heater reservoir

Heater unit malfunc-
tion

Radiant warmer or
patient temperature
probe malfunction
Water temperature set
too hot

Replacement of water heater
may be indicated

Adjust set temperature on
watcr bath or overhead
heater

Check and reset temperature
set point - turn heater off/
on, then reset temperature
set point

Verity water hoses are unob-
structed and shut off valves
arc open

Check appropriatc mode set
on heater

Constder isolating patient
from hcater until water
warms

Replacement of water heater
may be indicated
Adjust set temperature on
water bath or overhead
heater
Consider patient may have
fever
Radiant warmer overcom-
pensating duc to:
¢ waler heater set point
too low
o water heafer turned
off
o water shut off valves
turned off or hoscs
kinked
o water heater malfunc-
tion
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_Em Plfun eyt Coauses o Solufions
xchanger ater heating unit e ot plugged in e Turnon or plug in
Water Heater — | off e Not turned on e Check cxhaust fan

{cont,) e  (Overheated - exhaust
fan occluded

 Oxygenator Low/dccreasing e Swoep gas lineto e Rcattach gas line to oxygen-
Failure pump arterial oxygenator is loose, ator
PO,, decrcased disconecicd or «  Troubleshoot gas line con-
PCO, clearance, cracked nections
incrcascd posi- e Oxygenator failure e Rcplace oxygenator
tive pressure, in- e Oxygenator clotting o Increase swecp gas flow rate
crcased pressure off e Check rated oxygenator
gradicnt across ¢ Increased condensa- flow, decrease blood flow if
membrane (if tion in gas phasc indicated
monitoring e Oxygenator ratcd e  Check arterial cannula/tubing
prc- and post-ox- flow/efficicney ex- for kinks causing increased
ygenator pres- cceded pressure
sures) e Sweep gas Fi0, e  Some centers will “sigh” oxy-
changed or source genator by increasing sweep
empty gas flow to maximum manu-
o  Carbogen tank facturer’s reconumendations at
running out (some regular intervals
centers wherce carbo- e Troubleshoot pressure moni-
gen mix is up to 95% tors/transducers
oxyger) e Replace correct CO, carbogen
e Incorrcct CO, / carbo- tank settings.

gen sctting

‘Blood leak into gas “Ensure gas exhaust remains

‘Oxygenafor | Blood in gas
Gas Exhaust exhaust portion of oxygenator patent; if gas outlet becomes
Blood Leak obstructed, massive air leak

can occur
e Replace oxygenator
e Some centers will conscrva-
tively obscrve and monitor
small blood leaks
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Trouble Shooting the ECMO Patient

Problem ymptoms Causes Solutions
 Decreasing Cyanosis, ¢ Inadequate ECMO Increase ECMO tlow
Patient PO, acidosis, poor flow Evacuate pneumotho-
perfusion, e Puncumothorax, atelec- rax, hemothorax, effu-
lethargy, wors- tasis, ventilator/ETT sion or tamponade
ening blood problem Aggressively strip
gascs e Pcricardial tamponade chest tubes in the
o  Hemothorax/Effusion postoperative cardiac
e  Sweep gas line to patient
oxygenator is loose, Adjust ETT or ventila-
disconnected or tor as necded
cracked Tighten sweep gas line
e  Oxygenator failing connections or replace
e  Seizures if needed
o Sepsis Increase blender FIO,
e Agitated patient to increase pump artery
e  Hypervolemia, in- Po,
creased pulmonary per- Replace oxygenaior as
fusion prior to pulmo- indicated
nary recovery Treat seizures
e Decreased cardiac Treat sepsis
output cspecially on Calm or sedate patient
VV ECMO Evaluate blood volume
e Significant recircula- and correct as necded
tion on VV ECMO Administer diuretics
e Decreased patient Transfuse if hematocrit
hematocrit low
e Consider structural Consider vasopressor
cardiac defect support if VV ECMO
s Centrifugal pump: Minimize recircuiation
change in patient ifVV ECMO
preload or afterload Consider conversion to
causing inadequate or VAiIlTVV ECMO
altered blood flow Centrifugal pump: in-
o  (Carbogen tank run- terventions to increase
ning out (some centers preload or decrease
where carbogen mix {s afterload as indicated
up to 95% oxygen) clinically
Replace carbogen tank
Patient looks o Improving eardiac Consider ECMO
well output weaning
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,}?_mh]gm ———eYaploOms € auses Solutions,
nereasing yanosis, ¢ Decreased cardiac = Increasc ECMO flow
Patient PO, acidosis, poor output e  Administer volume
perfusion, ¢ Hypovolemia e  Evacuatc pneumo/
worsening ¢ Pneumo/hemothorax/ hemothorax/cffusion
blood gases cffusion e  Drain pericardium
e Pucumo/hemopericar- o Aggressively strip
dium chest tube in the
e  Cardiac stun or inad- postopcerative cardiac
cquate VA flow patient
o Cardiac tamponade e Treat sepsis
o Central shunting
¢ Scpsis with peripheral
shunting
e Tissue death with de-
creased O, consumption
Patient looks e lImproving respiratory o  Consider ECMO
well function weaning
¢  Altercd ventilator F10, o Adjust ventilator FIO,
Cardiac stun on ad- Continue full ECMO
cquate VA flow flow
‘Decreasing | Apnca,alka- e Swecp gas CO,/Carbo- s Increasc X
Patient PCO, | losis gen too low Carbogen to sweep gas
e Sweep gas flow too e  Decrease swecp gas
high flow
e Overventilation e Wean ventilation
e Improving respiratory e Consider ECMO wean-
function ing
Tachypnea °  Sweep gas CO,/Carbo- e Dccrease or remove
gen too high swecp gas CO,/Carbo-
e  Swecp gas flow too low gen
e Underventilation o Increasc sweep gas flow
e ETT problem Inerease ventilation
e Corrcet ETT problem
Increasing | Tachypnea, Oxygenator failure Replace oxygenator
Patient PCO, | acidosis, agita- ®  Sweep gas CO,/Carbo- e Decrcase or remove
tion, hyperten- gen too high sweep gas CO,/Carbo-
sion e Sweep gas flow too low gen
o DPatient agitated e [ncrease sweep gas flow
e Underventilation o Consider sedation
o ETT problem e Adjust ventilation/ETT
e Pneumo/hemothorax/ e Evacuate pneumo/ he-
effusion mothorax/effusion
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anonmstent

ACTs

Solutions

_glx.u[ml{.am_._m&a%m :
1gh ACT e  EBrror/inconsisicncy

in ACT technique,
amount of blood used
New heparin lot

Error in calculation or
mixture of heparin drip
Infusion pump mal-
funetion or pump set
tncorrectly
Alterations/malfunction
of ACT sampling site
(e.g. clots, contamina-
tion)

ACT instrument or
tubes/cartridges mal-
function

Low or decreasing
platelet counts

Sample drawn in a
heparinized syringe
Heparin from another
source (e.g. TPN/HAL,
line flushed)

Vitamin K deficiency
Low AT IIT level

DIC due to circuit
coagulopathy

DIC due to sepsis
Cartridge not warmed
{device specific)
Altcration in device
temperature {device
specific)

Dccreased urine output

Review sampling tech-
nique, repeat test
Consider replacement
of heparin drip
Consider commer-
cially manufactured
pre-mixed heparin drip
bags

Check infusion pump,
consider replacement
QC and replace ACT
instrument as nceded
Check coagulation
paramcters and correct
as indicated

Hvaluate for and treat
sepsis

Change adaptors, stop-
cocks, and tubing as
needed

Check platelet count,
coagulation tests, and/
or AT I11 level and cor-
rect as indicated
Correct cause of DIC
{e.g. circuil change,
sepsis)

Look for heparin
administered in

other sources (minimal
amounts by continuous
infusions usually will
not cause ACT altera-
tions)

Repeat in non-heparin-
ized syringe

Assess for chang-

ing urine output and
address as clinically
indicated
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ACTs -

(cont.)
[ ]
@
@
e
a
[ ]
L}
L]

Decreased | Oliguria

Urine Output
]
L J
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Hypovolemm/hypoten-

AUSES

Solutions

ITOF/ ConSIstency

in ACT technique,
amount of blood used
New heparin lot

Error in calculation or
mixture of heparin drip
Infusion pump mal-
function or pump set
incorrectly
Alterations/malfunc-
tion of ACT sampling
silc (e.g. clots, con-
tamination)

ACT instrument or
tubes/cartridges mal-
function

Recent platelet transfu-
sion
Alterations/malfunc-
tion of heparin infu-
sion site (e.g. tubing
clamped, not connect-
ed, stopcock off, clots,
obstructed flow)
Paticnt diuresing, large
increasc in urine output

sion

Capillary leak syn-
drome

Poor cardiac output
Tsehenmic renal discase

~ Increase pump flow

Review sampling tech~
nique, repeat test
Consider replacement
of heparin drip
Consider commer-
cially manufactured
pre-mixed heparin drip
bags

Check infusion pump,
consider replacement
QC and replace ACT
instrument as needed
Check coagulation
parameters and correct
as indicated

Evaluate and treat for
sepsis

Change adaptors, stop-
cocks, and tubing as
nceded

Check infusion pump
Check heparin infusion
site

Assess for chang-

ing urine output and
address as clinieally
indicated

Volume or pressor sup-
port

Stimulate cardiac
output and renal blood
flow

Hemofiltration
Diuretics
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Problem Symptems Causes Solutions
Hemolysis Plasma fice e Inaccuratec sampling Repcat test - draw
hemoglobin > e Pump overoccluded slowly, scnd specimen
50 mg/dl; tea Water bath temperaturc stat o lab
colored urine; too high Turn down water bath
renal dysfunc- e Clots in paticnt tempcrature
tion e Clots or kinks in Check for clots or
system kinks in circuit , hemo-
o Hemofiltration filter, or patient
o  Centrifugal pump, es- Change circuit or
pecially at low flows circuit components if
indicated
Consider pump cone
replacement if cen-
trifugal pump
“Bleeding Visible bleed- e ACT too high Decrcase ACT param-
ing, decreascd o Platelets too low eter goal
hematocrit, e DIC Administer platelets
decreased e Sepsis Oftler blood product
blood pressure, e Recent surgery replacement as indi-
increased o Agitation cated by laboratory
heart rate, de- e Hypertension values

creased urine
oufput

blood pressure

EET

Tuid overloa
Pain
Agitation
Idiopathic
Improved cardiac
output

High pump flow
Recent steroid admin-

istration

" Diurctics or hem

Treat sepsis
Change circuit if sus-
pect circuit DIC

Consider aminocaproic
acid infusion or Novo7
Sedation/paralysis
Trcat hypertension
Local control if iso-
lated sitc

fration

Treat pain and agita-
tion
Anti-hypertensive
medication

Decreasec ECMO flow
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Problem _Svmptoms Causes Selutions

Selzures Repetitive e [Ischemic bram injury Anticonvulsants
involuntary e (Cercbral cdema Treat as indicated
movement, in- e Infarction based on reason for
creased blood e Intracranial hemor- ECMO, time course of
pressure, rhage ECMO, and underty-
mereased ing cause of seizure:
heart rate, EEG, head ultrasound,
decreased CT scan as indicated

heart rate, dc-

creased SVO,,
hypoxia, cya-

nosis

Decreased ‘Decreascd cardiac
blood pressure output

o Hypovolemia

e Capillary lcak syn-

drome
e Massive hemorrhage
e Sepsis

e Low pump flow (VA)

rterial Line | Patient well

Tracing Flat | perfused, support
narrow pulse e Pressure transducer
pressurc maltunction
o Decreased cardiac
oufput
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‘High/full VAECMO

for diagnosis

as needed

Volume

Identify patient spe-
cific cause and treat as
indicated

Increase pump flow if
adequate right atrial
volume

May be appropriate
with full VA nonpul-
satile support - no
intervention needed
Support cardiac output
as necded

Flush, zero, replace
pressure transducers as
nceded
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Trouble Shooting the Biomedicus Centrifugal Pump

Regulating the revolutions per minute (RPM} of the electric motor controls forward flow; however,
the Biomedicus pump is totally non-occlusive and is preload and afterload dependent. Flow will increase
when preload increases or when afterload decreases. Conversely, a decreasced preload or an increased

afterload will decrease pump flow.

Similar to the roller pump, inlet and outlet oxygenator pressures can be measured continuously on
the centrifugal pump. A pressure alarm may also be placed to measurc the amount of negative pressure
coming from the patient. This alarm can be helpful in alerting the ECMO specialist if there is any ob-
struction in venous rcturn; however, there are not any alarms on the Biomedicus pump that can be set
to servoregulate or stop the pump for any reason. For this rcason, it is important that venous return is

adequate or cavitation will oceur,

(auses Solutions

H'oblem Svmptoims
‘fow Probe No flow value 1s

displayed on the
pump console

A negative flow
value is dis-
played on the
pump consolc

Will not “zero”

Flow probe indi-
cates “0” flow

Flow probe # is
flashing (indi-
cates flow is
suddenly chang-

ing)

"RPM Dlspla:\;: "I RPM indicates
“0” and dial is

furned on

RPM Display — § Unable to turn
{comnt.) RPM dial below
2000

pump cone

“Pump console may

There 15 not a fiow “ Place flow probe 1 line
probe in line (probe
may have fallen oft

Itylbolg%)is on back- o Place flow probe on cor-

wards rectly

Problem in pump e Replace pump console

6118016 i i ,
struction to flow o locate and deal with the

somewhere in the source of obstruction

Iggtcilcltllgt bilood pres- o ldentify source and fix

sure may be chang-

ing

Pump flow may be

occluded

Change out pump con-

be broken sole
Safety button en- o Press down to release
gaged on dial button

Incorrect switch (ex- Change to correct switch

ternal versus inter-
nal)
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Problem Symptoms Causes Solutions
Flow suddenly e  Pump cone 1s broken e  Replace pump cone
stops e Magncts in cone

have decoupled
e  Strut is broken

Pump vibrates o  Pump cone is broken e Decrease RPMs and re-

when RPMs are place pump cone ASAP

increasced

Loud noise com- o Pump cone is broken e Replace pump conc

ing from pump

cong

Air is entering e Stopcock is open e  Clamp paticnt off ECMO

circuit ¢ Kink or clamp on to replacc pump cone
ncgative side caus- to rcmove air (always
ing cavitation clamp arterial side first)

e Deg-air entire circuit
before going back on
ECMO

"Biomedicus | After transfer- Problem with the Plug into AC ‘power or

Battery ring to bat- battery change out pump console
tery, the RPMs
decrease
When using bat- s Battery is not com- e Plug into AC power or
tcry, the RPMs pletely charged change out pump console
are insufficient
Fan sounds e Normal - pump goes e No response necessary
quicter when into energy saving
switched to bat- mode
tery
Biomedicus Internal battery o Battery is not e Plug into AC power
Battery — does not func- charged
{cont.) tion
Battery alarm ¢ Battery is mnot o Plug into AC power
indicator is charged

flashing on the
pump console

Battery status e Battery is not e Plug into AC power
indicator bars charged
are not lit
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Chapter 25 Questions * Chapter 25 Answers
1. Signs of oxygenator failure may include all of 1. d

the following except: 2. f

a. Low/decreasing pump arterial pO, 3. ¢

b. Increasing patient pCO, despiic decreased 4 e

or no CO, titration and incrcased sweep flow 5. True

288

rate

c. Increased P, pressure

d. Swecep gas line tightly connected to oxy-
gcnator

Possible cxplanations for decreasing ACTS de-
spitc increasing heparin drip infusion include:
a. Heparin drip not commected to the circuit
stopcock

b. Crack in heparin drip infusion connection
¢. Incorrect heparin bag preparation

d. ACT tube/Hemochron Response malfunc-
tion

c. Patient diuresis

f.  All of the above

Indications for hand-cranking include:

a. Loss of entire system & battery power
b, Pump failure

c. negative pressure alarms

d. positive pressure alarms

e. A&DB

f.  All of the abovce

Possible causes of cyanosis, acidosis and poor
perfusion in a patient on ECMO include:

a. Pncumothorax

b. Pericardial tamponade

c. Swecp gas line loose or disconnected from
oxygenator

d. Recirculation

e. All of the above

Blood in the water heater water lines is an emer-
gency; immcdiately turn off the water flow and
replacc the heat exchanger

a. Tre

b. False



