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Extracorporeal membrane oxygenation (ECMO) is a medical technique that is
used in the treatment of severe respiratory ailments. Used successfully since 1972 with
adults, the first successful use of ECMO with neonates occurred in 1975. ECMO is now
a commonly used technique for infants who fail to respond to less invasive treatments
and would otherwise have a higher mortality rate. Although short-term follow up and
survival rates have been impressively documented, the long-term follow up of these in-
fants and the possible consequences of ECMO have not yet been thoroughly examined.
A small number of reports exist that follow infants into childhood, and likewise reports
that document the 1-year post-ECMO status have been publishéd. However, to date, no
study has looked intensively at the longer term follow up of a large number of infants.
The current study examined the long-term follow-up data of 322 infants who received
ECMO in the neonatal period at The Children’s Hospital of Alabama in Birmingham
over the past 16 years. Cognitive abilities, as measured by standardized developmental
measures, were examined in order to determine the potential long-term side effects of
ECMO treatment. Certain subgroups of children who received ECMO appear to experi-
ence difficulties with language skills. However, due to a large attrition rate and the lack
of a true experimental design, it is difficult to state with certainty whether these problems

are due to the ECMO treatment or to the conditions that made ECMO necessary for them
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in the first place. Therefore, additional research is needed. However, this study contains
one of the largest populations of ECMO survivors to date and has provided initial infor-

mation on treatment outcome in these children.
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INTRODUCTION

Extracorporeal Membrane Oxygenation (ECMO) is a prolonged cardiopulmonary
bypass technique that is used in the medical treatment of severe respiratory problems. By
artificially oxygenating the blood, ECMO allows the lungs to rest and recover without the
potentially harmful side effects of high doses of oxygen and the use of high-frequency
ventilators (Bartlett, 1989; Braden, 2002; Ortiz, Cilley, & Bartlett, 1987), because the use
of conventional ventilation often increases risks for bronchopulmonary dysplasia due to
the high pressures and oxygen used in treatment (Short, 1989; Wetzel & Gioia, 1987,
Zwischenbeger and Bartlett, 1995). Wolfson (2003) described the key to the success of
ECMO as allowing the lungs time to heal on their own while the patient’s \}ital signs are
maintained artificially. ECMO is a life-saving procedure and, with infants, is most often
used as a measure of last resort.

Developed in the 1950s, ECMO was first used successfully with adult patients in
1972 (Hill et al., 1972). Soon after, the technique was applied to infants (see Dorson,
1969; Rashkind, Freeman, Klein, & Toft, 1965; White, Andrews, Risemberg, Mazur, &
Haller, 1971). Although the technique was deemed successful in that it could be imple-
mented with infants, all of the infants later died as a result of their preexisting conditions.
Early trials of ECMO on premature infants with hyaline membrane disease also failed
due to intracranial hemorrhage (Short, 1989). Bartlett reported the first successful use of
ECMO in an infant with meconium aspiration syndrome (Anthony & Hardee, 2000; Bart-

lett, 1989; Short, 1989; see also Bartlett, 1997). By the late 1980s, ECMO had become
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common practice for infants who failed to respond to aggressive nonsurgical manage-

ment (i.e., ventilators) of their respiratory disorders.

Respiratory Distress in Newborns

Respiratory Distress (RD) is a combination of symptoms that, in infancy and
newborns, can include tachglpnea, cyanosis, and physical manifestations such as grunting,
nasal flaring, and retractions of the chest wall upon inhalation. RD in newborns can oc-
cur due to a failure to transition to the external environment outside of the uterus, infec-
tions, or congenital defects of the cardiopulmonary system (Balsan & Holzman, 1997,
Hagedorn, Gardner, & Abman, 2002). In RD, the oxygen and air that the infant or child
is breathing are unable to pass from the lungs into the bloodstream. If left untreated, RD
can lead to pneumothorax, intraventricular hemorrhage, brain damage, or death. Mortal-
ity rates from RD range from 12% to 75% (Somme & Liu, 2001).

The potentially reversible hypoxemia associated with RD has often been treated
with ECMO when it fails to respond to conventional treatment. Persistent Pulmonary
Hypertension of the Newborn (PPHN) is usually the resulting diagnosis in newborns who
are experiencing RD, regardless of the initial diagnosis (Ortiz et al., 1987). PPHN was
previously known as Persistent Fetal Circulation (PFC) because it is an incomplete transi-
tion to adult circulation from the fetal circulation route. In newborns, the symptoms of
PPHN are severe pulmonary hypertension and elevated pulmonary artery pressure levels.
When a healthy infant first breathes after delivery, a series of muscular contractions and
increased alveolar oxygen tension causes the ductus arteriosus in the heart to close. The
eustacian valve folds over and closes the foramen ovale in the heart, which allows for the

blood to be circulated to the lungs where it will be oxygenated. In PPHN, this process
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does not occur, and blood is shunted right to left through the foramen ovale and the duc-
tus arteriosus (Batshaw, 1997; Hagedorn et al., 2002; Ortiz et al., 1987).

There are a number of conditions that can result in PPHN. Meconium Aspiration
Syndrome (MAS) occurs when the newborn breathes in meconium (the first feces, com-
posed of salts, liquor amnii, mucus, bile, and epithelial cells) prior to delivery. MAS of-
ten occurs when the fetus is in distress or may be asphyxiating (Balsan & Holzman, 1997,
Batshaw, 1997; Taber’s, 1997). Once aspirated, meconium can physically block struc-
tures in the airways, create inflammation, inhibit the development of surfactant needed
for the lungs to develop, or, in approximately 33% of cases, result in PPHN (Hagedorn,
Gardner, & Abman, 2002). Sepsis, which is a systemic infection of microorganisms or
toxins in the blood stream, is another condition which can result in PPHN (Meyer & Jes-
sen, 1997). Finally, Congenital Diaphragmatic Hernia (CDH), which occurs in 1 in 4,000
live births, occurs when the pleuroperitoneal canal does not close during pregnancy. The
abdominal contents, including the intestines, migrate into the chest cavity through the
hole in the diaphragm and end up compressing the developing lungs, resulting in the
lungs being smaller than normal and/or abnormally developed (Batshaw, 1997; Hagedorn
et al., 2002; Muratore & Wilson, 2000; Puri & Wester, 1997). CDH has been associated
with the highest mortality rates arnongy children who receive ECMO, probably due to the
major physical anomaly that affects the child in addition to the respiratory problems
(Roy, Rycus, Conrad, & Clark, 2000). Other less common diagnoses such as maternal
blood aspiration or air leak syndromes can also result in PPHN.

Attempts are always made first to manage these conditions with standard, aggres-
sive, less invasive medical treatment. Supplemental oxygen, mechanical ventilation,

high-frequency oscillatory ventilation, liquid ventilation, and inhaled nitric oxide are
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techniques that are usually attempted or considered (Baumgart, Hirschl, Butler, Coburn,
& Spitzer, 2001; Hagedorn et al., 2002; National Institutes of Health, 1990; Somme &
Liu, 2001; Wetzel & Gioia, 1987). However, if the infant does not respond to these
therapies, then ECMO will often be considered. Estimates are that, across the United
States and overseas, over 1,000 newborns per year receiye ECMO therapy, although this
number has been declining over the past decade (Extracorporeal Life Support Organiza-
tion Registry, 2002; Hagedorn et al., 2002). In fact, since the introduction of therapies
such as surfactant replacement, high-frequency oscillatory ventilation, and inhaled nitric
oxide, the use of ECMO has decreased significantly (e.g., Hintz, Suttner, Sheehan, Rhine,

& Van Meurs, 2000; Roy et al., 2000).

The ECMO Procedure

After conventional therapies have been exhausted, a number of criteria determine
whether or not an individual will receive ECMO. Each ECMO center develops its own
criteria; however, there is typically substantial overlap. ECMO is generally restricted to
infants with a gestational age of 34 weeks or greater, although some centers have lowered
this age to 32 weeks (the risk of intracranial hemorrhage increases significantly with de-
creased gestational age). Birth weight is recommended to be over 2000 grams. Infants
with an intracranial hemorrhage (particularly of grade II or greater) are excluded, given
the significant risk of bleeding. Intracranial hemorrhage of grade I is not thought to pro-
gress significantly to grade II or higher during ECMO and therefore is not considered to
be a contraindication (Radack & Baumgart, 1994). Any other active bleeding or coagula-
tion problems are a concern and are dealt with prior to ECMO initiation. Congenital

anomalies, especially those considered to be associated with nonfavorable outcomes, are
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usually a contraindication (Rais-Bahrami & Short, 2000). Some reports, for example,
indicate that children with Down Syndrome, although they appear to be as likely to sur-
vive to the end of ECMO treatment as children without Down Syndrome, may have a
higher mortality rate following treatment, perhaps due to other complications of the ge-
netic disorder (e.g., Southgate, Annibale, Hulsey, & Purhoit, 2001). However, one report
found that infants with Down Syndrome have been successfully treated with ECMO and
had survival rates comparable to children without Down Syndrome following repair of
congenital heart disease (Klein, Shaheen, Whittlesey, Pinsky, & Arciniegas, 1990). The
overall numbers of children with Down Syndrome who are treated with ECMO therapy
have been increasing since the beginning of the 1990s, which may reflect belief in the
effectiveness of ECMO and/or a greater expectation for a positive quality of life for these
children (Southgate et al., 2001).

Congenital heart disease should be ruled éut prior to EMCO initiation. Infants are
rarely considered for ECMO therapy if they have received more than 10-14 days of me-
chanical ventilation (Anthony & Hardee, 2000; Bartlett, 1989; Cullen, 1990; Hagedorn et
al., 2002; National Institutes of Health, 1990; Ortiz et al., 1987; Rais-Bahrami & Short,
2000). Finally, a new study appears to suggest that pertussis may be a relative contrain-
dication for ECMO treatment (e.g., Halasa, Barr, Johnson, & Edwards, 2003).

After these criteria have been evaluated, infants who display deterioration (as evi-
denced by criteria such as their oxygenation index), are suffering from potentially re-
versible respiratory problems, and are believed to have a very low survival rate (by some
standards, an 80% mortality rate, based on their blood gases) despite the aggressive con-
ventional therapies they have been receiving are considered for ECMO therapy (Hage-

dorn et al., 2002; Ortiz et al., 1987; Rais-Bahrami & Short, 2000).
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The ECMO procedure has changed over the years. Initially, the approach was
venoarterial (VA). In this procedure, a catheter is placed in the right internal jugular vein
and is advanced to the right atrium. A second catheter is placed in the right common ca-
rotid artery and into the aortic arch. Following ECMO, the right carotid artery and right
jugular vein are permanently ligated, because repair of the értery runs the risk of forma-
tion of clots that could proceed to the brain (Ortiz et al., 1987). Recently, a switch was
made to using a venovenous (VV) approach, where a single double lumen catheter is
placed into the right atrium via the right jugular vein. This approach has the advantage of
sparing the carotid artery and maintaining the intactness of the jugular vein (it does not
need to be tied off after ECMO is discontinued) and also maintains the normal blood flow
(Cullen, 1990; Durandy, Chevalier, & Lecompte, 1989; Ortiz et al., 1987; Rais-Bahrami
& Short, 2000; Sarioglu, McGahren & Rodgers, 2000; Shanley et al., 1994; Somme &
Liu, 2001; Zahraa et al., 2000; Zwischenberger and Bartlett, 1995). Initial reports de-
scribed comparable outcomes for VV versus VA despite longer times for operations and
some complications (e.g., Klein, Andrews, Wesley, Toomasian, Nixon, Roloff, & Bart-
lett,1985). The use of VV ECMO increased significantly over the 1990, as a study by
Roy and colleagues demonstrated (2000). Comparison of the VV and VA procedures for
infants with CDH by Dimmitt and colleagues. (2001) suggested an increased incidence of
neurological complications with VA yet similar survival rates. The VA procedure con-
tinues to be used when there is cardiac involvement (and often with older children and/or
adults who are undergoing cardiac surgery).

Other changes to the general procedure of ECMO include an increase in the num-
ber of hours the child can be treated (which is believed to be most affected by diagnosis).

What has not changed over the years has been the average gestational age of children
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(about 38 weeks), age at start of ECMO (about 49 hr), and the oxygenation level/blood
gas indices that are used to determine the need for ECMO (pH about 7.4, paCO, about
39; Roy et al., 2000).

Prior to insertion of the catheter, heparin administration is begun and continuously
infused for the duration of the time the infant is on ECMO to prevent clotting (Muntean,
1999). Blood from the right atrium is passed out of the infant’s body into a modified
heart-lung machine. The ECMO machine consists of a blood pump, a membrane lung
where carbon dioxide is removed and the blood is oxygenated, and a heater to return the
blood to body temperature before it is returned to the infant’s venous circulation (Ortiz et
al., 1987). Drug-induced paralysis is begun prior to placement of the ECMO catheters;
however, once the system is in place, the infant is allowed to awaken, and paralyzing
agents are decreased. Medication for sedation and pain, as well as parenteral nutrition,
are provided intravenously. Sedation is needed not only to keep the infant still but also to
decrease the amount of oxygen required by the muscles during treatment. The amount of
blood flowing through the ECMO machine (flow rate) is decreased gradually as the in-
fant’s condition improves. Blood work, administration of antibiotics, constant monitor-
ing of vital signs, frequent ultrasounds of the brain to check for hemorrhages, and other
necessary procedures are performed as deemed appropriate by the ECMO center (Bart-
lett, 1989; Braden, 2002; Rais-Bahrami & Short, 2000; Short, 1989; Zwischenberger &
Bartlett, 1995). A photograph of a sample ECMO machine is shown in Figure 1.

Most infants will remain on ECMO for a period of several days (averaging 6-13
days, depending on their diagnoses). The flow of the blood from and into the body will
gradually be decreased. Finally, a “trial” off of ECMO will be conducted to determine if

the infant’s lungs are ready to function independently. Following ECMO, most infants

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



are able to be weaned from mechanical ventilation (Rais-Bahrami & Short, 2000). The
period of rest provided by ECMO allows for the ventilators to be turned down to a lower
setting and provides a chance for the lungs to heal (Anthony & Hardee, 2000; Braden,

2002; Hagedorn et al., 2002; Ortiz et al., 1987; Short, 1989).

Potential Complications and Survival Rates

There are a number of complications that can arise during the ECMO procedure.
Many of them are believed to be a result of the continuous use of heparin to prevent
blood clots, but some complications may also be due to the ligation of the major blood
vessels or a change in the blood flow (especially in the VA procedure) or a decrease in
the number of blood platelets (thrombocytopenia).

Potential complications can include intracranial hemorrhage, hemorrhage else-
where (especially at the site of the catheter or cannula), infection, seizures, failure to
wean from ECMO (potentially due to an undiagnosed cardiac problem), renal failure
(usually transient), cardiac arrest, hypertension, hearing loss, and complications resulting
from the underlying diagnosis for which the infant was placed on ECMO. Jacobs and
colleagues (1997) reported on one patient with a pseudoaneurysm of the carotid artery
following ECMO. In addition to the complications listed above, mechanical failure can
occur, including failure of the oxygenator and complications arising from placement or
removal of the catheter (Bartlett, 1989; Becker, Short, & Martin, 1998; Bennett, Johnson,
& Field, 2002; Cheung, Haluschak, Finer, & Robertson, 1996; Hagedorn et al., 2002;
Muntean, 1999; Ortiz et al., 1987; Radack & Baumgart, 1994; Rais-Bahrami & Short,
2000; Short, 1989; Sweitzer, Lowry, Georgeson, Nelson, & Johnson, 1997; Rasheed,

Tindall, Cueny, Klein, & Delaney-Black, 2001). Roy and colleagues (2000) examined
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some of the overall rates of complications following ECMO for the years 1988 to 1998,
using the Extracorporeal Life Support Organization Registry database. When looking at
the absolute value of mortality rates, they discovered an increase (18%-22%) but deter-
mined that this reflected an increase in the number of children with CDH who were
treated with ECMO. The percentages of children developing intracranial hemorrhages
following ECMO remained constant. Wolfson (2003) reported an overall incidence of
neurodevelopmental disabilities at 15-20%.

One other complication is not mentioned as frequently in the literature but is no
less deserving of attention and consideration. In 2003, the number of ECMO centers was
reported to be approximately 100, mostly in the United States (Wolfson, 2003). The
scarcity of ECMO centers is due to the immense cost and training required-ECMO is a
very complicated and laborious procedure and requires a significant amount of nursing
and physician hours both before (training) and during (monitoring of infants is conducted
around the clock; Goodridge, 1988). The small number of centers that perform ECMO
often results in parents and children having to travel great distances to be together during
the procedure. This results in great emotional, ‘ﬁnancial, and physical burdens on the
family members (Cullen, 1990). The decision to approve ECMO for a child is often one
that parents must make quickly, and the mother may still be hospitalized (Goodridge,
1988). Previous research has examined the health-related quality of life for children who
received ECMO at The Children’s Hospital of Alabama and quality of life of their par-
ents. Findings suggested that the children’s quality of life (as reported by their parents)
ranked between children with chronic health conditions (i.e., diabetes or asthma) and that

of typically developing same-age peers (Rector, 2003).
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Of infants who received ECMO, survival rates are impressive. In fact, survival
rates for infants versus pediatric patients or adults who received ECMO are usually much
higher, given the lack of a chronic disease process prior to ECMO initiation (Thakar,
Sinha, & Wenker, 2001). Bennett et al. (2002) reported on a randomized controlled trial
comparing ECMO use with conventional care between the years of 1993-1995. Children
in the ECMO group showed improved survival rates compared with controls as well as a
lower proportion of disabilities. O’Rourke and colleagues (1989) conducted a prospec-
tive, randomized study of infants treated with ECMO versus conventional medical treat-
ment (prior to the introduction of High Frequency Oscillatory Ventilation and inhaled
Nitric Oxide) and found an increased rate of survival (97% versus 60%, respectively) for
the ECMO group. One study conducted in Michigan described an association between
increased use of ECMO in the 1980s and 1990s and a decreased neonatal mortality rate
(Campbell, Braun, Schumacher, Bartlett, & Hirschl, 2003). In the state of Georgia,
Southgate and colleagues predicted a decrease in infant mortality rate of 1.4% over a two
year period (Southgate, Howell, & Kanto, 1990). The ECMO Registry (a database of all
patients treated with ECMO), created and maintained by the Extracorporeal Life Support
Organization, reported that between 1980 and 1995, there were 10,391 cases of neonatal
ECMO. Of those cases, an 80% survival rate is reported. Wolfson (2003) reported an
overall survival rate (of the 17,000 reported cases since 1974 to the time of his study) as
78%. Survival rates vary depending on the pre-ECMO diagnosis, and range from 94%
for MAS to 58% for CDH (Extracorporeal Life Support Organization Registry, 2002).
Reports elsewhere have yielded similar rates, with the lowest and highest rates for infants
with CDH and MAS, respectively (Anthony & Hardee, 2000; P. J. Davis & Shekerde-

mian, 2001; Hagedorn et al., 2002; Muratore & Wilson, 2000; Ortiz et al., 1987; Rais-
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Bahrami & Short, 2000; Roy et al., 2000; Shanley et al., 1994; Thakar et al., 2001; UK

[United Kingdom] Collaborative ECMO Group, 1998; Wolfson, 2003).

Cognitive Abilities

Although numerous studies on neonatal EMCO provide survival statistics (e.g.,
the Extracorporeal Life Support Organization Registry), very few have examined long-
term developmental outcomes, including cognitive abilities. Even fewer have used a
large sample size. This may be due in part to the difficulty in tracking subjects following
hospital discharge. In fact, prior to 1990, very few studies examined cognitive abilities at
all (D. W. Davis, 1998).

A study conducted among 31 ECMO survivors at 6 months and 1 year of age
found largely average scores on the Bayley Scales of Infant Development (BSID; 77% at
6 months and 86% at 12 months had scores in the average range; Lago et al., 1995). In
the United Kingdom (UK Collaborative ECMO Group, 1998), 63 out of 92 children had
survived to the age of 1year, and 57 of that number were scoring within the expected
range on the Griffiths Mental Development Scales (i.e., a Developmental Quotient score
of 85 or greater), compared with 34 of 92 who received conventional treatments (non-
ECMO). Hofkosh and colleagues (1991) also conducted a study using the Bayley Scales
and Stanford-Binet and found mean developmental scores within the average range.

Wildin, Landry, and Zwischenberger (1994) followed 22 infants who received
ECMO through their second birthday. Significant differences were found between
ECMO survivors and healthy controls on a language measure (the Sequenced Inventory

for Communication Development) on both the Expressive and Receptive subtests. Scores
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on the BSID for the ECMO survivors were within the average range; however, they were
significantly lower than scores received by the healthy controls at the same age.

A study by Andrews and colleagues reported on 14 children ages 1 through 3
years old who had all survived ECMO (Andrews, Nixon, Cilley, Roloff, & Bartlett,
1986). Children were assessed with the BSID. Results indicated that 64% (n = 9) of the
children scored within normal limits on the motor scale, and 71% (n = 10) scored within
normal limits on the mental scale. Other studies assessing children under the age of 3
years found similar results (Adolph et al, 1990; Bennett, Johnson, Field, & Elbourne,
2001; D. W. Davis, 1998; Glass, Miller, & Short, 1989). However, although children
who received ECMO were usually scoring within the expected ranges on developmental
assessments, a general trend seems to be that they were often scoring below (sometimes
significantly below) their healthy peers.

In one large study, Glass and colleagues (1995) assessed 102 five-year-olds who
had received neonatal ECMO and found that the rate of major disability was 17%.

Scores for the children who received ECMO on the Wechsler Preschool and Primary
Scale of Intelligence—Revised (WPPSI-R) were within the expected range; however, they
were significantly lower than 37 same-age healthy controls. In addition, parents indi-
cated problems with behavior and increased risk of school failure. In a separate study, a
sample of 7- to 9-year-olds suggested increased incidence of attention and memory prob-
lems (D. W. Davis, 1998). Langenbacher, Nield, & Kanne Poulson (2001) described a
sample of 52 ECMO survivors who underwent extensive batteries of testing at age 5
years. Sixty-two percent of the sample received scores within the average range. How-
ever, there were potential subtle signs for later difficulties or future learning disabilities in

13 subjects, as evidenced by significantly lower subtests in areas testing nonverbal cogni-
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tion. In addition, 11 of the children in the sample presented with significant behavioral
concerns on at least one subscale of the Child Behavior Checklist. Recommendations
were made that children who received neonatal ECMO should be reevaluated in the sec-
ond or third grade, when it is generally easier to assess learning disabilities.

Rais-Bahrami, Short, Wagner, Coffman, and Glass (2000) also examined neuro-
developmental status in 5-year-olds who received neonatal ECMO (n = 76) and compared
them to same-age peers who were considered for ECMO but did not receive it (near-miss
ECMO; n =20). Cognitive and behavioral outcomes were similar for both groups (mean
estimated Full Scale IQ on WPPSI-R short form = 97 for ECMO survivors). Again, the
recommendation was made to more closely follow these children as they enter grade
school, because 38% were considered to be “at-risk” for school failure based on scores on
the WPPSI-R or achievement testing.

A cross-sectional study of ECMO survivors between the ages of 6 months and 10
years of age found normal outcomes in 64% overall. Average cognitive or developmen-
tal scores were within the average range for all ages. However, the sample consisted of
47 infants (from 6-30 months of age), 10 preschoolers (2.7 to 4.11 years), and 10 school-
aged children (5-10 years), and therefore statistical power was likely lacking for the older
children (Hofkosh et al., 1991).

Ilke et al. (1999) reported on a group of children between the ages of 5 to 8 years.
They found that 5 of 17 children in their study showed statistically significant discrepan-
cies between Verbal 1Q (VIQ) and Performance IQ (PIQ) scores (three had VIQ > PIQ;
two had PIQ > VIQ). In addition, 12 children from their sample had subtest scores that

differed significantly from the mean of their subtest scores. Separate studies have also

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

found similar results (i.e., discrepancies between VIQ and PIQ), as well as increased rates
of scatter among subtest scores (Ilke et al., 1999).

One concern when evaluating the results of the above studies is that many of the
subjects received VA ECMO, which requires ligation of the right common carotid artery
and the jugular vein. This may result in a different pattern of results than the VV ECMO
procedure. Overall, studies have found rates of disabilities in ECMO survivors to be
around 20-40% (Davis, 1998; Rais-Bahrami, Short, Wagner, Coffman, & Glass, 2000;
Wildin et al., 1994); however, it is not possible to know if one of the procedures differen-
tially accounts for this rate. The studies mentioned above have also been hampered by
relatively small sample sizes, which greatly limits statistical power and the ability to in-
terpret findings.

Finally, few studies have separated subjects based on their initial diagnosis. One
study that did do so found that children with CDH tended to have a greater number of
developmental problems during the first year of life (Bernbaum et al., 1995). This study

only followed the children to the age of 1 year, however.

Specific Aims of the Current Study
In this study, the cognitive abilities of survivors of ECMO were examined to de-
termine if their pre-ECMO diagnosis (i.e., sepsis and MAS) resulted in a different pattern
of cognitive abilities. Second, variables such as type of ECMO and length of time on
ECMO were examined. The main goal of the study was to examine and describe the
cognitive development of a large number of ECMO survivors, which has previously not

been accomplished in the literature.
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Figure 1. Sample Extracorporeal Membrane Oxygenation (ECMO) machine (blood
pump, membrane lung, and heater).
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METHODS AND DESIGN
Subjects

Subjects included 322 infants who were treated with ECMO at The Children’s
Hospital of Alabama in Birmingham throughout the past 16 years. Subjects were fol-
lowed through the hospital’s Newborn Follow Up Clinic, where they received periodic
medical, developmental, occupational therapy, physical therapy, hearing, vision, and
nursing screenings. Ages of subjects at the time of developmental assessments ranged
from 12 months to 6 years. Racial and gender compositions of the sample at the time of

each assessment are shown in Table 1.

Table 1
Racial and Gender Characteristics of Sample, by Age
Race Gender
Age Black White Other Male - Female
1 year 102 135 3 134 - 106
2 year 48 69 1 68 50
4 year 41 51 1 51 42
Procedure

In accordance with guidelines established by the University of Alabama at Bir-
mingham Graduate School, this study received expedited review from the University In-

stitutional Review Board for Human Use (protocol X021220019) and was approved on
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January 3, 2003. Reapproval was received on March 15, 2004. Forms for approval as
well as the UAB Institutional Review Board for Human Use Approval of Waiver of Au-
thorization/Waiver of Informed Consent are located in the Appendix.

This study analyzed cognitive and demographic data collected by the Newborn
Follow Up Clinic from periodic visits made by the children and their caregivers. Cogni-
tive tests administered include BSID-I or BSID-II at 1year of age (Bayley, 1969, 1993),
the Differential Ability Scales (DAS) at 2%z and 4 years of age (Elliot, 1983), and either
the Wechsler Intelligence Scale for Children—Revised Edition (WISC-R) or Third Edition

(WISC-III) at 6 years of age (Wechsler, 1974, 1991).

Table 2

Measures Administered, by Age Group

Test administered _ Age (years)
Bayley Scales of Infant Development 1
Differential Ability Scales 2%
Differential Ability Scales 4

Wechsler Intelligence Test for Children 6

The BSID is a standardized assessment designed to provide an overall view of a
child’s current devélopmental functioning. The BSID consists of two separate scales: the
Mental Scale and the Psychomotor Scale. Administration of each scale results in a stan-
dard score (M = 100, SD = 15). The DAS is an individually administered, standardized
measure of general cognitive ability and provides an estimate of global intellectual func-

tioning, as well as information pertaining to specific abilities. Scores resulting from ad-
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ministration of the DAS include the General Conceptual Ability standard score (GCA), a
nonverbal score (Special Nonverbal Composife at 2% years and Nonverbal Composite at
4 years), and a Verbal Composite at 4 years. The WISC-III (and WISC-R before it) is a
standardized, individually administered assessment used in order to provide a measure of
a child’s general cognitive abilities. It yields an overall IQ standard score (Full Scale IQ)
which is determined from the child’s performance on a number of subtests which are
each thought to measure a somewhat different aspect of intelligence. It also yields a P1Q
which pertains to nonverbal skills, as well as a VIQ score which pertains to more verbal
abilities.

Variables collected were coded as they were entered into the database. The vari-
ables of race and gender were coded as follows: for race, 1 = African-American or Other,
2 = Caucasian; for gender, 1 = male, 2 = female. Type of ECMO was coded as either 1
for VV ECMO or 2 for VA ECMO. Other variables such as mother’s age, father’s age,

birth weight, and gestational age, were entered as both continuous and categorical.

Data Analysis
Preliminary Analyses
The general demographic information that was collected, including gestational
age, apgar scores, birth weight, and parental age, is presented in Table 3.
Frequencies of ECMO by year of birth (through 2003) are presented in Figure 2. Socio-
economic status was assessed by asking for household income in one of the following
categories: < $5,000 (n = 40), $5,000-$10,000 (» = 31), $10,000-$20,000 (n = 63), or >

$20,000 (n = 119). In addition, while subjects were attending follow-up clinic appoint
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Table 3
Demographic Characteristics of the Sample
N Range Mean
Mother’s age (years) 284 13-46 26.36
Father’s age (years) 230 12-59 28.62
Gestational age (weeks) 312 29-44 38.86
Birth weight (grams) 310 1193-5580 3343.15
1 min Apgar 288 0-9 5.36
5 min Apgar 289 1-10 7.21
10 min Apgar 34 2-10 6.76

ments, it was noted by clinic staff if there were any major handicaps with which the child
had been diagnosed (e.g., mental retardation, cerebral palsy, hearing loss) and if there
were any developmental concerns. Of the 322 children in the study, only 41 (12.74%)
were identified in clinic records as having any form of major handicap. Mental retarda-
tion was the most frequent major handicap identified in children in the sample. 25 chil-
dren (7.8% of the subjects) were identified in clinic records as having a form of mental
retardation. Cerebral palsy was the second most commonly identified major handicap.
Twenty children (6.2% of the subj ectsj were identified in clinic records as having some
type of cerebral palsy. Other diagnoses included hearing loss (5 children, 1.6%), failure
to thrive (4 children, 1.2%), and blindness (1 child, 0.3%). General developmental con-
cems (e.g., attention problems) were identified in 57 (17.70%) children (see Figure 3).
Children were identified as having had VV ECMO, VA ECMO, or both (in these
cases, at some point during the procedure a switch was made from venovenous to venoar-
terial). In the present study, the specific type of ECMO received was recorded for 285

children (of the total sample of 32'2). Of these 285, 91 were treated with venovenous,
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183 were treated with venoarterial, and 11 began with venovenous and switched to
venoarterial (see Figure 4).

Records were also kept as to the age (in hours) of the children when ECMO was
initiated. Of the 262 children for whom this information was available, mean age (in
hours) of ECMO initiation was 67.18 (range = 4-458 hr). Of the 264 children for whom
information regarding duration of ECMO was available, mean length of time on ECMO

was 179.53 hr (range = 16-830 hr).

Main Analyses

Databases were collected from two different sources: The Children’s Hospital of
Alabama Neonatal Intensive Care Unit and the Newborn Follow Up Clinic. The two da-
tabases were merged for a total of 322 potential subjects.

Subjects were divided into groups based on their initial diagnosis (e.g., PPHN,
MAS, CDH, Sepsis, PFC, or Other). In order to facilitate comparisons, groups were con-
densed by theoretical and medical considerations. Initially, the groups were combined as
follows: PPHN and PFC (group one); MAS, Sepsis, and Other (group two); and CDH
(group three). Given that PFC as a diagnosis has been changed in the medical literature
to PPHN, these two groups were combined.

Further, as stated above, children with CDH are often the most physically affected
by their diagnoses (and have the lowest survival rates) and therefore would appear to be
most at risk for serious problems due to related outcomes. Therefore, subjects with this
diagnosis were placed in a separate category. The original and resulting categories are

displayed in Table 4.
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Table 4
Original and Resulting Diagnostic Categories for Analyses
Original categories - New categories
Diagnosis N Group n

PPHN 67 PPHN/PFC 92
MAS 113 MAS/Sepsis/Other 180
CDH 36 CDH 36
Sepsis 50
PFC 25
Other 17

Note. PPHN = Persistent Pulmonary Hypertension of the Newborn; MAS = Meconium
Aspiration Syndrome; CDH = Congenital Diaphragmatic Hernia; PFC = Persistent Fetal
Circulation.

Within the dataset, a large number of data points were missing. Missing data
within analyses often result in decreased statistical power and increased error rates. Sev-
eral options exist for dealing with missing data, including listwise deletion, plugging in
means for each variable, or treating the fact that the data are missing as one aspect of the
research findings (Chen & Astebro, 2003; Cohen & Cohen, 1983). However, a relatively
new technique has been proposed and used with some success—Expectation Maximiza-
tion. This procedure has been described as comparable to other missing data techniques
and is relatively simple to implement in many standard computer statistical packages.
Expectation Maximization defines a model for miséing data and bases inferences on the
likelihood under that model. The process is iterative and uses cases with data to estimate
the missing values. These values are then used to calculate new parameters for the data-
set, and the process is repeated until the parameters converge (Chen & Astebro, 2003;
Schafer & Graham, 2002; Rovine & Delaney, 1990). The Expectation Maximization
procedure was used in order to estimate missing values for the 1-year-old group. The 1-

year dataset started out with 11.93% missing values. Of the 322 potential subjects (at 1
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year of age), only 163 had no missing values on the variables of interest. Using LISREL
(Version 8.54, Student Edition), the following variables were imputed: Age at start of
ECMO, Duration of ECMO, Birth weight, Gestational Age, Mother’s Age, Race, Sex,
Type of ECMO, Diagnosis, Income, BSID Mental score, BSID Motor score, and Apgar
scores at 1 and 5 min. The number of different missing patterns calculated prior to data
imputation was 62. The Expectation Maximization algorithm converged in two iterations
[-2 Ln(L) = 21605.40286].

Given the small number of children who returned for a two-year visit to receive
the BSID or the 6-year visit to receive the WISC-III, these subjects were not included in
any further analyses. Two of the variables, Age at start of ECMO and Duration of
ECMO, were observed to be negatively skewed. Therefore, these variables were trans-
formed using a log function. Although at 2% years a language score is not typically cal-
culated for the DAS, prior research had suggested the possibility of language delays for
children who receive ECMO (e.g., Wilden et al., 1994). Therefore, a Verbal score was
calculated for this age group, using norms created for the 3%%-year-old children in the
standardization sample. This score provided evaluators with a rough estimate of the
child’s language abilities at age 2% years.

For each of the remaining age ranges (1 year, 2% years, and 4 years), correlations
were calculated among the predictor and the outcome variables; significant correlations
are presented in Table 5.

For all age groups, race was used as a covariate. For the 1-year age group (BSID
Mental and Motor scales), mother’s age and birthweight were both used as covariates, as

was type of ECMO for the Motor scale. For the 2'2- and 4-year age groups, income was
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Table 5
Significant Correlations of Predictor Variables with Outcome Variables
Age Outcome variable  Predictor variable Correlation

1 year BSID Mental Age at Start (log) -0.127*
Duration (log) -0.163**

Birth weight 0.114%*

Gestational age 0.155**

Mother’s age -0.133*
BSID Motor Duration (log) -0.298**

Birth weight 0.295**

Gestational age 0.304**
Type of ECMO -0.236**

2% year DAS GCA Race 0.376%*
Income 0.299**

DAS Verbal (est) Race 0.260**

DAS Nonverbal Race 0.332%*

Income 0.315**

Age at start (log) 0.212*

4 year DAS GCA Race 0.256*
Income 0.353**

DAS Verbal Race 0.367**

Income 0.246*

DAS Nonverbal Birth weight 0.228*

Income 0.270**

Note. BSID = Bayley Scales of Infant Development; DAS = Differential Ability Scales;
GCA = General Conceptual Ability standard score; ECMO = Extracorporeal Membrane

Oxygenation.

* p <0.05, two-tailed. ** p <0.01, two-tailed.

also used as a covariate. A table presenting the covariates used for each age range is

shown in Table 6. Using SPSS GLM (Version 11.5), outcome variables for each age

range were analyzed using ANCOVA.
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Table 6
Covariates Used for Each Age Group, by Outcome Variable
Age Outcome variable Covariates
1 year BSID Mental Race
Birthweight
Mother’s age
BSID Motor Race
Mother’s age
Birthweight
Type of ECMO
2Y; year DAS GCA Race
Income
DAS Verbal (est) Race
Income
DAS Nonverbal Race
Income
4 year DAS GCA Race
Income
DAS Verbal Race
Income
DAS Nonverbal Race
Income

Note. BSID = Bayley Scales of Infant Development; DAS = Differential Ability Scales;
GCA = General Conceptual Ability standard score; ECMO = Extracorporeal Membrane
Oxygenation.

In addition to the aforementioned analyses, the database was also examined to de-
termine exactly how many children had true longitudinal information available. There
were a total of 11 children who had evaluations at each of the four potential time periods:
1 year (BSID), 2% years (DAS), 4 years (DAS), and 6 years (WISC). Of these children,
nine were Caucasian and two were African American. There were 7 males and 4 fe-
males. One child had received VV ECMO and the other 10 had received VA. Diagnoses

of the children were as follows: PPHN (n = 1), MAS (n = 6), CDH (n = 1), Sepsis (n = 2),
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and PFC (n = 1). There were no children in this subsample who had an original diagnosis
that fell into the “Other” category.

Given that so few children returned to the clinic for their 6-year follow-up visit, a
second longitudinal analysis was conducted by only including clﬁldren who had scores on
the first three of the four assessment times: 1 year, 2% years, and 4 years. This resulted
in a total of 66 children. Of this subsample, 40 were Caucasian and 25 were African
American (1 was identified as “Other”). The male-female ratio was even at 33 each. In-
formation regarding which type of ECMO the children had received was available for 59
of the 66 children. Eighteen had received VV ECMO, and forty-one had received VA (7
children did not have a type of ECMO identified). Diagnoses were as follows: PPHN (n

=9), MAS (n=24), CDH (n = 10), Sepsis (n = 12), PFC (n = 5), and Other (n = 6).
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Figure 2. Frequency of Extracoporeal Membrane Oxygenation (ECMO) by year, 1987
through 2002.
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Figure 3. Rates of developmental concerns and major handicap, as identified by New-
born Follow Up clinic personnel.
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Figure 4. Type of Extracorporeal Membrane Oxygenation (ECMO) received.
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RESULTS
Results are presented for each age group individually. Table 10 shows the overall
significant findings for all ages. For ease of presentation, all figures are presented to-

gether at the end of this section.

One Year Olds

ANCOVA on the BSID Mental Scale yielded significance for Diagnosis,
(2,316) = 3.901, p = 0.021, and the covariates of Race, F' (1,3 16) =4.423, p=10.036, and
Mother’s Age, F (1,316) = 7.802, p = 0.006. Birth weight did not reach significance.

ANCOVA performed on the BSID Motor Scale yielded significance for Diagno-
sis, F(2,315) = 3.804, p = 0.023. In addition, the following covariates reached signifi-
cance: Type of ECMO, F'(1,315) =19.048, p = 0.000, Mother’s Age, F' (1,315) = 4.808,
p = 0.029, and Birth weight, F (1,315) = 17.078, p = 0.000. Race was not significant in
this analysis.

Means and standard deviations from the BSID Mental and Motor Scales for the 1-
year-old analyses, by diagnosis group, are presented in Table 7, and overall mean scores

for each scale of the BSID are presented in Figure 5.
Two-and-a-Half Year Olds

ANCOVA performed on the estimated Verbal score for the DAS using Race and

Income as covariates yielded significance: Diagnosis, F' (2,105) = 4.6135, p = 0.012; Race,
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Table 7

One-Year-Olds: Means and Standard Deviations of Assessments, by Diagnosis Group

Assessment Diagnosis group n Mean  Adjusted SD
means

BSID Mental Scale PPHN/PFC 92 95.196 95.037 17.506
MAS/Sepsis/other 186  100.527 100.614 17.464

CDH 44 95.409 95.372 16.929

Total 322 98.304 17.545

BSID Motor Scale PPHN/PFC 92 94.207 92.734 22.202
MAS/Sepsis/other 186 97.737 97.511 20.567

CDH 44 85318 89.350 17.226

Total 322 95.031 20.992

Note. PPHN = Persistent Pulmonary Hypertension of the Newborn; PFC = Persistent Fe-
tal Circulation; MAS = Meconium Aspiration Syndrome; CDH = Congenital Diaphrag-
matic Hernia; BSID = Bayley Scales of Infant Development.

F (1,105) = 6.506, p = 0.012. Income was not significant.

ANCOVA performed on the overall GCA score for the DAS yielded significance
for the covariates of Race, F (1,105) = 12.455, p = 0.001, and Income, F (1,105) = 4.958,
p = 0.028. Diagnosis was not significant.

ANCOVA performed on the DAS Special Nonverbal Composite score yielded
significance for the covariates of Race, F'(1,105) =8.486,p = 0.004, and Income, F
(1,84) =5.291, p = 0.023. Again, Diagnosis was not significant.

Means and standard deviations from the DAS for the 2'% -year-old analyses, by
diagnosis group, are presented in Table 8, and overall means for the groups are presented

graphically in Figure 6.
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Table 8
2Y%:-Year-Olds: Means and Standard Deviations of Assessments, by Diagnosis Group
Assessment Diagnosis Group n Mean Adjusted SD
Means

DAS GCA PPHN/PFC 34 88.471 87.847 15.060

MAS/Sepsis/other 65  91.600 92.713 11.313

CDH 17 89.412 87.445 13.888

Total 116  90.362 12.853

DAS Verbal (est) PPHN/PFC 33  84.788 84.364 17.137

- MAS/Sepsis/other 67  91.582 92.327 10.853

CDH 17  86.941 85.322 13.377

Total 117 88.992 13.499

DAS Nonverbal PPHN/PFC 34 94.382 93.524 17.286

MAS/Sepsis/other 65  93.431 94.465 13.435

CDH 17  93.941 91.994 15.586

Total 116  93.784 14.838

Note. PPHN = Persistent Pulmonary Hypertension of the Newborn; PFC = Persistent Fe-
tal Circulation; MAS = Meconium Aspiration Syndrome; CDH = Congenital Diaphrag-
matic Hernia; DAS = Differential Ability Scales; GCA = General Conceptual Ability
standard score.

Four Year Olds

ANCOVA performed on the DAS overall GCA score using Race and Income as
covariates yielded significance for Income, F (1,87) = 9.817, p = 0.002, and Diagnosis, F
(2,87)=5.077,p= 0.008, but race failed to reach significance.

ANCOVA performed on the DAS Verbal score using Race and Income as covari-
ates yielded significance for Race, F (1,84) = 12.515, p = 0.001, and Diagnosis, F'(2,84)
= 5.495, p = 0.006. In this analysis, Income was not significant.

ANCOVA performed on the DAS Nonverbal score using Race and Income as co-
variates yielded significance for Income, F (1,86) = 5.832, p = 0.018. Diagnosis and

Race were not significant.
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Means and standard deviations from the DAS for the 4-year-old analyses, by di-

agnosis group, are presented in Table 9, and overall means for the groups are presented

graphically in Figure 7.
Table 9
4-Year-Olds: Means and Standard Deviations of Assessments, By Diagnosis Group
Assessment Diagnosis group n Mean Adjusted SD
Means
DAS GCA PPHN/PFC 23 79.870 79.426 19.330
MAS/Sepsis/other 57 89.211 89.793 12.661
CDH 13 83.923 83.905 13.744
Total 93 86.161 15.098
DAS Verbal PPHN/PFC 22 85.136 84.784 16.034
MAS/Sepsis/other 55 92.182 92.975 12.520
CDH 13 84.462 83.238 11.983
Total 90 89.344 13.710
DAS Nonverbal PPHN/PFC 22 84.955 84.280 18.464
MAS/Sepsis/other 56 89.786 90.307 13.615
CDH 14 84.714 85.069 16.448
Total 92 87.859 15.336

Note. PPHN = Persistent Pulmonary Hypertension of the Newborn; PFC = Persistent Fe-
tal Circulation; MAS = Meconium Aspiration Syndrome; CDH = Congenital Diaphrag-
matic Hernia; DAS = Differential Ability Scales; GCA = General Conceptual Ability
standard score.
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Table 10.
ANCOVA Significant Findings
Assessment (Age) Source Type I Sum df Mean square F Significance Eta squared
of Squares
BSID Mental (1year) Diagnosis 2291.242 2 1145.621 3.901 0.021 0.024
Race 1298.838 1 1298.838 4.423 0.036 0.014
Mother’s age 2290.942 1 2290.942 7.802 0.006 0.024
BSID Motor (2year) Diagnosis 2922.982 2 1461.491 3.804 0.023 0.024
Birth weight 6561.929 1 6561.929 17.078 0.000 0.051
Mother’s Age 1847.454 1 1847.454 4.808 0.029 0.015
Type of 7318.977 1 7318.977 19.048 0.000 0.057
ECMO
DAS GCA (2%zyear) Race 1728.360 1 1728.360 12.455 0.001 0.106
Income 687.959 1 687.959 4.958 0.028 0.045
DAS Verbal (2%:year) Race 1071.907 1 1071.907 -6.506 0.012 0.058
Diagnosis 1520.739 2 760.369 4.615 0.012 0.081
DAS Nonverbal Race 1629.326 1 1629.326 8.486 0.004 0.075
(2%year)
Income 1015.855 1 1015.855 5.291 0.023 0.048

Note. ANCOVA = Analysis of Covariance; BSID = Bayley Scales of Infant Development; DAS = Differential Ability Scales; GCA

= General Conceptual Ability standard score; ECMO = Extracorporeal Membrane Oxygenation; df = degrees of freedom;

F =Fisher’s F ratio.
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Table 10 (continued).
ANCOVA Significant Findings

Assessment (Age) Source Type I Sum df Mean square F Significance Eta squared
of Squares
DAS GCA (4year) Income 1777.195 1 1777.195 9.817 0.002 0.101
Diagnosis 1838.016 2 919.008 5.077 0.008 0.105
DAS Verbal (4year) Race 1844.794 1 1844.794 12.515 0.001 0.130
Diagnosis 1620.011 2 810.006 5.495 0.006 0.116
DAS Nonverbal (4year)  Income 1276.580 1 1276.580 5.832 0.018 0.064

Note. ANCOVA = Analysis of Covariance; DAS = Differential Ability Scales; GCA = General Conceptual Ability standard score;
ECMO = Extracorporeal Membrane Oxygenation; df = degrees of freedom; F =Fisher’s F ratio.
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Longitudinal Examination of Scores
For the first longitudinal examination, consisting of 11 children who had scores
for each of the four assessment points, means for each of the measures are presented be-
low in table 11. Overall scores for this first longitudinal group for each of the measures

are presented graphically in Figure 8.

Table 11

Means of Assessment for 11 Children With Longitudinal Data (Ages 1-6)

Measure Mean SD Minimum Maximum
Bayley Mental 114.73 17.52 86 137
Bayley Motor 93.45 20.78 55 115
DAS GCA 93.82 12.89 70 112
DAS est. Verbal 92.73 12.51 70 106
DAS Nonverbal 95.91 16.03 76 122
DAS GCA 90.64 13.44 70 109
DAS Verbal 93.82 12.82 73 114
DAS Nonverbal 91.27 12.85 73 115
WISC FSIQ 85.09 9.82 65 101
WISC VIQ 85.91 10.23 69 106
WISC PIQ 86.82 10.36 64 100

Note. DAS = Differential Ability Scales; GCA = General Conceptual Ability standard
score; WISC = Wechsler Intelligence Scale for Children; FSIQ = Full Scale IQ standard
score; VIQ = Verbal IQ standard score; PIQ = Performance IQ standard score.

The second longitudinal evaluation consisted of 66 children who had data for each
of the first three assessment points. Means for this group are presented in table format

and graphically (Table 12 and Figure 9).
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Table 12

Means of Assessment for 66 Children With Longitudinal Data (Ages 1-4)
Measure Mean SD Minimum - Maximum
Bayley Mental 101.80 18.25 54 142
Bayley Motor 96.30 2141 49 145
DAS GCA 91.80 12.70 67 125
DAS Nonverbal 94.36 14.45 71 131
DAS GCA 88.44 14.06 53 120
DAS Verbal 90.44 13.77 60 122
DAS Nonverbal 89.20 15.45 50 129

Note. DAS = Differential Ability Scales; GCA = General Conceptual Ability standard

score.

Post-Hoc Analyses

In order to determine if an idiosyncrasy related to the combining of the different
diagnoses (i.e., PPHN/PFC, MAS/Sepsis/Other, and CDH) was differentially responsible
for the effects found, the groups were recombined. Groups were recombined as follows:
PPHN/PFC/MAS, Sepsis/Other, and CDH, given medical considerations that children
with Sepsis and CDH may have many more health problems and be more ill overall than
children with PPHN, PFC, and MAS. Analyses were run with the new groupings. For
the estimated Verbal score for the 2'-year DAS, the Verbal score for the 4-year DAS,
and the overall GCA for the 4-year DAS, diagnosis was no longer significant.

An ANOVA was done examining the demographic information to look for differ-
ences between children who did return for follow-up appointments énd those who did
not. Of the 322 children who received ECMO, 71 did not return for follow-up appoint-
ments. Four of these children were reported as having passed away before hospital dis-
charge (three were diagnosed with CDH, one was diagnosed with MAS). Two hundred

and fifty-one children returned for at least one follow-up visit. Of these children, one (di-
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agnosis of MAS) was reported Vas having passed away (after the 1-year follow-up visit).
The only significant difference noted when comparing the demographic information be-
tween the two groups was for diagnosis of major handicap, F (1,307) = 6.007, p = 0.015.
Of the children who did not return for follow-up visits, 3 of the 71 (4.41%) were reported
as having a major handicap by clinic personnel. Of the children who did return for fol-
low-up visits, 38 of the 251 were reported as having a major handicap by clinic person-
nel; this number is largely comparable with previous reports in the literature, indicating
that the sample for this study is similar to other ECMO populations.

Finally, in order to determine if apgar scores would be a more effective predictor
than the covariates used, analyses were rerun using these scores. Apgar scores were not

found to be related to the findings described above.
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Figure 5. One-year-olds: Overall means of assessments, by diagnosis group. PPHN =
Persistent Pulmonary Hypertension of the Newborn; PFC = Persistent Fetal Circulation;
MAS = Meconium Aspiration Syndrome; CDH = Congenital Diaphragmatic Hernia.
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Figure 8. Overall mean scores for 11 children with longitudinal information, ages 1-6.
BSID = Bayley Scales of Infant Development; DAS = Differential Ability Scales; WISC
= Wechsler Intelligence Scale for Children.
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Figure 9. Overall mean scores for 66 children with longitudinal information, ages 1-4.
BSID = Bayley Scales of Infant Development; DAS = Differential Ability Scales; WISC
= Wechsler Intelligence Scale for Children.
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DISCUSSION

ECMO is a medical procedure that has been used successfully since the 1970s in
order to treat severe respiratory distress problems in adults and children. Although the
effectiveness of the procedure in treatment of respiratory problems and reduction of mor-
tality has been clearly demonstrated (Bartlett, 1989; Braden, 2002; Dorson, 1969; Hill et
al., 1972; Ortiz et al., 1987; Rashkind, Freeman, Klein, & Toft, 1965; White et al., 1971),
large—séale, long-term follow up studies of infants who have received ECMO have been
severely lacking. Studies that have evaluated cognitive abilities have generally found a
trend for childrén who received neonatal ECMO to obtain scores within the average
range, although these scores are usually lower than scores received by healthy controls.
In addition, some studies have indicated a possibility of difficulties with language abili-
ties (e.g., Wilden et al., 1994), behavioral problems and/or risk of school failure (Glass et
al., 1995), potential learning disabilities and significant scatter among subtest scores on
typical intelligence tests (Ilke, Ilke, Moreland, Fashaw, Waas & Rosenberg, 1999; Lan-
genbacher, Nield, & Kanne Poulson, 2001; Rais-Bahrami et al., 2000).
Although the general trend is for children who receive ECMO to score within the average
range, there are likely to be differences in scores based on differences in the children’s
diagnoses at birth. Different diagnoses having different predicted outcomes and affecting
areas of the brain differentially would certainly have an impact on cognitive measures.
However, most studies to date have used the approach of combining all children who re-

ceive ECMO into one group, regardless of initial diagnosis. Although this approach was
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adequate for initial studies in this area and is most certainly due to limited sample sizes
overall, it is likely not sufficient for future, more detailed research.

Given the current trend of limited funds available to assist children who are at risk
for delays, the ability to determine with some degree of certainty which children who re-
ceived ECMO will likely be in need of additional services is of the utmost importance.
Studies like the current one, examining in detail the differences children show on cogni-
tive measures, are needed in order to assist service providers in making these determina-
tions.

The current study evaluated some of the potential effects of ECMO on the cogni-
tive development of infants who received the procedure in the neonatal period. The
sample for the current study was similar to other previous reports of ECMO survivors.
V.ariables such as pre-ECMO diagnosis, birth weight, race, and income were found to be
significantly related to cognitive outcomes following ECMO. Specifically, at 1 year of
age variable such as mother’s age and diagnosis were found to be significantly related to
subjects’ scores on the BSID Mental and Motor scales. Scores on the Motor scale were
further impacted by variables such as birth weight and type of ECMO. This is consistent
with the hypothesis that one type of ECMO may differentially affect scores on cognitive
measures and will need to be investigated further. Children at 1 year of age may be par-
ticularly sensitive to the effects of respiratory problems in the neonatal period, especially
on motor tasks, given that many of them may have only recently started ambulating inde-
pendently.

At ages 2% and 4 years, diagnosis and race appear to be strongly related to scores

on measures of verbal ability (the estimated Verbal score on the 2V4-year DAS and the
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Verbal Composite score on the 4-year DAS). Income was related to the overall scores
(GCA standard score) at ages 2"z and 4 years as well as the nonverbal scores of the DAS
at both ages. The effects of race on nonverbal abilities appear to diminish in significance
with age for this sample, because this variable was related to both the overall score
(GCA) and nonverbal score (Special Nonverbal Composite) at age 2% but was no longer
significant for the 4-year-olds. Although the effects of race and income on cognitive
measures are not entirely unexpected, the effect of diagnosis on verbal ability, particu-
larly at 4 years of age, is somewhat surprising.

The finding that children who suffered significant respiratory problems early in
life experience physical problems and do not perform as well on the Motor Scale of the
BSID as do their typically developing peers is not entirely surprising. However, a gen-
eral trend suggested by the findings of this study appears to be that these survivors of
ECMO are also experiencing language difficulties. Consistently, children who received
ECMO scored lower on the verbal sections of the DAS at 2% and 4 years of age and
scored lower on the Mental Scale of the BSID. When the diagnostic groups were recom-
bined based on different medical interpretations, the verbal scores for the 2)% and 4 year
old measures were no longer significant. The implication, therefore, is that the diagnosis
(or perhaps the underlying illness) is somehow related to a child’s language skills. Fur-
ther research will be needed to investigate this possibility.

Examination of the meéns on the assessments indicated that children who were
diagnosed with CDH scored lower than the other groups, followed by children with idio-
péthic PPHN and PFC. That children with CDH have the most long-term difficulties is

consistent with findings in previous literature.
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There are several limitations to the current study, including the attrition rate. A
number of children who would have been followed failed to return to the clinic for
scheduled appointments. Given the attrition rate, a true longitudinal follow-up study was
impossible to conduct. Instead, each assessment period had to be examined independ-
ently. The use of what is, in effect, a cross-sectional design limits the ability to general-
ize from these findings to the larger population of children who received ECMO in the
neonatal period. Small longitudinal analyses (» = 11 and »n = 66) were able to be con-
ducted; however, given the extremely small sample sizes, only limited descriptive infor-
mation is able to be presented.

In addition to the above concerns, these children represent a small subsample of
the general population of ECMO recipients from one Southeastern hospital. There may
be factors that are intrinsic to the medical staff, ECMO protocol, or populatioﬁ in general
which cannot be examined with the sample used for this study. The limited information
regarding income of the families and early intervention services received (if any) prohib-
its any statements about the effect these variables may have had (if any) on outcomes.
Finally, because it was not possible to use a true experimental design, we cannot state
with certainty that any or all of the delays some of the children in this study are experi-
encing are due to ECMO, environmental conditions, their pre-ECMO diagnosis, or some
combination of the three.

Additional large scale long-term follow-up studies are necessary, given that
ECMO has become more widely used as a method of last resort for children with severe
respiratory problems. Despite the rise of newer, less invasive techniques, ECMO does

continue to be used for children who fail to respond to these treatments. Studies examin-
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ing cord blood gases collected at birth would also provide a better picture of the infant’s
oxygenation levels at that time. Other variables which would be beneficial to examine
include the length of time to transport to an ECMO center from the hospital at which the
infant was born, condition during transport, and the type of facility at which infants are
born.

Research has been conducted on health-related quality of life in ECMO survivors
and has indicated that these children appear to fall somewhere between typically develop-
ing controls and children with chronic health disorders (Rector, 2003). Future research
should attempt to more carefully follow children longitudinaliy after receiving ECMO in
the neonatal period. In addition to cognitive evaluations, it may benefit researchers to
consider other variables that have been suggested to have an association with ECMO in
the past, such as behavioral concerns, more specific tests of executive functioning, and
language-specific evaluations. Studies looking at specific brain functions (e.g., measur-
ing blood flow to certain areas of the brain such as the language centers) may also prove
to be beneficial, because ECMO by its very nature interrupts blood flow. Finally, ex-
amination of a true longitudinal sample through the middle school years would be benefi-
cial to determine if these children, as previous literature suggests, are at greater risk for

learning disabilities and behavioral issues.
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