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Abstract
Objective: Mortality rates for children with congenital heart disease (CHD) have significantly 
declined, resulting in a growing population with associated neurodevelopmental disabilities. 
American Heart Association guidelines recommend systematic developmental screening for 
children with CHD. The present study describes results of inpatient newborn neurodevelop-
mental assessment of infants after open heart surgery.
Outcome measures: We evaluated the neurodevelopment of a convenience sample of high‐risk 
infants following cardiac surgery but before hospital discharge using an adaptation of the 
Newborn Behavioral Observation. Factor analysis examined relationships among assessment 
items and consolidated them into domains of development.
Results: We assessed 237 infants at a median of 11 days (interquartile range [IQR]: 7‐19 days) 
after cardiac surgery and median corrected age of 21 days (IQR: 13‐33 days). Autonomic regu-
lation was minimally stressed or well organized in 14% of infants. Upper and lower muscle tone 
was appropriate in 33% and 35%, respectively. Appropriate response to social stimulation 
ranged between 7% and 12% depending on task, and state regulation was well organized in 
14%. The vast majority (87%) required enhanced examiner facilitation for participation. Factor 
analyses of assessment items aligned into four domains of development (autonomic, motor, 
oral motor, and attention organization).
Conclusion: At discharge, postoperative infants with CHD had impairments in autonomic, 
motor, attention, and state regulation following cardiac surgery. Findings highlight the chal-
lenges faced by children with CHD relative to healthy peers, suggesting that neurodevelop-
mental follow‐up and intervention should begin early in infancy.
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1  | INTRODUC TION

Congenital heart disease (CHD) is the most common cause of  
infant mortality from birth defects, affecting approximately 40 000 
babies born each year in the United States. In their first year 1 in 4 
infants with CHD will need cardiac catheterizations or cardiac sur-
gical procedures. Although mortality rates for children with CHD 
have significantly declined, the associated neurodevelopmental 
disabilities require further attention in this increasing population of 
survivors.1‐5

Magnetic resonance imaging studies have shown that brain de-
velopment and metabolism are affected in utero among infants with 
some forms of critical CHD, and brain maturation at birth appears to 
be delayed by approximately one month compared with typical new-
borns.6‐8 Correspondingly, infants with CHD are often compared to 
preterm infants in their high risk for cognitive, language, and motor 
delays, along with regulation difficulties related to state manage-
ment, feeding, and sleeping.9 Furthermore, neurologic events (eg, 
seizures, hypotonia, hypertonia, or stroke) in the preoperative, 
perioperative, or postoperative periods for infants with CHD have 
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been associated with higher risk for longer term cognitive, motor, 
language, and emotional/behavioral problems, social difficulties, 
and inattention.10‐12 Poor feeding patterns and difficulties including 
swallowing challenges, abnormal sucking, and decreased oral intake 
are early indicators of later delays, especially in language, and have 
been shown to be more prevalent in infants with CHD.13

Given these known long‐term challenges for children with CHD, 
the American Heart Association recommends surveillance, screening, 
evaluation, and reevaluation of neurodevelopment in the pediatric CHD 
population.14 Many children are now referred for neurodevelopmental 
assessment following cardiovascular surgery. Although many teams 
have neurodevelopmental inpatient consultation, few perform formal 
standardized infant testing during hospitalization. Inpatient neurode-
velopmental evaluation provides an opportunity to identify early neu-
rodevelopmental vulnerability that is otherwise overlooked in routine 
postoperative care. Specifically, neurodevelopmental assessment and 
consultation educates family and staff about the infant’s strengths and 
challenges; helps to tailor caregiving to enhance the infant’s strengths 
and targets therapeutic services to areas of demonstrated weakness; 
provides references to home‐based early intervention services for on-
going developmental needs; and fosters long‐term connection with a 
neurodevelopmental follow‐up program. However, inpatient neurode-
velopmental evaluation is hindered by shortages of professionals who 
can assess development of cardiac infants postoperatively and a lack 
of awareness regarding the need for inpatient neurodevelopmental 
supports. Moreover, while there are several assessments geared to-
ward infants born preterm, drug exposed or otherwise at risk for de-
velopmental delay, none specifically are adapted to detect subtle areas 
of weakness in the fragile infant post heart surgery.

In this single‐center study, we adapted the Newborn Behavioral 
Observations (NBO),15 a standardized infant assessment tool, to in-
clude aspects of the Assessment of Preterm Infant Behavior (APIB)16 
for evaluation of developmental abilities of infants after cardiovas-
cular surgery but before hospital discharge. Our consultation inte-
grates both parent guidance and support as well as assessment of 
the behavioral subsystems of the infant in simultaneous interaction 
with the environment. The newborn neurobehavioral assessment 
functioned as a finely tuned dialog between clinician, infant, and 
parent. The subsystems of functioning assessed include autonomic 
(respiration, digestion, skin color), motor (tone, movement, postures), 
attention (robustness, transitions), and state organization (range, ro-
bustness, transition patterns) including the infant’s effort toward 
self‐regulation. We hypothesized that, in the early postoperative 
period, infants with CHD would show motor, feeding, and regulation 
challenges, even when assessed just prior to discharge and deter-
mined to be physiologically stable by the discharging medical team.

2  | METHODS

2.1 | Subjects

A convenience sample of postoperative infants with CHD was evalu-
ated at a single center from August 2009 to June 2014. Inclusion 

criteria included: (a) admission to the cardiac inpatient intensive 
care unit of a large tertiary care children’s hospital; (b) status post 
cardiovascular surgery, with or without the use of cardiopulmonary 
bypass; (c) age at assessment < 90 days after correction for prema-
turity; and, (d) informed consent from parents or guardian for data 
to be included, or waiver for use of archival data by the Institutional 
Review Board, in the registry of the hospital’s cardiac neurodevel-
opmental program. We excluded infants with any of the following 
conditions: (a) Down syndrome; (b) only undergoing patent ductus 
arteriosus (PDA) ligation; or (c) on any sedative medications (eg, ben-
zodiazepine/opioid) within 24 hours of assessment. Our study was 
approved by the Institutional Review Board.

2.2 | Postoperative evaluation

Infants and their families underwent predischarge consultation that 
included infant neurodevelopmental assessment, parent psychodiag-
nostic interview, and family support and anticipatory guidance. The 
consultation, including the neurodevelopmental assessment, was 
carried out before discharge and in the infant’s hospital room in the 
Cardiac Intensive Care Unit (CICU) or cardiac ward. Attempts were 
made to keep the room quiet and calm, as well as the lighting indirect 
and low. Whenever possible, infants were evaluated just before feed-
ing to assess sleep, transition to awake state, and feeding abilities.

Infants were assessed using a clinical adaptation of the NBO,15 
a measure derived from the Brazelton Neonatal Behavioral 
Assessment Scale (NBAS)17 and well known for its use in research 
and clinical assessment of healthy full‐term and preterm infants.18‐20 
To enhance the NBO, a few items were adapted from the APIB,21 in-
cluding autonomic regulation, examiner facilitation, and asymmetry, 
as well as differentiation of general muscle tone for both upper and 
lower extremities. In addition, given the fragility of the study infants, 
several of the typical NBO items, which are more appropriate for 
healthy infants and not postoperative infants, were removed, for ex-
ample, pull to sit and crawling.

The assessments were performed by two NBO‐ and NBAS‐
trained pediatric psychologists specializing in infant development 
and skilled in the assessment of infants in an intensive care setting, 
each with over 10 years of experience in infant and child assessment. 
The primary examiner was also NIDCAP‐ (Newborn Individualized 
Developmental Care and Assessment Program)22 and APIB‐certified.

Each assessment took approximately 30 minutes to administer. 
Parents, and occasionally the bedside nurse, were present in the 
room. The assessment contained 18 behavioral items: 11 elicited and 
7 observational items (Table 1). The main objective of the assessment 
was to record the infant’s individuality and competence, based on 
observation of the behavioral subsystems (autonomic, motor, atten-
tion, and state organization) in interaction with each other and with 
the environment following the model of synaptic organization of be-
havioral development.23 During the administration of each item, the 
infant was monitored for reactions and behaviors in these subsys-
tems, with item response measured in terms of the infant’s ability to 
monitor, utilize, and control states of regulation. For example, many 
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at‐risk newborns have a low threshold for overstimulation, that is, an 
inability to habituate to meaningless or repeated stimuli, such that 
they are easily overwhelmed and more likely to become disorganized. 
Continuous monitoring of the infant’s autonomic system and subtle 
signs of stress including medical variability, such as changes in heart 
rate, oxygen level, or breathing, were noted and modifications were 
made to accommodate the infant, such as cessation of stimulation, 
swaddling, use of pacifier, holding, or discontinuation of the exam.

Assessment began with habituation to light and sound if the in-
fant was initially approached in sleep. Healthy robust infants typi-
cally respond to visual and auditory habituation tasks with the ability 
to show a response decrement to a stimulus after their initial reac-
tion, and returning to sleep. If an infant was awake when approached, 
then habituation could not be assessed. State organization, the 
infant’s ability to demonstrate well‐defined states (level of central 
nervous system arousal such as sleepy/drowsy, awake/alert, and 

TA B L E  1   Infant neurodevelopmental assessment item description and response distributions (N = 237).

Items Clinical interpretation Scoring descriptiona %

Autonomic organization

Autonomic regulationb Amount of autonomic responding such as 
respiratory, color, instability‐related motor 
patterns, and visceral behaviors indicating stress 
and diminished capacity to respond to stimulation

Very, moderately,c or minimallyc stressed 36/50/14

Examiner facilitationb Overall sensitivity, ease in examination, and 
amount of adjustment required

Maximum, great deal, moderate,c or 
little facilitationc needed to complete 
exam

8/41/37/13

Consolabilityb Indication of difficulty to calm and ability to 
self‐regulate

Difficult, moderately difficult,c or easyc 
to console

19/28/53

Activity levelb Indication of posture, sensitivity, and sensory 
thresholds

Too little, appropriate,c or too much 
activity

48/29/22

Cryingb Measurement of sensitivity and physiological 
homeostasis in response to demands

Crying throughout, situationally 
appropriate crying,c or very little 
cryingc

18/32/49

Motor organization

General tone—upper 
extremities

Indication of health and strength Low, appropriate,c or high tone 41/33/26

General tone—lower 
extremities

38/35/26

Asymmetryb Indication of unequal response Clinically present or absent asymmetryc 29/71

Rooting Indication of readiness to oral feed Weak, fairly strong,c or strongc 34/22/44

Sucking 26/26/48

Hand grasping Indication of reflex, health, strength, and 
sensitivity

46/27/27

Attention organization

Animate visual Infant readiness to engage in the social world. 
Ability to focus eyes and engage in gaze following. 
Most healthy newborns fix and follow well with 
eye and head turning

Not responsive to minimally responsive, 
moderately,c and very responsivec

45/44/11

Animate visual and 
auditory

44/44/12

Inanimate visual 51/42/7

Inanimate visual and 
auditory

53/39/8

State organization

State regulationb Measurement of ability to regulate, organize, and 
transition across activities

Not organized, some organization,c or 
well organized/optimal respondingc

36/51/14

Habituation—visual Measurement of sensitivity and capacity to protect 
sleep by progressively inhibiting response. Most 
healthy newborns habituate within 3‐6 trials of a 
stimulus

No habituation after 10 trials, slow 
habituation within 7‐9 trials, moder-
ately appropriate within 4‐6 trials,c and 
quick habituation within 1‐3 trialsc

36/12/18/34

Habituation—auditory 39/6/28/27

Missing < 6% outcomes except for habituation—visual (n = 131) and habituation—auditory (n = 129) due to patients being awake (visual: n = 70;  
auditory: n = 71) or otherwise not available (visual: n = 36; auditory: n = 37).
aScoring description includes clinical interpretation of response level. Scaled from inappropriate to appropriate. 
bObserved item, remaining items are elicited. 
cAppropriate response. 
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fussing/crying) and to make smooth and organized transitions be-
tween states, was recorded. Concerns were noted in the infant who 
could not be aroused, who was excessively irritable, or who swung 
abruptly between states with no alert periods. This disorganization 
of state may demonstrate central nervous system immaturity or a 
pathologic neurological condition. Social interaction was completed 
whenever the infant demonstrated a quiet awake and alert state, oc-
curring at the beginning, middle, or end of assessment depending on 
the individual. Ideal social responses, similar to that seen in healthy 
newborns, includes ability to focus on and follow moving objects, 
as well as orient to presented sounds and sights with both eye and 
head turn. If social interactions were not spontaneously seen, the 
clinician attempted to gain a quiet alert state. Motor tasks were ad-
ministered at any point during the exam and at times these were 
used to wake the child. Each infant received a single score for crying 
that represented the entire exam period. The amount and kind of 
graded examiner facilitation used to bring the infant to optimal per-
formance, ie, awake and quietly alert if possible, and to return after 
the assessment to a balanced state, ie, either quiet awake or asleep.

2.3 | Demographic and medical background

Demographic information was obtained by parent interview during 
the neurodevelopmental assessment and included sex, race, ethnic-
ity, and maternal education. Data regarding status at infants’ first 
operation was obtained from a central hospital database, including 
cardiac anatomy, age at operation, deep hypothermic cardiac arrest 
duration, total support duration, CICU length of stay, hospital length 
of stay, and age at discharge. Additional medical background infor-
mation derived from the infant’s medical record was abstracted by 
the study team’s cardiac research nurse and included birth weight, 
gestational age at birth, cardiac diagnosis, prenatal diagnosis, genetic 
anomaly, Apgar score at 1 minute, other congenital anomalies, days 
from operation to assessment, cardiac catheterizations, cardiac ar-
rest (defined as requiring cardio pulmonary resuscitation), incidence 
of seizure, and days from assessment to discharge.

2.4 | Statistical analysis

We compared subjects who constitute our study sample and the re-
maining infants not in the study sample but who had heart surgery 
at less than 75 days of age at our hospital during the same time pe-
riod using chi‐square tests for categorical measures and Wilcoxon 
rank‐sum tests for continuous measures. Wilcoxon signed‐rank tests 
were used to compare within‐subject assessment items.

We used factor analysis to examine relationships among the as-
sessment items and to identify a reduced number of interpretable 
underlying constructs, that is, latent factors, with which the items 
are associated. Categories used in analysis are found in Table 1. For 
general tone and activity level items only, both “high”/“too much” 
and “low”/“too little” categories are considered less optimal. For 
these items, categories were truncated into a binary measure of in-
appropriate or appropriate.

Principal factor analysis with squared multiple correlation pri-
ors was performed after excluding the two habituation tasks (ie, 
visual and auditory) as these tasks could only be assessed when 
the child was asleep. A promax rotation was included to allow for 
expected correlations among the resultant factors derived from 
the remaining 16 assessment items. The relationship of an assess-
ment item with a factor (a latent, or unobserved, construct diffi-
cult to measure directly) was considered to be significant when 
its loading (value representing how much the factor explains the 
item) was at least 0.40. The number of factors to include was 
based on a minimum increase of 5% of cumulative proportion of 
variance explained, an eigenvalue magnitude greater than the 
average squared multiple correlation, scree plots, and no cross‐
loading of items on multiple factors. Factor scores for each indi-
vidual were calculated as the individual’s raw scores weighted by 
the estimated factor loadings and have mean zero and approxi-
mate standard deviation one. Linear regression was used to iden-
tify significant predictors of factor scores among demographic 
and medical background measures after adjusting for corrected 
age at assessment. Predictors associated with factor scores at 
a level of P < .15 were considered for stepwise backward re-
gression in which P < .05 served as the significance criterion for 
risk factors after adjustment for corrected age at assessment. 
Analyses were performed using SAS 9.4 (SAS Institute Inc., Cary, 
North Carolina).

3  | RESULTS

3.1 | Characteristics of the patient population

We studied a convenience sample of 237 infants who underwent neu-
rodevelopmental consultation at < 90 days corrected age. We com-
pared sociodemographic and medical characteristics of study subjects 
with those of the remaining 653 infants from the same time period who 
had their first cardiac surgery, excluding PDA ligation, by 75 days of 
age. Compared with this comparison group, study subjects underwent 
surgery at a younger age, had longer CICU length of stay, were younger 
at hospital discharge, and included more complex congenital defects 
(Table 2). Additional demographic and medical background character-
istics of the study sample prior to neurodevelopmental assessment are 
presented in Table 3. Median time from assessment to hospital dis-
charge was 2 days (interquartile range [IQR]: 1‐6 days).

3.2 | Developmental evaluation

Table 1 describes the response of postoperative cardiac infants to 
items of the neurodevelopmental assessment.

3.2.1 | Autonomic organization

Infants demonstrated many stress signals and physiologic insta-
bility; 8% were sufficiently stressed and disorganized to require 
maximum examiner facilitation, for example, multiple sessions to 
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complete the exam. A full 87% required some form of intervention 
from the clinician to continue the exam. Nearly half of the infants 
(47%) were challenging to console, requiring intensive support 
such as taking breaks in the assessment, holding, swaddling, re-
moval of stimulation, and/or terminating the examination. Infants 
in this study often engaged in either crying throughout the session 
(18%) or little to no crying even to difficult tasks that are typically 
stressful (49%).

3.2.2 | Motor organization

One third of infants demonstrated appropriate motor tone and 
strength, that is, defined as similar to robust healthy newborn in-
fants, in movement of upper and lower extremities (33% and 35%, 
respectively). Low motor tone was seen in upper and lower ex-
tremities for 41% and 38%, respectively, and high tone was seen 
for 26% in each set of extremities. Examining within‐subject motor 
response, some infants demonstrated variable tone between their 
upper and lower extremities, but tone did not differ collectively 
between extremities (P = .64). Regarding motor skills related with 
the feeding system, 34% demonstrated weak rooting, 26% weak 
sucking, and 46% weak hand grasping.

3.2.3 | Attention organization

Nearly half of infants struggled to engage appropriately and alertly 
to an animate visual stimulus (eg, a person’s face), either without 
(45%) or with (44%) corresponding auditory stimulus. Concerns were 
also noted in engaging with inanimate objects (eg, red toy apple with 
jingle) without or with auditory stimulation (51% and 53%, respec-
tively). Looking at within‐subject social response, when visual stimuli 
were presented, attention to animate objects was generally greater 
than that to inanimate objects; compared to inanimate, animate was 
greater in 38% of infants, equal in 53%, and lower in 10% (P < .001). 
When both visual and auditory stimuli were presented, attention to 
animate objects was also generally greater than that to inanimate 
objects; compared to inanimate, animate was greater in 39%, equal 
in 51%, and less in 10% (P < .001). Specifically, infants attended more 
readily to a face and voice than to a toy that made noise.

3.2.4 | State organization

Only 14% of infants were well organized and demonstrated a va-
riety of states appropriate for the situation from awake and alert 
to motor tasks, asleep during habituation, and comfortable with 

Variable
Study cohort 
(N = 237)

Nonstudy cohort 
(N = 653) P value

Male sex 139 (59) 377 (58) .81

Cardiac diagnosis .006

Atrioventricular canal 4 (2) 45 (7) .003

Coarctation/arch hypoplasia 32 (14) 95 (15) .69

d‐Transposition of the great 
arteries

45 (19) 96 (15) .12

Hypoplastic left heart 
syndrome

33 (14) 64 (10) .08

Tetralogy of Fallot 18 (8) 84 (13) .03

Ventricular septal defect 40 (17) 105 (16) .78

Other 65 (27) 164 (25) .49

Status at first operation

Age at operation (d) 6 [3‐13] 9 [4‐38] <.001

DHCA duration, if open 
procedure (min)

5 [0‐25] 0 [0‐11] <.001

Total support duration, if open 
procedure (min)

138 [97‐177] 135 [100‐171] .60

CICU length of stay (d) 10.5 [6.5‐15.3] 8.5 [4.5‐16.3] .02

Hospital length of stay (d) 19.8 [12.7‐29.4] 16.9 [10.7‐31.1] .13

Age at discharge (d) 27 [17‐45] 35 [19‐62] <.001

Abbreviations: CICU, critical intensive care unit; DHCA, deep hypothermic cardiac arrest.
Values are n (%) or median [interquartile range].
P values were determined by chi‐square tests for categorical measures and Kruskal‐Wallis tests for 
continuous measures.

TA B L E  2   Comparison of children 
operated during same time period
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holding. Many infants (36%) demonstrated no awake‐alert state or 
limited state variation (crying and sleeping only). In terms of habitu-
ation, many infants were awake at initial time of assessment (visual: 
n = 70; auditory: n = 71) or otherwise not available (visual: n = 36; 
auditory: n = 37). Among those who completed the tasks, 52% of 

infants responded similar to typical healthy newborns with return-
ing to sleep within 6 trials of the light (visual) stimulus and 55% to the 
rattle (auditory) condition. Many infants were challenged by this task 
and unable to habituate after nine trials to light (36%) or rattle (39%).

3.3 | Factor analysis

The assessment items, excluding visual and auditory habituation, 
were categorized into a 4‐factor model (n = 212), accounting for 
98% of the total variance of the items. The underlying, that is, la-
tent, organization constructs were represented by an “autonomic 
organization” factor, consisting of the autonomic regulation (factor 
loading: 0.57), examiner facilitation (0.53), consolability (0.90), and 
crying (0.89) items as well as state regulation (0.72); a “motor organi-
zation” factor, consisting of the upper and lower general tone items, 
loading at 0.86 and 0.83, respectively; an “oral motor organization” 
factor, consisting of rooting (0.89), sucking (0.90), and hand grasp-
ing (0.48) items; and an “attention organization” factor, consisting of 
animate visual (0.96), animate visual and auditory (0.95), inanimate 
visual (0.92), and inanimate visual and auditory (0.92) items. The ac-
tivity level and asymmetry items did not load on any of the factors 
at the loading threshold of 0.40. The autonomic organization and at-
tention organization factors were moderately correlated (r = 0.42). 
Additionally, the motor organization factor was moderately corre-
lated with each of the other factors (autonomic organization: r = 0.37; 
oral motor organization: r = 0.40; attention organization: r = 0.37).

3.4 | Association of factor scores and subject 
characteristics

We next examined associations of factor scores with individual 
demographic and medical background characteristics (variables in 
Table 3 as well as sex and age at first operation) after adjustment 
for corrected age at assessment. Autonomic and motor organization 
scores were significantly worse among those subjects who had a 
cardiac catheterization (P = .03 and P < .001, respectively; Table 4). 
Specifically, lower autonomic organization scores were associated 
with having at least one postoperative catheterization (P = .03), and 
lower motor organization scores were associated with having at 
least one preoperative diagnostic or interventional catheterization 
(P = .008) and also with having any interventional catheterization 
(P = .03).

In multivariable analyses adjusting for corrected age at as-
sessment, risk factors for worse autonomic organization scores 
included the performance of a postoperative cardiac catheteriza-
tion (β = –.46 ± .21, P = .03) and younger gestational age at birth 
(β = .07 ± .03 per week, P = .03). Risk factors for worse motor orga-
nization scores were younger gestational age at birth (β = .12 ± .04 
per week, P < .001), any cardiac catheterization (β = –.47 ± .14, 
P < .001), and younger age at first operation (β = .012 ± .004 per 
day, P = .01). Risk factors for worse motor organization scores were 
single ventricle anatomy (β = –.41 ± .15, P = .007), and presence 
of other congenital anomalies (β = –.42 ± .16, P = .01). Risk factors 

TA B L E  3   Demographic and medical background characteristics 
at assessment (N = 237)

Variablesa
n (%), Mean ± SD, 
or median [IQR]

Demographic characteristics

Race

Caucasian 187 (80)

Black 16 (7)

Asian 9 (4)

Other 22 (9)

Hispanic ethnicity 29 (13)

Maternal education

Less than or completed high school 48 (26)

Some or completed college 112 (60)

Graduate degree 28 (15)

Medical background

Birth weight (kg) 3.1 ± 0.6

Gestational age at birth (wk) 38.5 ± 1.9

Gestational age at birth < 37 wk 19 (8)

Single ventricle anatomy 52 (22)

Prenatal diagnosis 152 (64)

Genetic anomaly 32 (14)

Apgar score at 1 min 7.4 ± 1.6

Any other congenital anomalies 44 (19)

Cardiovascular surgery with cardiopulmo-
nary bypass

205 (86)

Days from cardiac operation to assessment 11 [7‐19]

Events prior to assessment

Any cardiac catheterizationb 71 (30)

Any preoperative catheterization 47 (20)

Any postoperative catheterization 28 (12)

Any therapeutic catheterization 41 (17)

Cardiac arrest 12 (5)

Clinically diagnosed seizure 25 (11)

ECMO 11 (5)

Any tube feeding (G, GJ, NG, NJ) 33 (14)

Age at inpatient assessment, corrected (d) 21 [13‐33]

Abbreviations: ECMO, extracorporeal membrane oxygenation; G, gas-
tric; GJ, gastrojejunal; IQR, interquartile range; NG, nasogastric; NJ, 
nasojejunal; SD, standard deviation.
Missing < 4% outcomes except for maternal education (n = 188) and 
Apgar score at 1 min (n = 212).
aSee additional variables in Table 2. 
bTwelve children had more than one catheterization. Fifty‐nine children 
had one catheterization. 
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for lower attention organization scores were single ventricle anat-
omy (β = –.41 ± .16, P = .01) and gestational age at birth < 37 weeks 
(β = –.54 ± .26, P = .04). Unexpectedly, in these multivariable analy-
ses, children who sustained a cardiac arrest had better motor and au-
tonomic function (β = .83 ± .29; P = .005 and β = .58 ± .29; P = .047); 
only 10 children with cardiac arrest were included in the models.

4  | DISCUSSION

Few studies have characterized the developmental functioning of 
young infants following cardiac surgery and just prior to discharge 
home. This study is the first to examine developmental performance 
across a range of severity of cardiac diagnoses, including the most 
complex forms of CHD, using a clinical adaptation of a standardized 
neurodevelopmental measure. Our assessment monitored behavio-
ral subsystems of the infant in interaction with each other and the 
environment in order to provide support for the infant during as-
sessment. Items were presented in a manner to support behavioral 
organization of the infant and elicit the best performance. Even with 
these modifications to support the infant, our sample of postsurgi-
cal CHD infants, just prior to discharge, demonstrated atypical auto-
nomic, attention, and motor organization. Our study demonstrates 
that infants with CHD who are about to be discharged from the hos-
pital after heart surgery are easily overwhelmed, have poor state 
regulation, low oral motor tone, both low and high motor tone, and 
overall decreased motor skill development.

Infants in our sample tended to be easily overwhelmed by so-
cial and sensory stimulation, difficult to console, challenged in state 
organization, and required a great deal of support to complete the 
assessment. Similarly, previous studies, with smaller sample sizes, 

reported that CHD infants before and after surgery demonstrated 
atypical behavioral responses, including poor visual orienting, dis-
organized state, increased stress, and difficulty with regulation.24,25 
Hogan et al demonstrated lower ability to sustain attention with in-
creased need for support from the examiner to maintain attention 
and to soothe the infant with CHD.26 Overall, infants with CHD 
interact less with their environment because of their abnormalities 
with arousal, attention, and difficulty with state regulation. Als et al 
propose that poor state organization in preterm infants serves as a 
protection for shutting out excessive stimulation in an attempt to 
maintain physiologic homeostasis.27 The poor state regulation seen 
in our study infants and other infants with CHD may serve as an 
intrinsic protective mechanism in an attempt to decrease physiologic 
instability exacerbated by overstimulation from the environment 
and thus behooves those caring for infants in the hospital to focus on 
increased protection from this overstimulation during medical care, 
along with increased parental holding and comforting of the infant.

We used factor analysis to group study variables into meaningful 
factors of organization (autonomic, motor, oral motor, state) which 
are similar to the behavioral systems seen when using the NBO and 
also factor scores using the APIB.15,28 Notably, our study suggests 
the presence of a specific factor for oral motor behaviors apart 
from that for the overall motor system demonstrates the impor-
tance of oral motor skills so early in infancy and also its individuality 
and difference from other motor skills. Our sample demonstrated 
weak sucking, rooting, and hand grasping, along with overall chal-
lenges in motor tone and motor skill development. Similarly, other 
studies noted that children receiving cardiac surgery showed hypo-
tonia, hypertonia, abnormal suck, and asymmetry of tone at hospi-
tal discharge, which were reported in conjunction with neurologic 
abnormalities.29‐31

TA B L E  4   Univariable relationships of factor scores with demographic and medical history characteristics adjusting for corrected age at 
inpatient assessment (N = 212).

Variable Autonomic organization Motor organization Oral motor organization Attention organization

Gestational age (per week) 0.07 ± 0.04 (0.04) 0.07 ± 0.03 (0.046)

Single ventricle anatomy –0.43 ± 0.15 (0.005) –0.40 ± 0.16 (0.01)

Any other congenital 
anomalies

–0.34 ± 0.16 (0.04) –0.44 ± 0.17 (0.009)

Days from cardiac 
operation to assessment 
(per day)

–0.013 ± 0.005 (0.006)

Any cardiac catheterization –0.31 ± 0.15 (0.03) –0.47 ± 0.14 (< 0.001)

Any preoperative 
catheterization

–0.42 ± 0.16 (0.008)

Any postoperative 
catheterization

–0.45 ± 0.21 (0.03)

Any interventional 
catheterization

–0.37 ± 0.17 (0.03)

Clinically diagnosed seizure

Values are β‐estimates ± standard errors (P value).
P values were determined by linear regression adjusting for corrected age at inpatient assessment.
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We speculate that the combination of difficulties in motor and 
oral motor skills with difficulties in attention and autonomic reg-
ulation as evidenced in our sample are likely contributory to the 
known longer term challenges in feeding, decreased attention, de-
layed motor milestones, suboptimal autonomic regulation, behavior 
problems, and specific cognitive challenges in children with CHD.32 
Furthermore, these developmental complications affect the infant’s 
ability for interaction and emotional expression of attachment and 
increase the burden placed on families to care for these medically 
and behaviorally complex infants at home. Future studies should 
prospectively follow infants to track how these neurodevelopmen-
tal abnormalities affect attachment and bonding in the weeks after 
cardiac surgery and into childhood.

Results of our study also showed that increased medical complex-
ity was related to worse developmental performance. Specifically, 
risk factors for early postoperative developmental challenges in-
cluded cardiac catheterization, younger gestational age at birth, 
more complex cardiac anatomy, and extracardiac congenital anom-
alies. We found that decreased motor and autonomic organization 
were associated with cardiac catheterization. Greater exposure to 
cardiac catheterization has been reported as an independent predic-
tor of brain development for adolescents with d‐transposition of the 
great arteries and has been associated with lower global develop-
mental scores for children with hypoplastic left heart syndrome.33,34 
The difficulties in organization seen in infants who underwent car-
diac catheterization are most likely related to the greater severity 
of disease among those who require catheterization, although we 
cannot exclude that adverse effects of catheterization have some 
direct impact.

The focus on neurodevelopment in infancy is relatively new to 
cardiology, though common for other medical conditions affecting 
newborns such as preterm birth or fetal abstinence syndrome.12,35 
Research demonstrates that individualized developmental care and 
other rehabilitative and developmental therapies initiated early in 
the hospital stay improve long‐term outcomes for hospitalized in-
fants.36 A recent survey found that only a minority of CICUs caring 
for children with CHD employ consistent developmental rounds, 
engage in individualized developmental care, and begin therapeu-
tic services such as physical therapy, occupational therapy, speech 
and language therapy, feeding therapy, and child life therapy early 
in the hospital stay, indicating the focus on neurodevelopment is 
still evolving in cardiology.12 As reported in this study, our assess-
ment identified areas of developmental vulnerabilities at the time 
of discharge indicating that delays were already notable and the 
infants were in need of therapeutic services. Our study provides 
evidence for the importance of therapeutic services while inpatient 
such as physical, occupational, and feeding therapy for infants with 
CHD. This study also noted the need for increased developmental 
care to potentially ameliorate the developmental sequela of CHD. 
Furthermore, significant medical and developmental challenges such 
as hearing loss, visual impairment, torticollis, plagiocephaly, neuro-
logical abnormalities, aspiration risk, and symptoms of withdrawal, 
were identified through our neurodevelopmental consultation. 

These were variables not measured by the infant assessment specif-
ically but required supplementary therapeutic and medical attention 
prior to discharge home and may not have been identified without 
developmental consultation.

Inpatient neurodevelopmental consultation has the potential 
to encourage changes in care delivery and improve long‐term out-
comes for infants with CHD and thus is advantageous to provide 
neurodevelopmental consultation early in the hospital stay. For ex-
ample, infants with CHD often react in ways that preclude the ability 
to focus on environmental cues and thus to take in and learn from 
the environment. Moreover, family stress may impact parenting 
and attachment. For families who are under a great deal of stress, 
infant assessment can contribute to the development of a positive 
parent‐infant relationship, even after the potentially difficult hos-
pitalization and cardiac surgery. Developmental consultation and 
the referral to early therapy can enhance the infant’s attention and 
overall development while also providing support from family. Our 
data suggest that inpatient neurodevelopmental evaluation, as well 
as routine referral for outpatient neurodevelopmental assessment 
and early intervention, are desirable for all infants after cardiovas-
cular surgery.

Our study limitations included challenges of assessing fragile in-
fants, especially in the hospital setting.21 All attempts were made 
to control the environment during testing but study assessments 
were occasionally confronted with postoperative restrictions, vary-
ing medical needs and medication schedules, interruptions during 
the exam, time limitations, absent and/or anxious parents, assess-
ment in a bright, active environment, and variation in the timing 
of assessment with respect to feeding and alertness. In addition, 
our study was performed in a single center caring for infants with 
highly complex cardiac lesions. In comparing our study sample 
with infants of the same age requiring cardiac surgery but not in 
the study sample, we found that our study sample was medically 
more complex, potentially limiting the generalizability of our find-
ings. Neurodevelopmental assessment was more likely to be accom-
plished in medically complex infants with longer hospitalizations 
than in infants with lower complexity and shorter hospitalization. 
Nonetheless, we describe the highest risk children with CHD, about 
whom we are most concerned clinically and who have the greatest 
need for neurodevelopmental follow‐up and therapy. Another study 
limitation included the finding that infants who experienced cardiac 
arrest had better motor tone and oral motor skills in multivariable 
analysis. This unexpected finding may be spurious due to the small 
number of arrest patients, some with short duration of CPR and/
or collinearity with other risk factors. Furthermore, this study is a 
cross‐sectional study and the long‐term outcomes of these children 
are unknown. Our outpatient clinic follows these children long term 
with systematic evaluations at 18‐24 months and 30‐36 months and 
in the future will examine the relationship between their newborn 
presentation and long‐term outcomes.

In summary, we examined the neurodevelopment of young in-
fants with CHD just prior to discharge home using a newborn as-
sessment tool adapted to this population, and demonstrated deficits 
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in the interrelated areas of autonomic function, motor function, oral 
motor function, and attention. The current study was not only bene-
ficial in noting the challenges of infants with CHD following surgery, 
but also their needs prior to discharge home and the related burden 
placed on their families, and thus advocates for neurodevelopmen-
tal assessment prior to discharge home. Amelioration of negative 
outcomes of CHD could be possible by providing early therapy and 
intervention following routine infant assessment with focused rec-
ommendations during the inpatient stay. Future multicenter studies 
and clinical trials should examine the efficacy of early neurodevel-
opmental consultation before hospital discharge in the perioperative 
infant CHD population and its role in improving long‐term neurode-
velopmental outcomes.
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