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Congenital heart disease is the most common birth defect 
worldwide, affecting millions of newborn infants every 
year.1 Improved care, especially surgical interventions, has 
resulted in most children with congenital heart disease in 
developed countries surviving to adulthood.2 Success of 
these improvements exposed a heightened risk of brain in-
jury and developmental disorders and disabilities.3 Infants 

with complex congenital heart disease (CCHD), including 
those with single ventricle physiology, have impaired circu-
lation, reduced blood oxygen carrying capacity to the fetal 
and neonatal brain, and impaired brain growth in utero 
compared to infants without CCHD.4,5 A recent systematic 
review and meta- analysis on neurodevelopmental outcomes 
from birth through adolescence in newborn infants with 
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Abstract
Aim: To evaluate whether infants with complex congenital heart disease (CCHD) 
have an increased risk of impaired quality of motor behavior and delayed motor 
milestones.
Method: A cohort of 69 infants with CCHD (43 males, 26 females) were assessed 
with the Infant Motor Profile (IMP) at three time periods between 6 to 18 months, 
mean ages in months (SD): 6.4 (0.7); 12.7 (1.0); 18.5 (0.7) IMP data were available 
from a reference sample of 300 Dutch infants. Analyses included multivariable lo-
gistic regression analysis to estimate differences in IMP scores below the 15th cen-
tile between children with CCHD and the reference group, and linear mixed- effects 
models to assess the effect of ventricular physiology and systemic oxygen saturation 
(SpO2) of less than 90% on IMP outcomes.
Results: Infants with CCHD had increased risks of total IMP scores below the 15th 
centile (lowest odds ratio [OR] at 18mo: 6.82 [95% confidence interval {CI} 2.87– 
16.19]), especially because of lower scores in the domains of variation, adaptability, 
and performance. Children with single ventricle CCHD scored consistently 3.03% 
(95% CI 1.00– 5.07) lower than those with two ventricle physiology, mainly from con-
tributions of the variation and performance domains. SpO2 of less than 90% was 
associated with 2.52% (95% CI 0.49– 4.54) lower IMP scores.
Interpretation: CCHD, especially single ventricle physiology, increases risk of im-
paired motor development.
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CCHD who required surgery in early infancy indicated that 
infants with single ventricle physiology in particular are at 
risk of neurodevelopmental impairment.6,7 We recently re-
ported on the basis of a prospective cohort study that infants 
with single ventricle CCHD more often had definitely ab-
normal general movements (i.e. movements with reduced 
spatial and temporal variation) at 2 months to 4 months cor-
rected age than infants with two ventricle CCHD.8 We also 
found that hypoxia, defined as systemic oxygen saturation 
(SpO2) of less than 90%, at hospital discharge was associated 
with definitely abnormal general movements.8 SpO2 of less 
than 90% is strongly associated with single ventricle CCHD.

Knowing that infants with CCHD are at increased risk of 
atypical neurodevelopment, it is important to recognize in 
early life which infant is particularly at risk. Early detection 
of neurodevelopmental disorders facilitates referral to early 
intervention during a period in life characterized by high 
neuroplasticity. Traditionally, most tests provide informa-
tion on the child's function in terms of age- appropriate per-
formance versus underachievement or delay and/or evaluate 
muscle tone, so- called primitive reflexes, postural reactions, 
and motor responses to sensory input.9,10 However, a grow-
ing body of literature indicates that instruments assessing 
the quality of motor behavior in particular are able to eval-
uate the young brain's integrity and to predict the child's fu-
ture function.11,12 Two qualitative aspects of motor behavior 
deserve specific attention: variation and adaptability, which 
are based on principles of the Neuronal Group Selection 
Theory.9 According to the Neuronal Group Selection 
Theory, motor development is characterized by two phases 
of variability: a phase of primary variability during which 
variation of movements and exploration of all motor possi-
bilities are abundant and not geared to external conditions, 
and a secondary phase, during which infants learn to select 
the most adaptive strategies for a situation out of a motor 
repertoire based on trial- and- error experiences. This means 
they pair variation with adaptability.9 Early brain lesions 
results in limited variation (i.e. a reduction of the motor 
repertoire) and limited adaptability. In the context of the 
Neuronal Group Selection Theory framework, the Infant 
Motor Profile (IMP) was developed. The IMP is a standard-
ized, well- validated, video- based assessment that focuses 
on the quality of motor behavior (i.e. variation, adaptabil-
ity, symmetry, and fluency) and also assesses performance 
(motor milestones), a non- qualitative aspect of motor behav-
ior.13 The age span for assessment is 3 months to 18 months 
or, in infants with developmental delay, until the infant has 
experienced independent walking for a few months.

The aim of the present study is to evaluate whether in-
fants with CCHD have an increased risk of impaired qual-
ity of motor behavior and delayed motor milestones. Infants 
in our prospective cohort study were reassessed with the 
IMP at 6 months, 12 months, and 18 months corrected age. 
We addressed the following questions: (1) Do infants with 
CCHD have worse IMP outcomes at 6 months, 12 months, 
and 18 months corrected age than reference infants in terms 
of raw scores and prevalence of children scoring below the 

15th centile? (2) Do children with single ventricle physiol-
ogy have worse IMP outcomes than children with two ven-
tricle physiology? (3) Do children with SpO2 of less than 
90% at hospital discharge after their primary surgery have 
worse IMP outcomes than children with SpO2 of 90% or 
more? The IMP outcomes of special interest are the total 
IMP scores and the scores of the variation, adaptability, and 
performance domains, as these domains are associated with 
neurodevelopmental outcomes at 4 years and 9 years.14,15

M ETHOD

Participants

The participants belong to a longitudinal prospective cohort 
study involving consecutively eligible infants with CCHD who 
underwent surgery at Advocate Children's Hospital between 
May 2015 and June 2019. The Institutional Review Board 
of Advocate Health Care approved the study (registered as 
NCT02781545). For reference, we had access to IMP data of a 
cohort of infants representative of the Dutch population.13,16

Inclusion criteria for the study group included newborn 
infants (1) diagnosed with CCHD by echocardiography and 
defined as structural defects that cause complex alterations 
in blood flow and hemodynamics; (2) who had primary sur-
gery or surgical palliation at Advocate Children's Hospital 
within 30 days of life. Ventricular grouping was based on 
ventricular physiology at hospital discharge after their pri-
mary surgery. Infants were excluded if: (1) primary surgery 
was after 30 days; (2) they had documented chromosomal, 
neurological, or genetic syndromes. Parents of eligible new-
born infants were given information about the study and 
provided written informed consent before data were col-
lected. Clinical data were extracted on standardized data 
collection charts. The data included standardized record-
ings of SpO2 of less than 90% at birth and at discharge by 
means of pulse oximetry.

Infants of the Dutch reference group were participants 
of the IMP- SINDA project, in which norm data of the IMP 
and Standardized Infant NeuroDevelopmental Assessment17 
were collected from 2017 to 2019. The infants represented 
the Dutch population in terms of social class, maternal ed-
ucation, and perinatal risk.13,16 The reference group consists 

What this paper adds

• Complex congenital heart disease (CCHD) 
substantially increases risk of impaired motor 
development.

• CCHD is associated with motor delay and re-
duced motor variation and adaptability.

• Single ventricle physiology increases the risk of 
impaired motor behavior.
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of 300 infants (100 infants assessed at 6mo, 12mo, and 18mo 
corrected age), none of which had CCHD. Reference group 
infants were assessed once.

Procedures

Study group infants were assessed longitudinally with the 
IMP at 6 months, 12 months, and 18 months corrected age. 
The IMP assessments took place in the outpatient cardiac 
neurodevelopmental clinic or at the infant's home. Care was 
taken to achieve an active, awake, non- crying behavioral state 
for all infants. Infants were hemodynamically stable during 
the video recording. The 80 test items of the IMP were as-
sessed by video recording 15 to 20 minutes of self- generated 
and elicited play behavior in supine, prone, sitting, walking, 
reaching, and manipulation (depending on the child's age 
and functional abilities). The IMP generates a profile of an 
infant's current motor development and risk of developmen-
tal disorder based on five domains of motor behavior: varia-
tion (25 items, 2- point scale), adaptability (15 items, 2- point 
scale), symmetry (10 items, 3- point scale), fluency (seven 
items, 2- point scale), and performance (motor milestones; 
23 items, 2– 7- point scale). The item scores result in domain 
scores and a total IMP score, expressed as percentage scores 
with a maximum of 100%; higher scores indicate higher qual-
ity motor behavior. The total IMP score is based on five do-
main scores, except for infants aged 6 months and younger in 
whom the adaptability domain is not taken into account.13 
Interpretation of the scores is facilitated by age- normed per-
centage ranks in the IMP manual, including values used in 
this study to define ‘at risk’ IMP scores.13 The IMP has sat-
isfactory reliability, construct, and concurrent validity.13,18 In 
addition, the IMP has predictive validity for cerebral palsy, 
lower IQs, and less optimal behavior at school age,14,15,19 and 
an excellent responsiveness to change over time.20,21

The videos were independently assessed by a trained 
assessor (DH) and two medical master students (MP and 
LtB) who were supervised by an expert assessor (MHA). 
The latter three persons were masked to the infants' history. 
Disagreements were discussed until consensus.

Statistical analyses

Sample size of the CCHD cohort was based on the ability to 
demonstrate differences in outcome of infants with SpO2 of 
90% or more and those with SpO2 of less than 90% on total 
IMP scores at 18 months. The a priori sample size estimate 
with G* power 3.122 indicated two groups of 19 infants; each 
resulted in 80% power (α=0.05) to detect a clinically relevant 
change of 7.5 points in the total IMP score (SD 8.2).23

Background characteristics of the infants with CCHD 
and the Dutch infant reference groups were compared with 
the Mann– Whitney U test (similar variances), Fisher's exact 
test, or t- test where appropriate. Normality distribution was 
tested with the Shapiro– Wilk test. To estimate differences 

in IMP scores below the 15th centile between children with 
CCHD and reference group children at 6 months, 12 months, 
and 18 months, multivariable logistic regression analyses 
were used with adjustment for the following confounders: 
age at assessment, preterm birth, male sex, and maternal ed-
ucation. The confounders were selected on an a priori basis, 
in alignment with current literature.6 Results are expressed 
as odds ratio (OR) with 95% confidence intervals (CIs).

We assessed whether developmental trajectories of chil-
dren with CCHD differed over time for children between 
6 months and 18 months for those with (1) one or two ven-
tricles; and (2) SpO2 of less than 90% or SpO2 of 90% or 
more at hospital discharge after neonatal surgery. Linear 
mixed- effects models were used for outcome variables, total 
IMP score, IMP variation domain, and IMP performance 
domain. Clustering of observations was accounted for by in-
corporating random subject effects to model the correlation 
between the various measurements within each child. Fixed 
effects were included for (quadratic) time (age), ventricle 
group (one or two ventricles), SpO2 of less than 90% or SpO2 
of 90% or more respectively, and additional interaction ef-
fects for ventricle group/SpO2 of less than 90% and the time 
variables in the model were investigated. All analyses were 
corrected for covariates sex, level of maternal education (low, 
middle, high), and preterm birth. From the results of the best 
fitting models, time profiles for each of the relevant groups 
(one or two ventricles, SpO2% respectively) were calculated. 
All analyses were conducted with SPSS for Mac, version 24 
(IBM Corp., Armonk, NY, USA) and linear mixed- effects 
models with nlme library in R, version 3.6.3.24 Level of sta-
tistical significance for the tests was set at 0.05.

R E SU LTS

Participation and background characteristics

Figure S1 is a flow chart of infants with CCHD enrolled in 
the study. Eighty- four infants were eligible for the study, of 
which 76 were enrolled. Before the 6- month IMP assess-
ment, four infants died, one had a heart transplant, and 
two withdrew from the study leaving 69 infants available, of 
which 62 infants had a video recorded assessment. Before the 
12- month assessment, one infant died, two had heart trans-
plants, and one was lost to follow- up, leaving 65 infants avail-
able, of which 58 had a video recorded assessment. Before the 
18- month assessment, one infant had a heart transplant and 
two were lost to follow- up, leaving 62 infants available, of 
which 58 had a video recorded assessment. Participants that 
required a heart transplant during the study period were re-
ferred to an outside hospital system and were lost from this 
study. The background factors of infants who missed their 
assessment did not differ significantly from those that com-
pleted the assessment (data not provided).

Demographic and background characteristics of the 
CCHD and Dutch reference groups are described in Table 1. 
Infants with CCHD had a lower gestational age at birth 
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T A B L E  1  Background characteristics of infants with CCHD and infants of the Dutch reference group

Infants with CCHD

Infant with single 
ventricle CCHD
n=29

Infants with two 
ventricle CCHD
n=47

All infants with 
CCHD
n=76

Dutch reference  
n=300

Male, n (%) 14 (48) 32 (67) 46 (61) 168 (56)

Gestational age (wks), median wks (IQR) 38.0 (38.0– 39.0) 39.0 (38.0– 39.0) 39.0 (38.0– 39.0) 40.0 (38.9– 40.7)a

Preterm birth (gestational age <37wks), n (%) 3 (11) 4 (11) 7 (9) 9 (3)a

Birthweight (g), mean (SD) 3050 (439) 3260 (612) 3180 (559) 3494 (568)a

Head circumference (cm), mean (SD) 32.67 (1.58) 33.74 (1.87)b – – 

Maternal education: low/moderate/high, n (%) 5 (18)/16 (56)/8 (26) 3 (6)/27 (58)/17 (36) 8 (10)/43 (57)/25 (33) 32 (11)/124 (41)/143 (48)

Age at time of IMP assessment

At 6mo assessment (mo), mean (SD) 6.6 (0.9) 6.3 (0.5) 6.4 (0.7) 6.0 (0.3)a

At 12mo assessment (mo), mean (SD) 12.8 (1.4) 12.7 (0.8) 12.7 (1.0) 11.9 (0.3)a

At 18mo assessment (mo) mean (SD) 18.6 (0.8) 18.5 (0.7) 18.5 (0.7) 18.0 (0.3)a

Diagnosis, n (%)

Coarctation of aorta 0 (0) 3 (7) 3 (4) n/a

Tetralogy of fallot 0 (0) 1 (2) 1 (1)

Transposition of great arteries 0 (0) 19 (40) 19 (25)

Congenital pulmonary artery anomalies 1 (4) 2 (4) 3 (4)

Truncus arteriosus 0 (0) 2 (4) 2 (3)

Total anomalous pulmonary venous return 0 (0) 7 (15) 7 (9)

Unbalance atrioventricular canal 1 (3) 1 (2) 2 (3)

Multiple complex defects 9 (31) 12 (26) 21 (26)

Hypoplastic left heart syndrome 18 (62) 0 (0) 18 (25)

Prenatal diagnosis, n (%) 22 (76) 24 (51)b 46 (61) n/a

STAT category, n (%)c

2 0 (0) 3 (6) 3 (4.0) n/a

3 0 (0) 14 (30) 14 (18)

4 7 (24) 28 (60) 35 (46)

5 22 (76) 2 (4) 24 (32)

Surgery after birth (d), median (IQR) 6 (5– 8) 7.0 (6– 11) 7 (5– 9) n/a

Cardiopulmonary bypass (min), median (IQR) 136 (115– 155) 135 (77– 166.50) 135 (99– 161) n/a

Mechanical ventilation (d), median (IQR) 10 (7– 18) 4 (2– 7)b 6 (3– 12) n/a

Length of hospitalization after primary surgery 
(d), median (IQR)

28 (21– 37) 18 (14– 26)b 21 (16– 28) n/a

Hypoxia— SpO2 at discharge (<90%), n (%) 29 (100) 2 (4)b 41 (54) n/a

Early physical therapy intervention, n (%)d Unknown

At 6mo assessment 1/23 (4) 4/39 (10) 5/62 (8)

At 12mo assessment 13/21 (62) 8/37 (22)b 21/58 (36)

At 18mo assessment 14/20 (70) 4/38 (11)b 18/58 (31)

Bold scores denote statistical significance.
Abbreviations: CCHD, complex congenital heart disease; IMP, Infant Motor Profile; IQR, interquartile range; Maternal education: low, grade school; moderate, high school, 
partial college, trade school; high, college or university; STAT, The Society of Thoracic Surgeons- European Association for Cardio- Thoracic Surgery (no cases of STAT 1); 
SpO2, systemic oxygen saturation.
aDifferences between infants with CCHD vs Dutch reference group: p<0.05 with Mann– Whitney U or t- test where appropriate.
bDifferences between infants with single vs two ventricles CCHD: p<0.05, tested with Mann– Whitney U or Fisher's exact test where appropriate.
cHigher STAT category = greater risk of mortality associated with congenital heart disease surgical procedure.
dEarly physical therapy intervention means outpatient or at home physical therapy intervention.
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and lower birthweight than the Dutch infants (p<0.001). 
Maternal education in both groups was similar. The groups 
differed in the number of infants born preterm (defined as 
born <37wks gestational age) with a higher prevalence of in-
fants born preterm in the CCHD group (9%) compared to the 
Dutch referent group (3%). Children with CCHD were older 
than the reference group at each assessment ages (mean ages 
in mo: 6.4 vs 6.0; 12.7 vs 11.9; 18.5 vs 18.0; p<0.05; Table 1).

Demographic and clinical characteristics of infants with 
single ventricle and two ventricle CCHD are described in 
Table  1. Infants with single ventricle CCHD had smaller 
head circumference at birth (p=0.005), longer need for 
mechanical ventilation during primary hospitalization 
(p<0.001), longer length of hospital stay (p=0.001), hypoxia 
at discharge (p=0.001), and more physical therapy interven-
tion at 12 months and 18 months (p=0.004, p<0.001 respec-
tively) compared to infants with two ventricle CCHD.

Motor behavior in children with CCHD and 
reference children

Children with CCHD had lower total IMP scores than the 
reference group at 6 months (median values: 80 vs 86, 12mo: 

89 vs 94, and 18mo: 92 vs 97; Table 2). At 6 months, the lower 
total IMP scores were mainly based on lower scores in the 
variation and fluency domains in the infants with CCHD. 
Median performance scores of the two groups were similar; 
however, 39% of the children with CCHD had scores that 
were below the 15th centile compared to 7% of reference 
group children. At 12 months and 18 months, the domains 
of variation and adaptability contributed to the lower total 
scores of the infants with CCHD, with an additional con-
tribution of the performance domain at 18 months (Table 2). 
The lower scores in children with CCHD resulted in a greater 
risk of these children having total IMP scores below the 15th 
centile than the reference group (6mo: 45% vs 7%; adjusted 
OR 12.66 [95% CI 4.68– 34.28]; 12mo: 58% vs 15%; adjusted 
OR 14.03 [95% CI 5.25– 37.52]; 18mo: 55% vs 16%; adjusted 
OR 6.82 [95% CI 2.87– 16.19]; Table 2).

Motor behavior in infants with CCHD: effect of 
ventricular physiology and SpO2 at discharge

The raw data on the IMP scores of children with single and 
two ventricle physiology are presented in Table S1. Details 
of the linear mixed- effects model of the effects of ventricle 

T A B L E  2  IMP scores: children with CCHD and reference group data

CCHD group Reference group
CCHD vs  
reference group

IMP total and domains

Raw scoresa < P15 Raw scores < P15 < P15

OR (95% CI)b

6mo assessment, n (%) 62 100

Total score 80 (77– 83) 28 (45) 86 (82– 89) 7 (7) 12.66 (4.68– 34.28)

Variation 91 (83– 97) 24 (39) 94 (91– 99) 19 (19) 2.74 (1.24– 6.04)

Symmetry 100 9 (15) 100 18 (18) 0.92 (0.37– 2.44)

Fluency 75 (75– 75) 3 (5) 83 (75– 98) 2 (2) 1.53 (0.18– 12.82)

Performance 62 (56– 68) 24 (39) 64 (59– 68) 7 (7) 8.01 (3.00– 21.39)

12mo assessment, n (%) 58 100

Total score 89 (86– 92) 34 (58) 94 (91– 96) 15 (15) 14.03 (5.25– 37.52)

Variation 94 (86– 94) 18 (31) 95.5 (91– 100) 14 (14) 2.76 (1.07– 7.14)

Adaptability 86 (81– 93) 33 (57) 90 (86– 94) 24 (24) 5.63 (2.35– 13.48)

Symmetry 100 3 (5) 100 0 0.12 (0.01– 1.34)

Fluency 75 (75– 88) 10 (17) 100 (88– 100) 7 (7) Unable to compute

Performance 88 (86– 90) 19 (33) 90 (88– 92) 17 (17) 1.77 (0.71– 4.42)

18mo assessment, n (%) 58 100

Total score 92 (89– 96) 32 (55) 97 (94– 98) 16 (16) 6.82 (2.87– 16.19)

Variation 93 (90– 97) 12 (21) 97 (93– 100) 4 (4) 6.96 (1.78– 27.08)

Adaptability 91 (86– 94) 43 (74) 96 (92– 100) 40 (40) 4.34 (1.83– 10.31)

Symmetry 100 2 (3) 100 2 (2) 0.92 (0.05– 15.24)

Fluency 88 (80– 100) 11 (19) 100 (90– 100) 0 Unable to compute

Performance 93 (91– 94) 19 (28) 94 (93– 96) 12 (12) 2.81 (1.08– 7.26)

Bold scores denote statistical significance.
Abbreviations: CCHD, complex congenital heart disease; CI, confidence interval; IMP, Infant Motor Profile; OR, odds ratio; < P15: below the 15th centile.
aScores denote median values and interquartile ranges.
bOR (95% CI) adjusted for age at assessment, preterm birth, male sex, and maternal education.
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physiology are presented in Table S2 and those of the effects 
of SpO2 in Table S3. The linear mixed- effects model showed 
on average children with CCHD followed a quadratic time 
profile for the total IMP scores (Figure  1a, Figure  S2a). 
Children with a single ventricle scored on average 3.03% 
(95% CI 1.00– 5.07) lower than children with two ventricles. 
Children with SpO2 of less than 90% at discharge scored on 
average 2.52% (95% CI 0.49– 4.54) lower than children with 
SpO2 of 90% or more.

In the IMP variation domain, children with CCHD 
followed a linear time profile. The variation score of chil-
dren with one versus two ventricles was not statistically 
significantly different; however, children with single ven-
tricle physiology showed a significantly steeper increase 
in score than the children with two ventricle physiology 
(Figure 1b). SpO2 of less than 90% was not associated with 
the variation scores. The adaptability scores of children 
with one or two ventricles and those of children with 
SpO2 of less than 90% and SpO2 of 90% or more did not 
differ significantly.

For the IMP performance domain, the children with 
CCHD followed a quadratic time profile (Figure  1c, 
Figure S2b). The children with single ventricle physiology 
not only had consistently lower scores than the children 
with two ventricle physiology, they also showed a different 
developmental trajectory (Figure  1c; Table  S2). Based on 
the model, average estimated performance scores for chil-
dren with one ventricle were 55, 78, and 91, and for those 
with two ventricles 62, 87, and 93 at 6 months, 12 months, 
and 18 months respectively. SpO2 levels had a compa-
rable effect on IMP performance scores (Table  S3 and 
Figure  S2b): children with SpO2 of less than 90% scored 
consistently lower than the children with SpO2 of 90% or 
more and the developmental trajectories of both groups 
differed significantly.

DISCUSSION

This study is the first to assess the developmental trajecto-
ries in the quality of motor behavior in infants with CCHD 
throughout infancy. It showed that children with CCHD un-
dergoing surgery in the first month of life had less favorable 
motor behavior scores than reference group children rep-
resentative of the general population throughout infancy. 
Among children with CCHD, those with a single ventricle 
and those with SpO2 of less than 90% at hospital discharge 
had less favorable motor scores.

Children with CCHD had significantly lower IMP scores 
than the reference group children with 6 to 14 times greater 
risk of total IMP scores below the 15th centile. The differ-
ences between the groups increased with age, indicating that 
gradually more infants with CCHD grew into a develop-
mental deficit. The domains of variation, adaptability, and 
performance accounted especially for this difference. These 
particular domains are associated with long- term outcomes, 
including cerebral palsy, lower IQ scores, and behavioral 
problems.14,18,25 That CCHD is associated particularly with 
less favorable scores in the domains of variation, adaptabil-
ity, and performance corresponds to the theoretical back-
ground of these domains and knowledge on CCHD. Limited 
variation is considered to reflect disruption in brain connec-
tivity leading to a reduction in available neuronal networks. 
In addition, illness and its accompanying disuse are associ-
ated with moderate reduction in variation and are associated 
with a reduced drive for movement exploration and experi-
ences.11,26 Children with CCHD often experience prolonged 
critical illness and hospitalization, which may contribute 
not only to limited variation, but also to limited experience- 
dependent adaptability and insufficient experience- 
dependent development of motor milestones (performance). 
Limited experiences may explain why prolonged critical 

F I G U R E  1  Developmental trajectories of Infant Motor Profile (IMP) scores in infants with single and two ventricle complex congenital heart disease 
(CCHD). Linear mixed- effects model of IMP scores between 5 months and 18 months: trajectories of (a) total IMP, (b) IMP variation domain, and (c) IMP 
performance domain. The solid lines indicate children with two ventricle physiology; the dotted lines indicate children with single ventricle physiology.

(a) (b) (c)
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illness and hospitalization is associated with an increased 
risk of impaired neurodevelopmental outcomes.27,28

Children with single ventricle CCHD had significantly lower 
total IMP scores than those with two ventricle CCHD through 
18 months. The difference was a consistent 3% in score. The clin-
ical relevance of this 3% reduction is reflected in the difference 
in the prevalence of clinically relevant total IMP scores below the 
15th centile; for example, at 18 months: 75% in children with sin-
gle ventricle CCHD compared to 45% in children with two ven-
tricle CCHD. In addition, children with single ventricle CCHD 
had an at least threefold increase in risk for having variation and 
performance scores below the 15th centile compared to the latter 
group during the first year. Unlike children with two ventricle 
CCHD who undergo a complete surgical repair early in life with 
relatively stable SpO2s of more than 90% thereafter, children 
with single ventricle CCHD maintain low SpO2 and typically 
undergo two palliative cardiac surgeries within the first 6 months 
of life. These infants require close surveillance during this pe-
riod to detect physiological changes that may precede hemo-
dynamic decompensation.29 Conceivably, the prolonged period 
of illness and hospitalization contributes to limited movement 
experiences, thereby strengthening the effect of the protracted 
state of SpO2 of less than 90% resulting in reduced total IMP and 
performance scores. After the age of 6 months (i.e. after the sec-
ond stage palliation of single ventricle heart disease), the child's 
hemodynamic vulnerability decreases. The ventricle is partially 
volume offloaded with a relative increase in the SpO2, oxygen 
delivery, and growth potential.30 Consequentially, variation 
scores in children with single ventricle CCHD increase to reach 
equivalents of children with two ventricle CCHD by 18 months 
and SpO2 levels at discharge were not associated with the overall 
developmental trajectories in variation scores. A similar catch- up 
was not observed in performance and total IMP scores.

Infants with CCHD subjected to the cumulative effects 
of abnormal perfusion or oxygenation are at increased risk 
for poorer neurological outcomes.31 The increased risk and 
vulnerability are expressed by the higher prevalence of defi-
nitely abnormal general movements at 3 months of age8 and 
lower IMP scores throughout infancy. This means that in-
fants with CCHD, in particular infants with single ventricle 
CCHD, often are in need of early intervention. Infants with 
CCHD in our institution receive therapy services as inpa-
tients after surgery and follow- up consultative services as 
part of an outpatient high- risk cardiology clinic. However, 
our data suggest that outpatient or home physical therapy in-
tervention in these infants generally does not start early (i.e. 
not before the age of 6mo). It might be that professionals and 
parents consider the infant's physical condition a contrain-
dication for early physical therapy intervention. We would 
like to offer two counterarguments in favor of intervention 
that starts at early age and continues throughout infancy 
and childhood, particularly for children with single ventri-
cle CCHD. First, parents of infants with CCHD have major 
concerns about their infant's motor development and their 
own tendency to overprotect the child.32 Second, current ap-
proaches in physical therapy use family coaching as a major 
strategy. The coaching strategy implies that both the infant's 

vulnerable physical condition and the parental stressful sit-
uation are taken into account.33,34

Strengths of this study include the longitudinal design, 
which allowed us to use linear mixed- effects modeling to an-
alyze the effects of ventricle number and SpO2, presence of 
a large reference group, detailed motor assessments, and low 
attrition rate (7% at 18mo). These models allowed us to use 
all available data, taking exact ages of the infants, repeated 
measures, and missing data into account. The use of the IMP, 
an assessment instrument that pays special attention to the 
quality of motor behavior, does not only have the advantage 
of being a responsive instrument with predictive properties, 
but it also assists in the understanding of the neurobiologi-
cal mechanisms behind developmental motor delays and it 
offers the professional keys to design the contents of early 
intervention.13 Our study also had limitations that included 
a sample of heterogeneous children with CCHD from a sin-
gle institution that had surgery in the neonatal period, all 
of which limits generalizability to all children with CCHD. 
Additionally, we lacked standardized neuroimaging proto-
cols at our institution for infants with CCHD. Furthermore, 
we used averaged pulse oximetry to measure hypoxia to 
stratify infant groups and did not include near infrared 
spectroscopy measurements for assessment of regional oxy-
gen delivery in the brain.

Conclusions

Our study confirms that children with CCHD are at in-
creased risk of impaired motor development in the first 
18 months of life. In particular, these children are at in-
creased risk of nonoptimal variation, reduced adaptability, 
and slower attainment of motor milestones, impairments as-
sociated with an increased risk for compromised long- term 
neurodevelopmental outcomes. Children with single ven-
tricle CCHD initially show marked signs of motor impair-
ment from which they partially recover after their second 
palliative surgery. Nonetheless, children with single ventri-
cle CCHD continue to be at higher risk of motor impairment 
than children with two ventricle CCHD. Low IMP scores, 
especially low total scores and low variation, adaptability, 
and performance scores, warrant further diagnostics, lon-
gitudinal monitoring of development, and referral to early 
intervention services.
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