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ARTICLE INFO ABSTRACT

Keywords: Congenital heart disease (CHD) patients are at risk for neurodevelopmental impairments, including altered motor
DifoSiofl tensor iH{agiﬂg function. However, little is known about the neuroanatomical correlates of persistent motor deficits in CHD.
Congenital heart disease Thus, we examined the link between corticospinal tract (CST) microstructure and motor function in adolescent
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and adult CHD patients compared to healthy controls.

This study investigated 89 CHD patients (N(adolescents) = 47, N(adults) = 42, mean age = 19.9 years) and 97 age-
matched healthy controls (N(adolescents) = 44, N(adults) = 53, mean age = 20.6 years). Diffusion tensor imaging was
conducted and fractional anisotropy (FA) of the left and right CST was extracted for each participant. Fine
(pegboard) and pure motor (repeated finger, hand and foot movements) performance was evaluated with a
standardized test battery. FA and motor performance were correlated and the effect of CHD complexity was
tested using multivariate linear regression.

Clinically relevant motor impairments (>2SD below normative mean) were evident in 24% of patients and 9%
of controls. On average, motor performance was lower in CHD patients compared to controls, particularly in
those with more complex CHD (fine motor: p = 0.023; pure motor: p < 0.001). FA CST was lower in patients
compared to controls, particularly in those with more complex CHD (left: p < 0.001, right: p = 0.003). There was
a significant interaction between CHD complexity and FA CST (left: p = 0.025, right: p = 0.025), indicating that
FA correlates significantly with pure motor in patients with severe CHD, while there is only a weak association in
moderate CHD and no association in patients with simple CHD and controls.

Microstructure of the CST is altered in CHD patients, and is associated with pure motor impairments in pa-
tients with severe CHD. This indicates that persistent motor impairments may arise from atypical development of
the primary motor pathway in the presence of a complex CHD. Early interventions promoting brain maturation
in infancy may prevent persisting impairments across the lifetime.

1. Introduction affecting about 1 in 100 live born children (Liu et al., 2019; Van Der
Linde et al., 2011). Progress in surgical management and postoperative
Congenital heart disease (CHD) is the most common birth defect, care of complex CHD has improved survival considerably, leading to a
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decrease of mortality to about 10% (Marelli et al., 2007), even for the
most severe forms of CHD (Wernovsky, 2008). However, it has become
evident that children with complex CHD requiring open-heart surgery
are at increased risk for neurodevelopmental impairments in various
developmental domains including cognitive, behavioral and motor
function. Delayed motor milestones may already appear in the first year
of life (Latal, 2016) and mild to moderate motor impairments often
persist across childhood and adolescence (Bolduc et al., 2020).

For a better understanding of the etiology of neurodevelopmental
alterations in CHD patients, neuroimaging studies have sought to find a
neuroanatomical basis for these delays. One of the most common find-
ings from neuroimaging studies in CHD is an apparent reduction in brain
volume, which is evident in CHD patients from fetal life (Khalil et al.,
2016; Olshaker et al., 2018), through infancy (Skotting et al., 2021; von
Rhein et al., 2015), into adolescence and young adulthood (Bolduc et al.,
2018). These alterations in brain volume are associated with poorer
neurodevelopmental outcome in CHD patients: Studies in infants with
CHD have shown that altered brain volume at infancy predicts cognitive
abilities in later childhood, including intellectual function (Meuwly
et al., 2019) and language development (Rollins et al., 2017). Several
studies in adolescents and young adults with CHD demonstrated asso-
ciations between lower local and total brain volume and intellectual
function (Von Rhein et al., 2014), working memory (Fontes et al., 2019;
Latal et al., 2016), and executive function (Naef et al., 2021; Semmel
et al., 2018). In addition to macroscopic alterations in brain volume,
neuroimaging studies have also revealed alterations in brain micro-
structure in infants, children and young adults with CHD, which also
appear to be linked to delayed or altered cognitive development. A study
in CHD neonates, who underwent brain MRI with diffusion tensor im-
aging (DTI) and continuous EEG-monitoring, showed that patients with
delayed microstructural development had significantly stronger high-
frequency connectivity and significantly weaker low-frequency con-
nectivity, suggesting that delayed microstructural brain development
has immediate functional consequences in CHD patients (Birca et al.,
2016). Studies in adolescents and young adults with CHD revealed that
altered white matter microstructure, measured by means of lower
fractional anisotropy (FA), was associated with a range of cognitive
impairments (Brewster et al., 2015; Ehrler et al., 2021, 2020; Rollins
et al., 2014; Watson et al., 2018). However, while these neuroimaging
studies have helped to elucidate the relationship between brain micro-
structural alterations and cognitive function in the CHD population,
relatively little is known about the neuroanatomical correlates of
persistent motor deficits, and there is a need for further investigation to
better predict neurodevelopmental outcomes in CHD patients (Peyvandi
et al., 2019).

In particular, the motor system could serve as a promising model to
study the association of anatomical alterations and functional (i.e.,
motor) outcome in CHD patients, since it is a rather simple functional
system, which has frequently been described to be impaired in the CHD
population (Bolduc et al., 2020; Schaefer et al., 2013; Snookes et al.,
2010). However, to date no study has investigated a direct association
between neuroanatomic findings and neuromotor outcomes in CHD
patients. Therefore, we examined the link between the microstructure of
the corticospinal tract (CST), a primary motor projection pathway
connecting the sensorimotor cortex and the spinal cord, which is
responsible for voluntary movements especially in the distal extremities,
and motor function in adolescents and adults with CHD and age-
matched controls. We hypothesize that both, motor performance and
mean fractional anisotropy (FA) of the CST is lower in patients with CHD
compared to healthy controls, and that this reduction is more pro-
nounced in patients with more complex CHD. Further, we hypothesize
that FA CST is associated with fine and pure motor performance in pa-
tients and controls.
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2. Materials and methods
2.1. Sample

Data of two different samples were pooled for this analysis. Sample 1
includes adolescent patients with different types of CHD, who under-
went full-flow cardiopulmonary bypass (CPB) surgery at the University
Hospital Zurich between 1995 and 1998 (for further details see Von
Rhein et al., 2012). Of 78 eligible participants, 23 opted not to partici-
pate, two could not be contacted, three patients did not undergo a DTI
scan and three patients had to be excluded due to extensive movement
artifacts in the MRI. Thus, in total, 47 patients with various types of CHD
and 44 healthy controls with similar age and sex were included in the
study. Healthy controls had participated in another study (n = 34) using
the same DTI and motor test protocols or were recruited for this study (n
= 10). Four of the 44 controls were excluded from analyses on motor
performance because of missing data in these individuals.

Sample 2 includes adult patients with different types of CHD, who
were treated at the outpatient clinic of the University Hospital Zurich,
Switzerland (for details see (Ehrler et al., 2021)). Sixty-six patients
agreed to participate in the study, of whom 46 patients underwent an
MRI scan. One patient was excluded due to movement artifacts in the
DTI scan. Three patients had previously participated in sample 1 and
were thus excluded from sample 2 to guarantee a set of independent
data. Therefore, sample 2 includes 42 patients. Of the 55 age- and sex-
matched controls enrolled in this sample, 54 underwent a DTI scan
with adequate quality. One control subject also participated in sample 1
and was thus excluded. Therefore 53 healthy controls were included in
this analysis.

Inclusion criteria for all participants of both samples were: no further
congenital malformation, no genetic or neurological disorder (e.g.,
clinical stroke requiring hospitalization, multiple sclerosis), age at
assessment between 9 1/12 and 16 11/12 years (study 1), respectively
18 and 32 years (study 2) and fluency in the German language.

Both studies were approved by the ethics committee of the Canton of
Zurich. All participants and primary care givers of minors respectively,
gave written informed consent prior to the study participation in
accordance with the Declaration of Helsinki. STROBE guidelines for
reporting observational studies have been followed.

2.2. QOutcome assessment

Motor function was measured with the Zurich Neuromotor Assess-
ment (Largo et al., 2001), a standardized test battery assessing fine and
pure motor function, and static and dynamic balance. Since in study 2
only fine and pure motor performance was assessed, the current analyses
were restricted to those domains. Fine motor function was tested by
means of the pegboard test (timed performance) conducted with both
dominant and non-dominant hand separately. Pure motor function was
assessed as timed performance of repetitive and sequential finger
movements, and repetitive and alternating movements of feet and hands
with the dominant and the non-dominant side separately. Two com-
posite scores were built for fine and pure motor performance, combining
both dominant and non-dominant performances of the respective sub-
tests. Using normative data (N = 662), composite scores were z-trans-
formed, corrected for age and sex. Impaired motor function was defined
as having a z-score below —2 (i.e., >2SD below normative mean) in the
fine and/or pure motor function composite scores. Participants were
examined by an experienced pediatric neurologist (sample 1, MvR) or
psychologist (sample 2, LS), who were aware of the participant’s med-
ical condition but not of the imaging results.

Socio-economic status (SES) was estimated by means of a six-point
scale of maternal and paternal education with a range from 2 to 12
(Largo et al., 1989). Cardiac variables were obtained from patient’s
charts.
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2.3. DTI acquisition and processing

Brain MRI was performed with a 3.0 Tesla whole-body system (GE
TwinSpeed HD.xt [sample 1] and GE MR750 [sample 2], GE Healthcare,
Milwaukee, WI). A diffusion tensor imaging sequence was acquired,
oriented parallel to the anterior commissure—posterior commissure
plane, with parameters: repetition time/echo time (TR/TE) = 7500/89
msec; acquisition matrix = 96 x 96; field of view = 280 mm, slice
thickness 3.6 mm. For sample 1, a total of 21 diffusion-weighted
gradient directions were acquired with b = 1000 s/mm? and five
interleaved non-diffusion weighted images with b = 1000 s/mm?2, while
for sample 2, a gradient scheme with 35 gradient directions and four
non-diffusion weighted images was used.

DTI data was processed using FSL Software on Linux (Smith et al.,
2004). Distortion and movement artifacts were corrected with eddy
current correction (Andersson and Sotiropoulos, 2016) followed by
brain extraction using BET (Brain Extraction Tool, Smith, 2002).
Diffusion tensors were fitted at each intracerebral voxel and fractional
anisotropy (FA) maps were calculated for each participant. FA maps
were aligned into (1x1x1mm?) MNI152 standard space using tract-based
spatial statistics (TBSS; (Smith et al., 2006), and the group mean FA map
was generated. The same transformation into standard space was
applied to the mean diffusivity (MD) and radial diffusivity (RD) data in
order to create mean MD and RD maps respectively. FA, MD and RD
values range from O to 1. Altered white matter microstructure is linked
to lower FA and higher MD and RD, respectively.

The left and right corticospinal tracts (CST) were extracted for both
hemispheres separately with fslmaths using the JHU White Matter
Tractography atlas. For each participant, two mean FA, MD and RD
values were then generated with fslstats, one for each left and right CST.

2.4. Statistical analyses

The population characteristics age, sex, and SES were reported for
both samples separately, were subsequently pooled and compared be-
tween patients and controls. Two-tailed Mann-Whitney U tests were
conducted to examine differences in age and SES and Fisher’s exact test
were used to test differences in sex. For patients, the CHD diagnoses
stratified by CHD complexity (according to Warnes et al., 2001) and
number of CPB surgeries are reported.

For hypothesis testing, multivariable linear regression models with
the pooled data of sample 1 and sample 2 were calculated. For group
comparisons, subjects were divided into four groups: 1 = healthy con-
trols, patients with 2 = simple, 3 = moderate, and 4 = severe CHD
complexity (ordinal variable, Warnes et al., 2001). Group differences in
motor performance (i.e., fine motor and pure motor) were tested with
two separate models adjusting for sample. Group differences in mean FA
of the left and right CST were tested with two separate models adjusting
for age, sex, handedness and sample. For visual reference, a TBSS
analysis restricted to within the left and right CST was conducted to
demonstrate clusters with significantly lower or higher FA in patients
compared to controls. Subsequently, the association between motor
performance and FA in the CST was investigated. Therefore, models
were tested including either fine or pure motor performance as outcome
and FA of the CST as predictor (left and right hemisphere, separately),
resulting in four separate models (1. fine motor, left CST; 2. fine motor,
right CST; 3. pure motor, left CST; 4. pure motor, right CST). Models
further included the predictors CHD complexity and SES and controlled
for age, sex, handedness and sample. In an additional step, an interac-
tion term between group and FA was added. Standardized # and un-
standardized B (including 95%-CI) were reported as estimates and
adjusted R? were reported as effect size measures. The distribution of
residuals was examined to evaluate normality. FA was considered as the
primary DTI measure of interest as previous DTI studies have used this
measure to investigate microstructural alterations in CHD patients and
their neurodevelopmental correlates (Brewster et al., 2015; Ehrler et al.,
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2021, 2020; Rollins et al., 2014; Watson et al., 2018). However, post
hoc, the above-described analyses were performed for secondary DTI
measures, namely MD and RD.

Lastly, a mediation analysis was conducted to investigate whether
the effect of CHD complexity (X) on motor function (Y) is mediated by
FA of the CST (M). The R package ‘lavaan’ was used and standardized
beta coefficients were reported for the direct paths (a, b, c), the indirect
effect (a*b) and the total effect of the model (¢ + indirect effect = ¢ +
a*b). The model was controlled for sample. See Fig. 1 for model
visualization.

All the statistical analyses were performed using the computing
environment R version 4.0.3 (R Core Team, 2020). P values below a =
0.05 were considered as statistically significant. Analyses were hy-
pothesis driven and were thus not corrected for multiple comparison.

3. Results
3.1. Participant characteristics and outcomes

Participant characteristics, motor outcome and patient’s cardiac
characteristics are given in Table 1. Patients (mean age = 19.88; 55%
females) and controls (mean age = 20.56; 50% females) did not differ in
regard to age (W = 4594, p = 0.45, CI-95 = -0.86 to 1.99) or sex (OR =
0.80, p = 0.49, CI-95 = 0.43 to 1.48). SES was significantly higher in
controls (median SES = 9.0) compared to patients (median SES = 8.0) (W
= 4208, p = 0.01, CI-95 = 0.00 to 1.00). Fine motor performance was
lower in CHD patients (mean = -0.47) compared to controls (mean =
0.06) with a small to moderate effect size (t(df) = 3.21(180), p = 0.002,
CI-95 = 0.20 to 0.85, Cohen’s d = 0.48). Pure motor performance was
lower in CHD patients (mean = -0.53) compared to controls (mean =
0.13) with a moderate effect size (t(df) = 3.478(180), p < 0.001, CI-95
= 0.29 to 1.04, Cohen’s d = 0.52). Clinically relevant motor impair-
ments (z-score < -2) were identified in 24% patients with CHD and in 9%
healthy controls. Patients had significantly more motor impairments
compared to controls (X2 = 6.554, p = 0.010).

The effect of CHD complexity was investigated using linear regres-
sion models: Both, fine and pure motor performance were significantly
associated with CHD complexity (Fine motor: f = -0.170, p = 0.023;
Pure motor: f = -0.272, p < 0.001; see Supplementary Table 1 and
Fig. 2). For fine motor performance, the post-hoc contrast effect was
only significant between healthy controls and simple CHD. For moderate
and severe CHD, there was only a trend with a small effect size (mod-
erate: f§ = -0.127, p = 0.099; severe: = -0.143, p = 0.063) potentially
due to rather small variance in fine motor performance within patients
with moderate and severe CHD compared to larger variance in controls
and simple CHD.

Mean FA of both left and right CST was significantly lower in CHD
patients compared to controls (left CST: f =-0.195, p = 0.008; right CST:
B =-0.167, p = 0.014). Supplementary Fig. 1 shows all clusters within
the CST with significantly lower FA in patients compared to controls.

M
FA CST (left)

X c Y

CHD complexity Pure motor function

Fig. 1. Mediation model.
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Table 1
Participant characteristics stratified by group.
Characteristics Sample 1 Sample 2
adolescents adults
Sample Patient Control Patient Control
N 47 44 42 53
Demographics
Age ® 13.7 13.9 26.8 26.1
(1.6) 1.8 3.5) (3.2
Male sex " 23(49%) 20 26(62%)  28(53%)
(45%)
SES * 7.7(2.1) 8.5(1.5) 8.4(2.0) 8.8(1.7)
Right handedness " 39 43 39(93%)  46(87%)
(83%) (98%)
Motor performance
Fine motor (z-score) * -0.6 0.5(1.1) -0.3 -0.2
1.3) (0.9) (1.0)
Pure motor (z-score) ° -0.0 0.5(1.2) -1.1 —-0.2
1.1) 1.2) (1.2)
Cardiac factors
Simple CHD b 16(34%) 15(36%)
Aortic valve disease 0 6
Arterial/ventricular septal 16 2
defect
Mild pulmonic stenosis 0 1
Mitral valve disease 0 3
Small patent ductus arteriosus 0 1
Other simple 0 2
Moderate CHD " 14(30%) 18(43%)
Aortic coarctation 1 8
Aortic stenosis 3 0
Ebstein 0 2
Pulmonary stenosis 2 0
Shone complex 1 0
Supravalvular aortic stenosis 0 1
Tetralogy of Fallot 5 2
Tot. anomalous pulmonary 2 0
venous return
Ventricular septal defect with 2 4
residuals
Other moderate 0 1
Severe CHD " 17(36%) 9(21%)
Fontan procedure 3 2
Pulmonary atresia 2 0
Transposition of the great 10 7
arteries
Tricuspid atresia 1 0
Truncus arteriosus 1 0
Number of CPB surgeries © 1(1-3) 1 (0-3)

2 Mean (SD).
> Number of individuals (%).
¢ median (range).

There were no significant clusters with higher FA in patients compared
to controls. Furthermore, lower FA was associated with CHD complexity
(left CST: p = -0.003, p = <0.001; right CST: = -0.003, p = 0.003; see
Fig. 3 and Supplementary Table 2). Post hoc analyses revealed that MD
and RD were also significantly associated with CHD complexity (Sup-
plementary Table 3).

3.2. Association between motor outcome and FA in CST

Separate linear regression models with fine and pure motor perfor-
mance were tested with FA of either the left or the right CST, CHD
complexity and SES as predictors. Age, sex, handedness and sample were
included as covariates. Models for fine motor performance were not
significant (Model including FA of the left CST: p = 0.262; Model
including FA of right CST p = 0.328) and are thus not reported in detail.
For pure motor performance, FA of the left and right CST, as well as CHD
complexity were significant predictors for pure motor performance (see
Table 2). The models explained 15%, respectively 16% variance, indi-
cating a small to moderate effect size. When adding an interaction term
between FA and CHD complexity, there was a significant interaction
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(left: p = 4.850, B(CI-95) = 12.957(1.665 to 24.249), p = 0.0248,
adjusted R? = 0.180; right: f = 4.1744, B(CI-95) = 11.18671(1.401 to
20.972), p = 0.0253, adjusted R? = 0.176). Post hoc contrast analyses
within the complexity subgroups revealed that FA was associated with
pure motor performance in patients with severe CHD (left CST: g =
0.494, p = 0.011; right CST: = 0.556, p = 0.021). In moderate CHD,
there was a weaker association trending toward significance (left CST: g
= 0.340, p = 0.069; right CST: g = 0.376, p = 0.055). In patients with
simple CHD and healthy controls, there was no association between FA
and pure motor function (left CST: § = 0.042, p = 0.836; right CST: =
0.008, p = 0.967) and healthy controls (left CST: g = 0.066, p = 0.572;
right CST: = 0.084, p = 0.513). See Fig. 4 for visualization. As for FA,
model fits of models investigating the association between fine motor
function and MD or RD were not significant (MD: Model including MD of
the left CST, p = 0.376 or the right CST: p = 0.295; RD: Model including
RD of the left CST, p = 0.215 or the right CST: p = 0.262). Model fits of
models predicting pure motor function were significant but there was no
association with MD (left CST: p = 0.333, right CST: p = 0.122) or RD
(left CST: p = 0.093, right CST: p = 0.076).

Mediation analyses is displayed in Fig. 5 and Supplementary Table 4.
The model revealed that the indirect effect (i.e., mediation effect) was
very small (left CST: g = -0.043, p = 0.040; right CST: = -0.037, p =
0.058). Interestingly, the indirect effect was substantially smaller than
the direct effect from CHD complexity to pure motor function (f =
-0.229). This indicates that FA CST as mediating factor cannot suffi-
ciently explain differences in motor function between the complexity
types.

4. Discussion

CHD entails a risk for mild to moderate cognitive and motor im-
pairments across the lifespan and is, thus, considered as a chronic con-
dition. Our findings demonstrate poorer fine and pure motor
performance, as well as lower fractional anisotropy of the corticospinal
tract (FA CST) in adolescent and adult patients with CHD compared to
age and sex-matched healthy controls. Importantly, both lower motor
performance and lower FA CST are associated with more complex CHD.
Further, the association between pure motor function, assessed as timed
performance of repeating finger, hand and foot movements, and FA CST
was only evident in patients with more complex CHD. We therefore
conclude that the CST is specifically vulnerable in the context of com-
plex forms of CHD and that these alterations have a clinical correlate in
pure motor performance.

Previous studies have reported that motor impairments occur in
approximately one-third of all patients with CHD across infancy,
childhood and adolescence (see systematic review: (Bolduc et al., 2020).
Infants with CHD undergoing heart surgery before the age of 6 months
show noticeably delayed motor development at the age of one year with
an average Psychomotor Development Index of 78 measured with the
Bayley Scales of Infant Development II (Snookes et al., 2010). It has been
suggested that motor function is more strongly impaired in early infancy
and may improve to a milder form during childhood (Naef et al., 2019).
However, our current study shows that motor impairments may persist
into adolescence and young adulthood: CHD patients, especially those
with more complex CHD, had significantly lower fine and pure motor
functions in comparison to matched healthy controls. Further, clinically
relevant motor impairments (either fine or pure motor z-score < -2)
were still evident in 24% of adolescents and young adults with CHD
compared to 9% in the controls.

Neurodevelopmental impairments in patients with CHD, including
motor difficulties, show many similarities to those of very premature
children (Easson et al., 2018). The similarities between CHD patients
and former premature born babies are particularly interesting, because
numerous neuroimaging studies have shown that children with CHD are
at risk of congenital and acquired brain lesions particularly affecting the
white matter (Claessens et al., 2017; Guo et al., 2019; Mebius et al.,
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estimate contrast effects, the predictor CHD complexity was considered as categorical variable with healthy controls as reference group. The overall effect of CHD
complexity (factor included as ordinal variable) was significant (fine motor: p = 0.023; pure motor: p < 0.001).

2017). These neuroimaging findings in CHD infants show to some extent
similarities with the ones described in premature birth (Beca et al.,
2013; Guo et al., 2019; Limperopoulos et al., 2010). Furthermore, term
born CHD patients display signs of delayed brain maturation at birth
(Lauridsen et al., 2019; Licht et al., 2009; Miller et al., 2007), which
suggest the possibility to transfer insights linking neuroimaging findings
to neuro-functional outcome from former preterm born babies to the
CHD population. In adults born very preterm and/or with very low birth
weight (VLBW), white matter alterations of the CST were previously
described - even in the absence of visible white matter lesions (Jurcoane
et al., 2016). Furthermore, probabilistic tractography of the CST in a
group of adults with former VLBW, showed lower FA in non-crossing
fiber regions and higher FA in crossing fiber regions of the CST
compared to controls. Within the VLBW group, poorer fine motor
function was associated with higher FA in crossing fiber regions of the
CST, most likely due to lower FA of the crossing fibers in VLBW
compared to controls, reducing the axial diffusivity of VLBW to a lower
extent than in controls and thus leading to higher regional FA (Hollund
et al., 2018). The current study in patients with CHD demonstrated
lower mean FA across the full CST in patients with severe CHD compared
to controls. A TBSS analysis restricted to the CST showed that there were
no clusters with significantly higher FA in CHD patients compared to
controls. Further, clusters with lower FA in patients were evident in
single and crossing fiber (i.e., centrum semiovale) regions.
Interestingly, our study demonstrates lower FA in CHD patients
compared to controls indicating that CST microstructure is altered in

CHD. Higher FA is associated with more myelination and increased/
denser axonal packing in white matter tracts. However, FA can also
decrease artefactually if crossing fibers are present (Goddings et al.,
2021; Soares et al., 2013), particularly if non-isotropic voxels with larger
slice thickness are used (Oouchi et al., 2007). Thus, lower FA in CHD
patients may provide evidence for alterations in the white matter
microstructure but not for specific properties underlying these alter-
ations. Previous studies have demonstrated that altered white matter
microstructure in CHD is not restricted to the CST but is a rather global
trait evident across the whole brain (Brewster et al., 2015; Ehrler et al.,
2021, 2020; Rollins et al., 2014; Watson et al., 2018), which can already
be detected postnatally and is associated with decreased oxygen delivery
(Karmacharya et al., 2018; Kelly et al., 2019). Of note is that two pre-
viously conducted studies in adolescents with CHD did not find any
significant difference in FA of the CST compared to controls, while there
was significantly lower FA in other major tracts (Easson et al., 2020;
Watson et al., 2018). Different methodological approaches may partly
explain these contradicting results (Ressel et al., 2018). However, to our
knowledge, the present study is the first to demonstrate an association
between FA and pure motor function in patients with severe CHD. In
contrast, there was only a weak association in patients with moderate
CHD and no association between FA and pure motor function in patients
with simple CHD and healthy controls. This lack of an association in
simple CHD and controls may indicate that FA CST values in these
subjects represent the normal spectrum of variability, while the FA CST
in severe CHD patients reflects a structural impairment with associated
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Table 2
Linear regression models predicting motor function.
Outcome Predictors Pstandardized B(CI-95) unstandardized p-value R ugjusted p-valueyodel fit
Pure motor FA CST left 0.192 16.400(3.882 to 28.922) 0.011 0.158 <0.001
Complexity —0.234 —0.278(-0.457 to —0.100) 0.002
SES —0.032 —0.023(-0.130 to 0.084) 0.671
Age —-0.162 —0.032(-0.106 to 0.042) 0.397
Sex 0.139 0.369(-0.017 to 0.754) 0.061
Handedness 0.033 0.148(-0.493 to 0.788) 0.650
Sample 0.109 0.290(-0.714 to 1.294) 0.570
Pure motor FA CST right 0.195 15.470(2.976 to 27.972) 0.016 0.155 <0.001
Complexity —0.241 —0.286(-0.464 to —0.108) 0.002
SES —0.033 —0.023(-0.130 to 0.084) 0.668
Age —0.189 —0.037(-0.110 to 0.037) 0.323
Sex 0.134 0.357(-0.029 to 0.743) 0.070
Handedness 0.041 0.182(-0.461 to 0.826) 0.576
Sample 0.016 0.043(-0.961 to 1.047) 0.933

Note. FA CST = Fractional anisotropy of the corticospinal tract. Significant effects are represented in bold.

functional consequences. Due to the rather small differences and over-
lapping variability between CHD complexity groups, FA of the CST does,
most likely, not serve as a reliable biomarker for motor outcome in CHD
patients. However, significant alterations in CST FA in the patients with
more complex CHD highlight that persisting neurological pathology of
motor tracts may occur during brain development in this population.
With regard to developmental effects, the CST shows a relatively flat
maturation trajectory across adolescence and early adulthood in the
healthy population, following an intense maturation process in the CST
in early childhood (Lebel et al., 2008). Usually, the CST is at almost full
maturity during adolescence. Therefore, only strong alterations in FA, as
it is evident in patients with severe CHD, may have direct consequences
for motor function at this age, while minor differences in FA appear not
to show any functional consequence. Previous studies in other

neurological patient populations reported similar findings as seen in the
more complex forms of CHD: In pediatric patients with traumatic brain
injury, FA of the CST was lower compared to controls and was associated
with lower balance skills (Caeyenberghs et al., 2011). In adult stroke
patients, CST injury identified with DTI (i.e., fiber number ratio of
affected and unaffected CST) correlated with motor impairments during
both, acute and chronic phase (Maraka et al., 2014). In a group of
children with acquired brain injuries (from stroke or traumatic brain
injury), lower FA of the ipsilesional CST was related to worse motor
function, assessed from the motor sub scores of a functional indepen-
dence measure for children (Ressel et al., 2017). Some studies even
suggest that FA CST may be used as a prognostic biomarker for motor
recovery in patients with stroke (Puig et al., 2013) or other forms of
acquired brain injury (Ressel et al., 2017). While this may be the case for
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for sample. * p < 0.05, ** p < 0.01, *** p < 0.001.

patient populations with acute and acquired brain injuries, our results
do not provide evidence that the FA CST could be used as a biomarker
for motor function in the CHD population due to overlapping variability.

4.1. Limitations

The data, which were pooled for the present analyses, were origi-
nally collected from two independent study populations. Pooling the
data increased the sample size and thus the statistical power, enabling
contrast analyses of CHD complexity, which has been limited in previous
research. However, the studies show some methodological discrep-
ancies, especially regarding assessment period, age range and extent of
the neurodevelopmental assessment. Furthermore, white matter injury,
a marker of interest with regard to white matter microstructural alter-
ations, was only quantified in one study while in the other study brain

injury was rated more unspecifically. In addition, the two studies used
different imaging sequences to investigate brain injury. Therefore, the
extent to which a risk factor analysis for white matter injury can be
performed is limited and future studies are needed to investigate this in
more detail. Nevertheless, both studies include patients with similar
CHD diagnoses and complexities, as well as overlapping demographic
variables and fine and pure motor assessment (see Table 1), which
enabled combined analyses with sufficiently increased power. Multi-
variate analysis further allowed for the control of confounding variables
related to methodological differences between the studies.

The patient sample includes a variety of heart defects with different
complexity. Thus, conclusions cannot be drawn for specific heart de-
fects. However, multivariate analyses including CHD complexity as
predictor revealed that there are differences between heart defect
complexities regarding both, white matter microstructural alterations as
well as motor outcome. Further studies investigating associated peri-
operative (e.g., number and timing of CPB surgeries, length of hospi-
talization and the associated risk of a low-stimulated motor
environment) and cardiac risk factors (e.g., cyanosis) explaining dif-
ferences across heart defects are needed.

The fit of the model predicting fine motor performance was not
sufficient and thus further reporting was omitted. As the fine motor task
used in this study (i.e., pegboard) requires not only simple motor
function but also visuo-motor coordination, FA of the CST, connecting
the primary motor cortex with the spinal cord, may not be the foremost
predictor for this outcome. Previous studies of fine motor function in
other populations report inconsistent findings: While Cremers and col-
leagues found a positive but weak association between FA of the CST and
fine motor performance in elderly adults (Cremers et al., 2016), Hollund
and colleagues reported a negative association in adults born with very
low birth weight (Hollund et al., 2018). Different methodological ap-
proaches (i.e., whole tract vs. regional analysis, atlas based vs. Trac-
tography) may partly explain these inconsistencies.
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5. Conclusion

Microstructural alterations in the corticospinal tract (CST) as well as
fine and pure motor impairments were associated with CHD complexity,
indicating that patients with more complex CHD are more likely to have
lower FA of the CST and motor impairments. Furthermore, altered CST
microstructure was significantly associated with pure motor function in
patients with severe CHD, while there was only a weak association in
patients with moderate CHD and no association in patients with simple
CHD and controls. The fact that both, motor and white matter micro-
structural impairments are already present in early life of CHD patients
and remain evident in young adults underlines the importance of future
research investigating neuroprotective interventions (e.g., optimal
nutrition during the neonatal period and perioperative neuroprotection)
and early motor therapy promoting the maturation of motor pathways in
infants with CHD. This, in turn, may prevent long lasting impairments
across the lifetime.
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