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Clinical Investigation

Hippocampal volume reduction is associated with intellectual
functions in adolescents with congenital heart disease

Beatrice Latal'? Pratik Patel’, Rabia Liamlahi', Walter Knirsch??, Ruth O’'Gorman Tuura?*, Michael von Rhein'2?; on behalf of the

Research Group Heart and Brain.

BACKGROUND: Adolescents undergoing early cardiopulmo-
nary bypass surgery for congenital heart disease (CHD) may
demonstrate a variety of neurocognitive impairments. These
impairments can affect overall intellectual functions, but also
specific memory deficits, language, and executive functions.
As the hippocampus is a critical structure involved in these
functions, we sought to determine whether hippocampal
volume was reduced in adolescents with CHD and whether
altered volumes were related to functional outcome.
METHODS: At a mean age of 13.8 y, 48 adolescent survivors
of childhood cardiopulmonary bypass surgery for CHD and 32
healthy controls underwent neurocognitive testing and cerebral
magnetic resonance imaging. Images were quantitatively ana-
lyzed using an automated regional segmentation tool (FSL-FIRST).
RESULTS: Adolescents with CHD had 10% lower total hippo-
campal volumes compared with controls. After controlling for
total brain volume, total hippocampal volume correlated with
total 1Q, with working memory, and verbal comprehension in
CHD patients, but not in controls.

CONCLUSIONS: In adolescent survivors of cardiopulmonary
bypass surgery for CHD, specific brain regions such as the
hippocampus may show long-term persistent alteration and
correlate with intellectual deficits, particularly with verbal and
memory functions.

In children with congenital heart disease (CHD), long-term
neurodevelopmental impairments may occur. Problems
include overall intellectual deficits, learning difficulties, lan-
guage problems as well as visuospatial, visuomotor, and execu-
tive dysfunctions (1). There is evidence that these difficulties
may persist into adolescence in patients with corrected trans-
position of the great arteries (2) and other forms of CHD (3,4).

The underlying etiology is not completely understood, but
delayed brain development as well as pre- and postoperative
brain injury can occur in infants undergoing open-heart sur-
gery for CHD (5-8). Intrauterine brain growth decelerates in
fetuses with complex forms of CHD, starting to diverge from
expected growth curves at around 30wk of gestation (7).

Furthermore, the patterns of brain injury found preoperatively
in CHD neonates appear similar to the one found in preterm
neonates (5). After birth, brain volumes can be reduced pre-
operatively (8,9) as well as postoperatively (8). Magnetic reso-
nance imaging (MRI) studies in adolescents with CHD have
shown that there may be a persistence of cerebral alterations
(2,10) with a reduction of global brain volume also in the
absence of overt brain lesions (10) and altered white matter
microstructure (11).

The hippocampus is a crucial brain structure involved in
memory functions and overall intellectual performance (12).
Associations between hippocampal volumes and learning dif-
ficulties have been demonstrated in preterm born children
(13,14). We thus sought to determine whether hippocampal
volumes were particularly reduced in adolescents after bypass
cardiopulmonary surgery for CHD and whether altered vol-
umes would be related to functional outcomes. Our hypoth-
esis was that hippocampal volumes would be reduced in
adolescents with CHD and that hippocampal volumes would
be related to intellectual outcome, in particular to working and
spatial memory.

RESULTS

Patient Characteristics

Medical characteristics of the patient group are shown in
Table 1. No significant differences of medical characteristics
were found between patients with overt anatomical lesions
(n = 9) and patients without lesions (n = 39). Mean full scale
IQ of CHD patients was normal, but lower than in controls
(mean 103.1, SD 16.5vs. 112.7, SD 10.4; P = 0.0001). Also, per-
formance in perceptual reasoning (103.7, SD 14.8 vs. 113.8, SD
8.8; P < 0.001) and working memory (93.4, SD 13.6 vs. 103.8,
SD 12.2; P < 0.001) was poorer in CHD patients, whereas ver-
bal comprehension (109.1, SD 18.8 vs. 115.2, SD 16.0; P = 0.1)
and processing speed (101.5, SD 14.2 vs. 1054, SD 11.2;
P = 0.1) did not differ significantly between the groups. No
significant difference in outcome was found between patients
with cyanotic and acyanotic CHD. For detailed neurocognitive
outcome of this population, see refs. (3,15).
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Table 1. Characteristics of adolescents with CHD (n =48)

Male sex 21 (44)
Premature birth (<37 wk of gestation) (n/%) 8(17)
Birth weight (g) 3,090 (940-4,370)
Type of CHD
ASD/VSD 15(31)
Other non-cyanotic 9(19)
TGA 9(19)
Other cyanotic 5(31)
5 Apgar 8.3(7-10)
Age at first surgery (y) 1.4 (0-5.6)
Weight at surgery (kg) 8.3(2.8-19.5)
Bypass time (min) 91 (15-162)
EEG/focal neurological findings postsurgery 7(15)
Total number of surgeries 1.3(1-4)

Median (range) N (%).
ASD, atrial septum defect; CHD, congenital heart disease; TGA, transposition of the
great arteries; VSD, ventricle septum defect.
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Anatomic Abnormalities

Cerebral lesions were detected in 9 of the 48 patients reported in
this study (15), consisting of mild white matter changes, post-
stroke changes, and periventricular volume loss with ventricu-
lar enlargement. Total brain volume was 8.5% smaller in CHD
patients compared with age-matched controls (see ref. (10)).

Hippocampal Volumes

Adolescents with CHD had lower total hippocampal volumes
(9.6%, P = 0.003) compared with controls. Also, both right and
left hippocampal volumes were significantly smaller in CHD
patients compared with controls, and significantly smaller in
CHD patients with lesions (n = 9) compared with patients
without lesions (n = 39) on conventional MRI (Figure 1). After
exclusion of patients with overt cerebral lesions, differences in
hippocampal volumes remained significant. When calculating
relative hippocampal volumes (expressed as % of total brain
volume), volumes in CHD patients were similar to those in
controls (0.72% vs. 0.73% of total brain volume, P = 0.34). Both
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Figure 1. Hippocampal volumes of controls and CHD patients (with and without cerebral lesions). (a) left hippocampal volume, (b) right hippo-
campal volume, (c) total hippocampal volume, P: two-sided t-tests between controls, and CHD patients without overt lesions, and CHD patients with and

without lesions, respectively. CHD, congenital heart disease.
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groups showed hippocampal asymmetry with a larger right
hippocampus, but differences were neither significant in CHD
patients nor in controls.

We also looked at a subgroup of patients (n = 19) who were
operated prior to 9 mo of age. As in the entire cohort, hippocam-
pal volumes were significantly different between CHD patients
(6.6ml SD 0.7) and controls (7.3 ml SD 0.8) within this subgroup
(P = 0.003). In addition, hippocampal volume between those
operated prior to 9 mo of age and those older than 9 mo of age
was not different (7.2% vs. 7.3% of total brain volume, P = 0.2).
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Figure 2. Example of hippocampal segmentation. Delineation of the right
(blue) and left (purple) hippocampus based on FIRST segmentations in (a)
coronal, (b) axial, and (c,d) sagittal plains.
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Correlation Between Hippocampal Volume and Functional
Outcome

After exclusion of adolescents with overt brain lesions (n = 9),
hippocampal volume correlated significantly with total IQ in
CHD patients (Spearman’s rho = 0.61, P < 0.001; Figure 3), but
not in controls (Spearman’s rho = 0.09, P = 0.60). Significant
correlations were also found between hippocampal volume and
verbal comprehension (Spearman’s rho = 0.59, P < 0.001), and
working memory (Spearman’s rho = 0.36, P = 0.01), respec-
tively. Regression analyses showed that these associations in
CHD patients were independent of age, gender, and total brain
volume (Table 2). Hippocampal volume was neither correlated
with processing speed nor with perceptual reasoning. No cor-
relation was found between hippocampal volume and perfor-
mance on the Beery Test and on the Rey Figure.

Risk Factors

A cyanotic CHD was not associated with smaller hippocam-
pal volume compared with acyanotic CHD (6.7, SD 0.8 vs. 7.0,
SD 0.8cm?, P = 0.10). No other potential clinical risk factor
(age at surgery, socioeconomic status, duration of cardiopul-
monary bypass surgery, number of surgeries, length of hospital
stay, or postoperative neurological abnormalities) correlated
with hippocampal volume.

DISCUSSION

In this study, we could demonstrate that hippocampal volumes
were significantly reduced in adolescents after cardiopulmo-
nary bypass surgery for CHD compared with age-matched
healthy controls. The decrease in volume was more pro-
nounced in adolescents with cerebral lesions. Hippocampal
volume reduction showed a significant association with poorer
intellectual performance, and poorer memory and verbal
functions. Importantly, the correlation was independent of
total brain volume, while hippocampal volume reduction in
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Figure 3. Scatterplot of hippocampal volume versus total IQ, plotted separately for CHD patients and controls. (a) CHD patients without brain
lesions, Spearman’s rho = 0.607, P < 0.001; (b) control group, Spearman’s rho = 0.094, P = 0.6. CHD, congenital heart disease.
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Table 2. Total hippocampal volume in relation to intellectual outcome
stratified for CHD and controls

CHD,N=39 Control, N=32
Corrected P Corrected
R? Beta value R? Beta Pvalue
Total IQ 0.32 0.58 0.003 -0.07 -0.15 0.5
Verbal 0.22 0.57 0.006 0.06 -035 0.

comprehension

Perceptual reasoning 0.07 035 0.1 -0.01 0.21 0.3
Working memory 0.16 0.45 0.03 006 -022 03
Processing speed 0.18 028 0.2 -0.07 -0.01 09

CHD, congenital heart disease; IQ, intelligence quotient.

Linear regression analyses (dependent variable: functional outcomes). Variables included:
total hippocampal volume, total brain volume, sex, and age at scan (patients with brain
lesions excluded).

CHD adolescents was not specifically affected compared with
overall brain volume reduction. In contrast, in healthy con-
trols, hippocampal volume did not correlate with intellectual
performance. We therefore conclude that the hippocampus is
particularly affected in children with CHD and correlates with
functional deficits. As we did not include patients with severe
neurocognitive impairments, the findings cannot be explained
by a small group of severely affected patients.

It has been shown that neurocognitive deficits may persist
into adolescence in CHD patients (2,16-18), and these defi-
cits correlate with global brain volume (10) and with altera-
tions in white matter network topology (11). The spectrum
of deficits, consisting of reduced overall IQ, specific learning
difficulties (language, reading, mathematics), and deficits in
executive functions, is very similar to those found in preterm
born adolescents (19), in whom the hippocampus has been
identified as a particularly vulnerable structure (20,21). In a
study by Peterson et al., examining 25 preterm children at the
age of 8 y, a variety of regions showed volumetric alterations,
in particular the cerebellum, basal ganglia, the amygdala, and
both hippocampi, which were also more reduced in size than
expected from the overall brain volume reduction. They found
volumetric differences of 12% and 16% in the right and left
hippocampus, respectively (22). This difference is slightly
higher than the approximately 10% found in our population
of CHD adolescents. Interestingly, in their study, hippocam-
pal volume did not independently correlate with overall IQ or
other subscales whereas cortical regions did.

Our study is the first to show similar findings for adolescent
survivors of childhood cardiac surgery as described for the
preterm population, supporting the hypothesis that these two
populations may share timing and mechanisms of brain injury
and therefore present with similar clinical and neuroanatomic
long-term findings (23).

The hippocampus is involved in various higher cognitive
functions (24) such as fluid intelligence (25) and different
aspects of memory including working memory (26-28), but
also declarative/episodic memory, constructive memory, and
spatial navigation (29,30). Beauchamp et al. found that hip-
pocampal volumes in preterm born infants assessed at term
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equivalent age correlated with working memory deficits at the
age of 2y (13). Harms et al. (31) reported a structure-function
relationship between hippocampal and prefrontal volumes
with working memory activity, suggesting that the hippocam-
pus is an important component of the working memory sys-
tem, as part of a distributed network also including prefrontal
and parietal regions (32,33). In future studies it will be impor-
tant to examine functional and structural changes in both the
prefrontal cortex and the hippocampus in relation to working
memory alterations in children with CHD. The hippocampus
is a very plastic structure with high-energy demands and is
particularly vulnerable to injurious effects, such as hypoxic-
ischemic injury, around the time of birth (34). It is conceivable
that the variability in hippocampal size in healthy controls does
not explain much of the variance in functional performance,
as in healthy adolescents size and function represent the vari-
ability of the normal spectrum. It seems that interindividual
variations in the number or size of neurons, neurogenesis,
or connectivity depending on dendritic and axonal arboriza-
tion and the number of synapses leads to a wide variability of
hippocampal size, which does not necessarily correspond to
functional performance (35). In contrast, some studies even
found a significant negative correlation of hippocampal size
and memory in healthy children, adolescents, and young
adults (36). Nevertheless, it is widely recognized that a loss in
hippocampal volume can be associated with impairments in
neurocognitive function after brain injury or developmental
alteration (36). It is conceivable that the hippocampus may
represent a particularly vulnerable structure in children with
CHD, which may explain the correlation with neurocognitive
function. We could show that correlations between hippocam-
pal size and functional outcome were independent of overall
brain volume reduction in CHD patients (10).

Importantly, we could not determine the timing of hippo-
campal injury in our study as we only examined adolescents
with CHD and no neonatal MRI was obtained. As the effects
of delayed fetal brain maturation are probably best seen in
those children with the most severe CHD who undergo sur-
gery during infancy, we also performed a subgroup analysis for
those infants who were operated prior to 9 mo of age (37). We
found that, similar to the analysis of the entire cohort, hippo-
campal volumes were significantly different between patients
and controls. Interestingly, hippocampal volume did not cor-
relate with functional outcome in this subsample, probably due
to smaller sample size. In addition, hippocampal volume was
similar between the groups of children operated before or after
9 mo of age. This finding indicates that children with CHD are
at risk for long-term adverse effects on hippocampal volume
and function, and this effect seems independent of the time
of surgery. Currently, there are no published studies examin-
ing the relationship between hippocampal size in the neonatal
period and neurodevelopmental outcome in CHD patients.
However, in preterm born infants who underwent cerebral
MRI at term-equivalent age, hippocampal volumes correlated
with working memory deficits at 2 y of age (13) and with socio-
emotional behavior at 5 y of age in females (38). To confirm

Copyright © 2016 International Pediatric Research Foundation, Inc.
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such a relationship in cardiac patients would be important as it
would support the findings of our study in older patients with
CHD and would help to improve outcome prediction.

Limitations

Our study has limitations worth mentioning. We included a
broad spectrum of CHD diagnoses and also included those
with milder forms of CHD who were older than 1 y when they
underwent cardiopulmonary bypass surgery. Thus, the group
of patients with newborn surgery was too small to analyze sep-
arately. As we did not have fetal or neonatal MRI scans in our
population, we were not able to specify the evolution of altered
brain development leading to the smaller hippocampal volume
in adolescence. We included different types of CHD, but the
sample size was too small to examine whether our findings
would hold true for all subtypes of CHD’s. Consequently, we
were limited in the analysis of risk factors for reduced hippo-
campal volume. We therefore may have underestimated con-
tributing surgical factors or other risk factors. As we examined
adolescents with CHD, we were unable to determine the tim-
ing and mechanisms of altered hippocampal volumes. Also, we
did not perform extended assessment of memory function and
thus may have missed certain aspects of memory function that
might have shown a correlation with hippocampal volume.

Conclusion

In adolescent survivors of childhood cardiopulmonary bypass
surgery for CHD, specific brain regions such as the hippo-
campus show persistent volume reductions that correlate with
poorer intellectual performance, particularly with verbal and
memory functions. The timing and mechanisms leading to
these specific brain alterations need to be studied to improve
long-term outcome for these patients.

METHODS

Participants

Eligible adolescents underwent full-flow cardiopulmonary bypass
surgery for a broad spectrum of CHD diagnoses at the University
Childrens Hospital Zurich. Surgeries took place between 1995 and
1998 (median age at first surgery: 0.9 y; range 0-5.6 y). We recruited
adolescents from a former cross-sectional study on 117 children who
were examined at a mean age of 10 y to determine neurodevelopmen-
tal outcome, psychological adaptation, and health related quality of
life at school age (39). Adolescents with an underlying genetic disor-
der, who were older than 16 y at the time of this study, who were wear-
ing braces, pacemakers, or cochlear implants were excluded. Of 76
eligible adolescents, 23 either refused participation or were lost to fol-
low-up. Thus, 53 adolescents were examined at a median age of 13.8 y
(range 11.4-16.9, 46% male). Demographic and surgical characteris-
tics were not significantly different between participants and patients
lost to follow-up. Morphometric measurements could be analyzed in
48 patients, as MRI data from 5 patients were excluded due to poor
image quality. Results were compared with 32 healthy age- and sex-
matched controls (median age 13.9 y, range 9-16.9; 41% male). All
controls went to regular school and none suffered any chronic or neu-
rological diseases. None of the controls had brain lesions on MRI. The
groups were matched for socioeconomic status and underwent iden-
tical neurodevelopmental assessment.

Ethical approval was obtained from the Ethical Commission of
the University Children’s Hospital, and written informed consent
was obtained from the parent or primary caregiver and from the
adolescent.

Copyright © 2016 International Pediatric Research Foundation, Inc.

Neurocognitive Outcome

Intellectual outcome was assessed with the Wechsler Intelligence
Scale for Children 4th edition. Further, the Beery Test of visuomotor
integration and the Rey—Osterrieth Complex Figure Test were admin-
istered. A detailed description of neurocognitive outcome assessment
tools were reported previously (15).

For the current analysis, the full scale IQ and the four Wechsler
Intelligence Scale for Children subscales (verbal comprehension, per-
ceptual reasoning, working memory, and processing speed) were ana-
lyzed. The neurodevelopmental assessment was performed prior to
the MRI examination by an experienced pediatric neurologist (MvR)
who was aware of the medical condition but not the imaging results.

Image Acquisition

Brain MRI was performed with a 3.0 T whole-body system
(SignaTwinspeedHD.xt, GE Healthcare, Milwaukee, WI). Three-
dimensional, high-resolution anatomical images of the entire brain
were obtained using an inversion-recovery prepared T1-weighted
spoiled gradient echo pulse sequence (TR = 25ms, TE = 5ms, TI =
450ms, flip angle = 13°, field of view = 24 cm, acquisition matrix =
352224, slice thickness 1.2mm, image resolution 0.47 x0.47 mm)
and an axial T2-weighted fast spin echo pulse sequence (TR =
6,660ms, TE = 97.6ms, field of view = 24cm, acquisition matrix =
512 %384, slice thickness 3 mm, image resolution 0.47 X 0.47 mm). An
experienced neuroradiologist (IS) who was blinded to the participants’
medical history evaluated all images regarding anatomical abnormali-
ties and cerebral lesions. The 3D T1-weighted spoiled gradient-echo
whole brain images were also used for morphometric assessment.

Postprocessing

Hippocampal segmentation was performed with FSL-FIRST (FSL;
Oxford University, Oxford, UK (40,41)), a model based tool for seg-
mentation and shape analysis, using the run_first_all command for
the left and right hippocampus. This procedure is fully automated and
includes a two-step registration to the MNI (Montreal Neurological
Institute) template. Each hippocampus was then fit with a deformable
surface mesh, using a Bayesian model based on training data from 336
participants including 153 children aged 4-16 and 183 adults aged
16-87. The hippocampal volume was derived from the segmented
images using fslstats—a software tool embedded in FSL (Figure 2).
Total intracranial volume, and total grey matter, white matter, and
cerebrospinal fluid volumes were also calculated for each participant
with freesurfer, a standard morphometric analysis software (Harvard
University, Cambridge, MA (42,43)). Both FSL and freesurfer are
freely available software packages for noncommercial, scientific use.
The test-retest reproducibility of the FIRST segmentation technique
was assessed from repeated scans acquired within-session on three
healthy adult volunteers, using the identical 3D T1-weighted spoiled
gradient echo acquisition scan. Test-retest reproducibility was 3% for
both the left and right hippocampi. We also performed a comparison
between results derived from FSL-FIRST, and manual segmentations
on 11 study participants and found a correlation coefficient of 0.8 (P
< 0.001), which is in line with the literature on the technique (44).

Statistics

All behavioral and hippocampal volume data were analyzed
using PASW statistics software (PASW (SPSS) statistics 19.0, IBM
Corporation, New York, NY). Group comparisons between CHD
patients and controls were done by two-sided t-tests and ’ tests.
To investigate positive associations between hippocampal outcome
and functional (cognitive) outcome parameters, Spearman correla-
tion analyses were performed independently for CHD patients and
controls. These analyses were done excluding the CHD patients with
overt brain lesions to rule out any possible confounding influence of
the lesions—even though none of these lesions affected any structures
close to the hippocampi or the hippocampal structures themselves.
We then conducted linear regression analyses, each separately with
one functional outcome variable as a dependent variable. Besides
(relative) hippocampal volume, we entered age, and gender as inde-
pendent variables to control for these possible confounders. These
analyses were performed separately for patients and controls. We used
P values of 0.05 and 0.10 to enter or remove variables, respectively.
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