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Reduced brain mammillary body volumes and memory deficits
in adolescents who have undergone the Fontan procedure
Cristina Cabrera-Mino1, Bhaswati Roy1, Mary A. Woo1, Sadhana Singh2, Stefanie Moye1, Nancy J. Halnon3, Alan B. Lewis4,
Rajesh Kumar2,5,6,7 and Nancy A. Pike1

BACKGROUND: Adolescents with single ventricle heart disease (SVHD) who have undergone the Fontan procedure show
cognitive/memory deficits. Mammillary bodies are key brain sites that regulate memory; however, their integrity in SVHD is unclear.
We evaluated mammillary body (MB) volumes and their associations with cognitive/memory scores in SVHD and controls.
METHODS: Brain MRI data were collected from 63 adolescents (25 SVHD; 38 controls) using a 3.0-Tesla MRI scanner. Cognition and
memory were assessed using Montreal Cognitive Assessment (MoCA) and Wide Range Assessment of Memory and Learning 2. MB
volumes were calculated and compared between groups (ANCOVA, covariates: age, sex, and total brain volume [TBV]). Partial correlations
and linear regression were performed to examine associations between volumes and cognitive scores (covariates: age, sex, and TBV).
RESULTS: SVHD group showed significantly lower MoCA and WRAML2 scores over controls. MB volumes were significantly reduced in
SVHD over controls. After controlling for age, sex, and TBV, MB volumes correlated with MoCA and delayed memory recall scores in SVHD
and controls.
CONCLUSION: Adolescents with SVHD show reduced MB volumes associated with cognitive/memory deficits. Potential mechanisms of
volume losses may include developmental and/or hypoxic/ischemic-induced processes. Providers should screen for cognitive deficits and
explore possible interventions to improve memory.
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INTRODUCTION
Adolescents with single ventricle heart disease (SVHD) require at
least three-staged palliative surgeries before the age of 4 years,
culminating with the Fontan procedure. Many SVHD children
experience a variety of cognitive symptoms, including memory,
attentional, and behavioral impairments (i.e., intellectual deficits;
learning difficulties; pragmatic language; social interaction;
visuospatial, motor, and executive function deficits) that persist
into adulthood.1 With significant improvements in fetal detection,
surgical strategies, and perioperative care, survival rates have
improved in SVHD patients.2 However, neurodevelopmental/
cognitive outcomes have only modestly improved.3 Such deficits
can limit academic achievement, lower quality of life, and
ultimately diminish the ability for self-care.4,5

Approximately 60% of children with SVHD show brain injury,
commonly reported as changes in white or gray matter or cerebral
thromboembolic events.1,6 Cognitive deficits, in particular memory,
have been reported in SVHD and other complex congenital heart
disease (CHD). Brain changes have been assessed and documented
in several memory regulatory areas, including the hippocampus
and anterior thalamus, in SVHD.7 However, due to their small size
and location adjacent to bony structures and cerebral spinal fluid
(CSF), mammillary bodies (MBs) have not been assessed in SVHD.
In addition to other memory circuitry structures (hippocampus,

anterior thalamus, and fornix fibers), MBs, located in the inferior

aspect of the brain, are important regions associated with spatial
and episodic memory. These bodies are divided into medial and
lateral nuclei and consist solely of projection cells that receive
both excitatory and inhibitory inputs, while delivering only
excitatory outputs. MBs receive inputs from the hippocampus
through fornix fibers and project to anterior thalamus and then
cortical sites. Injury to the MBs has resulted in poor performance in
spatial and working memory tasks in animal studies.8 Furthermore,
MB injury has been linked to memory deficits in multiple
conditions, such as obstructive sleep apnea, heart failure,
congenital central hypoventilation syndrome, children with
epilepsy, preterm infants, and Korsakoff’s syndrome.9–12 However,
MB injury has not been reported in SVHD patients.
Therefore, the purpose of this study was to evaluate MB

volumes in SVHD and controls using high-resolution T1-weighted
magnetic resonance imaging (MRI) procedures and to correlate
MB volumes with various cognitive/memory scores.

MATERIAL AND METHODS
Participants
This comparative and correlational study was approved by the
Institutional Review Boards at the University of California Los
Angeles (UCLA) and Children’s Hospital Los Angeles (CHLA) prior
to implementation. A total of 63 adolescents were enrolled
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(25 SVHD, [mean age 15.88 ± 1.24 years, 15 males]; 38 controls
[mean age 15.97 ± 1.10 years, 19 males]). Adolescents (ages 14–18
years) with SVHD who have undergone the Fontan procedure
were recruited via flyers or physician referrals from UCLA and
CHLA Medical Centers. Healthy controls were recruited from local
high schools, word of mouth, and from the surrounding Los
Angeles community. Exclusion criteria for SVHD and controls were
claustrophobia, non-removable metal (such as braces, pace-
makers), previous head injury, severe developmental delay
(e.g., cerebral palsy or severe hypoxic injury) precluding active
study participation, diagnosis of depression, premature birth
(<37 weeks gestation), history of previous extracorporeal mem-
brane oxygenation (ECMO) use, documented stroke, and cardiac
arrest. In addition, control participants were screened and
excluded for any chronic medical or psychiatric conditions. The
SVHD participants were matched to a control for age (±1 year),
sex, and ethnicity. All SVHD and control participants completed a
demographic information form. Clinical data were collected from
medical records of the SVHD patients. For all participants aged
<18 years, parental permissions and subject assents were
obtained, and written and informed consents were obtained from
participants aged ≥18 years before data collection.

Data collection instruments
Cognitive assessment. We used the Wide Range Assessment of
Memory and Learning, Second Edition (WRAML2), which is a well-
validated and reliable measure of various aspects of memory and
learning in children and adults (e.g., 5–90 years of age).13 The
WRAML2 consists of six subtests, involving verbal and visual
memory and attention/concentration, which yields the General
Memory Index (GMI) score, and working memory, verbal and
visual memory recognition, which produce the General Recogni-
tion Index (GRI) scores (normal, 100 ± 15; ≤85 considered mild-to-
moderate memory impairment). The alpha reliabilities for the core
subtests range from 0.85 to 0.94.14 The WRAML2-derived GMI
score has been widely used to assess memory in the adolescent
population both with and without CHD.15

The Montreal Cognitive Assessment (MoCA) is an administered
screener used to measure multiple domains of cognitive function,
such as visuospatial, attention/concentration, executive function,
language, delayed memory recall, and naming. The visuospatial
and executive function tasks are written items (i.e., three-
dimensional cube, Watson Clock Drawing Task, and alternating
Trail Making Task Part B), and the remaining are scored based on
verbal response.16 The total MoCA score ranges from 0 to 30, and
a score <26 is considered abnormal. The MoCA has been validated
in adolescents both with and without CHD and has a Cronbach’s
alpha of 0.8.14,16

Socioeconomic status. Annual household income reflects socio-
economic status (SES) and is derived from each subject’s
residential postal zip code. SES was calculated for each participant
from the American Community Survey data available on Popula-
tion Studies Center, Institute for Social Research (https://www.
census.gov/programs-surveys/acs/).

Magnetic resonance imaging. Brain images from SVHD patients
and controls were acquired using a 3.0-Tesla MRI scanner
(Siemens, Magnetom Prisma, Erlangen, Germany). Participants
were placed in the supine position in the scanner with foam
padding on both sides of their head to minimize movement. If
movement artifact was visually identified on images, the scan was
repeated. High-resolution T1-weighted images were collected
using a magnetization-prepared rapid-acquisition gradient-echo
(MPRAGE) sequence [repetition time (TR)= 2200ms; echo
time (TE)= 2.4 ms; inversion time= 900 ms; flip angle (FA)= 9°;
matrix size 320 × 320; field of view (FOV)= 230 × 230mm; slice
thickness= 0.9 mm). Proton density (PD) and T2-weighted images

(TR= 10000ms; TE1,2= 12, 124ms; FA= 130°) were collected
with a dual-echo turbo spin-echo pulse sequence in the axial
plane (230 × 230 mm FOV, 256 × 256 matrix size, 3.5 mm slice
thickness, and no interslice gap). In addition, all MRIs were
formally interpreted by a pediatric neuroradiologist, who was
blinded by group assignment, to visually assess for any serious
brain structural injury.

MRI data processing. Brain images were preprocessed using the
statistical parametric mapping (SPM12) package (Wellcome
Department of Cognitive Neurology, London, UK; http://www.fil.
ion.ucl.ac.uk/spm/) and MATLAB-based (The MathWorks Inc,
Natick, MA) custom software.
Both high-resolution T1-weighted image volumes of each

subject were realigned and averaged to improve signal-to-noise
ratios. The averaged images were bias-corrected for any potential
image signal intensity variation using the unified segmentation
approach, reoriented into Montreal Neurological Institute (MNI)
common space (rigid-body affine transformation), and resampled
to voxel size 0.7 × 0.7 × 0.7 mm.

Total brain volume (TBV) calculation. A unified segmentation
approach was used to partition the reoriented T1-weighted
images into gray matter, white matter, and CSF tissue types.17

The TBV volumes were computed using gray matter and white
matter probability maps. Voxels with a probability value >0.5 for
gray and white matter in each subject were counted and TBV
values were calculated.

MB tracings and volume quantification. Using the reoriented
images, the MB areas were oversampled to a resolution of 0.2 ×
0.2 × 0.2 mm and manual region of interest (ROI) measures of the
left and right structures were performed separately using MRIcron
(McCausland Center for Brain Imaging, University of South
Carolina, Columbia, SC). One investigator, blinded to subject
group assignment, performed the left and right MB tracings in all
participants, as described in our previous reports.9–11 Briefly,
sagittal and coronal views were used to establish the brain midline
and the medial borders of both bodies. Coronal views were used
to determine the superior and inferior MB edges, and consecutive
sagittal slices were used to outline the entire structure with
coronal and axial views to confirm the borders. Voxels were
counted from each ROI, and the MB volumes were calculated by
summing all voxels and multiplying by voxel volume. Figure 1
shows the MB volume tracing method used.

Intra- and inter-tracing reliability analyses. Intra-tracer reliability
for outlining MB structures was examined by re-outlining in eight
randomly selected SVHD and eight control participants by the
same investigator who outlined both left and right bodies in all
SVHD and controls. A second investigator, blinded to the first
reviewer’s results and subject group membership, traced MBs in
the same participants (eight SVHD and eight controls), from which
inter-tracing reliability was calculated. Inter- and intra-tracing
reliabilities were calculated using intra-class correlation (ICC).

Statistical analysis. The Statistical Package for the Social Sciences
software (IBM SPSS Statistics for Windows, v24, IBM Corp., Armonk,
N.Y., USA) was used for data analyses. Demographic and cognitive
data of SVHD and controls were evaluated using independent
samples (two-tailed) t tests for normally distributed data,
Mann–Whitney U test for non-normally distributed data, and
Chi-square for categorical variables. The normality of each variable
for SVHD and control subjects were evaluated using Shapiro–Wilk
test. The MB volumes between SVHD and controls were assessed
using analysis of covariance, with covariates of age, sex, SES, and
TBV. Correlations between cognitive scores and MB volumes in
combination SVHD and controls were assessed using partial
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correlations (covariates: age, sex, and TBV). Linear regression
analyses were conducted to examine possible confounding factors
contributing to MB volume reduction (age, sex, and TBV as
independent variables, and cognitive scores as dependent
variables). All tests were two-tailed, with p < 0.05 considered
statistically significant.

RESULTS
Demographic, clinical, and cognitive characteristics
Demographic and cognitive scores from SVHD and control
participants are summarized in Table 1. No statistically significant
differences appeared in age, sex, ethnicity, body mass index, or
handedness between groups. However, SES was significantly
lower in the SVHD group compared to that in controls.
Clinical characteristics of SVHD patients are listed in Table 1. The

majority had a diagnosis of single right ventricle (67%) and had an
extracardiac Fontan (78%). Many had a Fontan fenestration (26%)
and/or residual cyanosis (26%) defined as oxygen saturations
<93%.
The total MoCA score and all subscales, except for naming and

orientation, were significantly lower in SVHD compared to that in
controls (p < 0.04). In addition, WRAML2-derived GMI and GRI
scores were significantly reduced, as well as subscores, including
verbal and visual memory, attention/concentration, working
memory, and visual and verbal recognition, in SVHD compared
to that in controls (p < 0.006; Table 1). In addition, the mean TBV
was significantly smaller in the SVHD over controls (1.13 ± 0.10 vs.
1.24 ± 0.10 L; p < 0.001; covariates: age and sex).

Brain MRI findings
Abnormal brain MRI findings appeared in 8 SVHD subjects out of
25 (32%) compared to 2 out of 38 (5%) in the control group.
Cerebral lesions were detected in 5 out of 25 (20%) in the SVHD
group, which consist of white mater changes, old infarctions/
strokes (incidental finding in all participants), and periventricular
volume loss. Incidental developmental abnormalities in both the
SVHD and control groups consisted of Rathke’s cleft, pterygoid, or
perivascular region cysts.

Tracing reliability
Intra-tracer reliability was high for MB tracings (ICC= 0.99, p <
0.001, 95% confidence interval), indicating consistent tracings

across all participants. Inter-tracing reliability for MBs was
in agreement between the two investigators (left MB, ICC= 0.98,
p < 0.001; right MB, ICC= 0.97, p < 0.001, 95% confidence interval).

MB volumes
An example of the MBs in a SVHD and age- and sex-matched
control is shown in Fig. 2, and scatterplot with mean left and right
mammillary volumes between groups is presented in Fig. 3. Both
left and right MBs showed reduced volume in SVHD compared to
that in controls (left, 40.24 ± 19.18 vs. 53.59 ± 18.68 mm3, p= 0.01;
right, 42.57 ± 17.26 vs. 52.87 ± 16.81 mm3, p= 0.03; covariates:
age, sex, and TBV). Both left and right MB volumes were reduced
in SVHD subjects with identified cerebral lesions (n= 5) compared
to participants without, but reductions were not statistically
significant (left, 33.76 ± 18.48 vs. 37.51 ± 17.43 mm3, p= 0.695;
right, 31.30 ± 19.75 vs. 40.12 ± 18.62 mm3, p= 0.391; covariates:
age, sex, and TBV). MB volume differences continue after
controlling for SES in addition to age, sex, and TBV.

Correlations between MB volumes and cognitive scores
Significant positive correlations appeared between the left MB
volumes and WRAML2-derived verbal memory scores, and total
MoCA and delayed memory recall subscores showed significant
associations with left and right MB volumes in combined SVHD
and control subjects (Table 2). Furthermore, linear regression
analyses to predict MB volumes (separate left and right) were
performed for each functional outcome (dependent variables)
listed in Table 3. Both left and right MB volumes were
significantly associated with total MoCA, and subscale delayed
memory recall and these associations were independent of age,
sex, and TBV (Table 3). The GMI subscale verbal memory index
correlates with the left MB volume and visuospatial/executive
function with the right MB volume independent of age, sex, and
TBV (Table 3).

Risk factors
No clinical risk factors such as current oxygen saturation level,
number of surgeries, ventricular type, and number of medications
correlated with smaller MB volumes.

DISCUSSION
This study identified significantly reduced left and right MB
volumes in SVHD compared to age- and sex-matched controls.
Bilateral MB volumes showed a significant association with
cognitive scores, including memory deficits. The underlying
etiology for reduced MB volume in SVHD is not completely
known but may include delayed brain development,18 preopera-
tive and postoperative brain injury associated with hypoxemia/
ischemia, reduced cerebral blood flow (CBF), hemodynamic
instability,19,20 and possible nutritional deficiencies in the
condition.
More recently, fetal and neonatal MRI studies have shown lower

brain volumes (due to delayed brain maturation by up to 1 month)
most commonly in the third trimester, possibly caused by reduced
blood flow and cerebral oxygenation,21 with more defects on left
ventricular outflow tract obstruction.18,20 Additionally, these
infants may have lower birth weights, lower gestational ages,
and smaller head circumferences, indicating brain developmental
issues, compared to the general population. Brain immaturity in
SVHD results in delays in myelination, placing increased risk for
hypoxic–ischemic structural injury in the preoperative and post-
operative period.22 Consequently, brain MRI studies have identi-
fied new or worsening white matter injury or other ischemic injury
after neonatal cardiac surgery.22,23 As a highly vascular area of the
brain, MBs are vulnerable to hypoxic injury.
MBs relay impulses from the amygdalae and hippocampi via the

fiber projections of the mamillo-thalmic tract to the anterior

a
L R

c d

b

Fig. 1 Tracing method used to calculate mammillary body volumes.
Midline borders for the left and right mammillary bodies were
determined using coronal (a) views; these views also determine the
superior and inferior right mammillary body edges (b) and
consecutive sagittal slices were used to outline the entire structure
in red (c) with coronal and axial views used to confirm the border.
The right mammillary body is filled in red (d). The total volume of
each mammillary body was calculated by counting the number of
voxels in the traced red area

Reduced brain mammillary body volumes and memory deficits in adolescents. . .
C Cabrera-Mino et al.

171

Pediatric Research (2020) 87:169 – 175



thalamus and may mediate several aspects of spatial and memory
formation.24 A recent adolescent SVHD study found reduced gray
matter volumes and tissue changes in multiple sites that are part
of the mamillo-thalmic tracts and are associated with memory
regulation (i.e., bilateral anterior, mid, and posterior thalamus; para
hippocampus; and temporal gyrus).6,14

In addition to the effects of surgery, SVHD patients are at risk of
malnutrition due to inadequate nutritional intake, insufficient
nutrient absorption secondary to decrease mesenteric perfusion,25

and increased metabolic demands that may all affect brain
development. Furthermore, feeding difficulties are found to be a
significant predictor of worse neurodevelopmental outcomes in
infants with SVHD.26 Lower weight-for-age z scores have been well
documented after SVHD stage one and two palliation27 and most
likely associated with the imbalance between pulmonary and
systemic circulation. Although modest weight improvement is
noted after the Fontan procedure,28 many remain underweight
into adulthood.29

Table 1. Demographic and cognitive scores of single ventricle heart disease and controls

Variables SVHD, n= 25 Control, n= 38 p Values

Age, median (IQR) 16.0 (15.0–17.0) 16.0 (15.0–17.0) 0.67

Sex, male (%) 15 (60%) 19 (50%) 0.54

Ethnicity (%) 0.67

White 13 (52%) 20 (50%)

Hispanic 10 (40%) 16 (42%)

Other 2 (8%) 2 (8%)

Socioeconomic status, median (IQR) (annual
household income)

$73,167.5 ($54,068–$96,758)
(n= 24)

$85,696.0 ($74,317.5–$116,633.0)
(n= 37)

0.02

Handedness, right (%) 23 (92%) 34 (92%) 0.74

BMI (kg/m2), median (IQR) 21.1 (19.7–23.0) 21.9 (19.6–24.9) 0.45

Total brain volume (unit, L; mean ± SD) 1.13 ± 0.10 1.24 ± 0.10 <0.001b

SVHD diagnosis – –

Hypoplastic left heart syndrome 6 (24%)

Double outlet right ventricle, unbalanced AVC 6 (24%)

Tricuspid atresia 4 (16%)

Pulmonary atresia/unbalanced AVC 4 (16%)

Pulmonary atresia/IVS/HRV 3 (12%)

Double inlet left ventricle 2 (8%)

Ventricle type (right) 16 (67%) – –

Fontan type (extracardiac) 21 (78%) – –

Fontan fenestration (yes) 7 (26%) – –

Residual cyanosisa 7 (26%) – –

Number of surgeries [mean (range)] 3 (2–4) – –

MoCA Total, median (IQR) 23 (20.5–25.0) 29 (27.8–30.0) <0.001

Visuospatial/EF (MoCA), median (IQR) 4.0 (3.0–5.0) 5.0 (5.0–5.0) <0.001

Naming (MoCA)), median (IQR) 3.0 (3.0–3.0) 3.0 (3.0–3.0) 0.03

Attention (MoCA), median (IQR) 4.0 (3.0–5.0) 6.0 (6.0–6.0) <0.001

Language (MoCA), median (IQR) 2.0 (1.0–2.0) 3.0 (2.0–3.0) <0.001

Abstraction (MoCA), median (IQR) 1.0 (1.0–2.0) 2.0 (2.0–2.0) <0.001

Delayed Memory Recall (MoCA), median (IQR) 2.0 (0.5–3.0) 4.0 (4.0–5.0) <0.001

Orientation (MoCA), median (IQR) 6.0 (6.0–6.0) 6.0 (6.0–6.0) 0.49

WRAML2 (GMI) Total, median (IQR) 83.0 (79.0–92.5) 111 (104.8–118) <0.001

Verbal Memory Index (GMI), median (IQR) 88.0 (82.0–95.5) 111 (99.3–114) <0.001

Visual Memory Index (GMI) 98.7 ± 11.3 107.3 ± 11.2 0.005

Attention/Concentration (GMI) 83.5 ± 10.7 109.6 ± 10.6 <0.001

WRAML2 (GRI) Total 93.8 ± 11.6 112.0 ± 11.5 <0.001

Working Memory Index (GRI), median (IQR) 90.0 (79.5–97.5) 113.5 (102.0–122.0) <0.001

Verbal Recognition Index (GRI), median (IQR) 93.0 (86.5–104.0) 108.0 (96.0–115.0) 0.001

Visual Recognition Index (GRI), median (IQR) 90.5 (84.3–108.3) 109 (102.3–115.8) <0.001

SVHD single ventricle heart disease, BMI body mass index, AVC atrioventricular canal, IVS intact ventricular septum, HRV hypoplastic right ventricle, WRAML2
Wide Range Assessment of Memory and Learning, Second Edition, GMI General Memory Index, GRI General Memory Recognition Index, MoCA Montreal
Cognitive Assessment
aOxygen saturation
bCorrected for age and sex
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Nutritional deficits associated with MB volume loss has been
seen in reduced vitamin B intake or absorption, in particular
thiamine. The volume loss and thiamine deficiency has been
accompanied with anterograde memory loss in Korsakoff’s
syndrome, which is associated with chronic alcoholism.30 In
animal models, thiamine deficiency has led to extensive damage
to the MBs correlating with worse performance on memory and
spatial tasks.31 In addition to dietary issues, thiamine deficiency
can develop from use of diuretics or medical conditions associated
with malabsorption such as anorexia,32 intestinal bypass, or the
need for dialysis.33 One study in infants with ventricular septal
defects and associated congestive heart failure treated with loop
diuretics identified thiamine deficiency before and after surgical
repair, despite adequate dietary intake of thiamine.34 Although we
speculate that MB injury is associated with hypoxic–ischemic
insult, early nutritional deficits commonly encountered in SVHD
may contribute to inadequate neural protection or lead to
additional neural injury.
Our findings identified lower SES in the SVHD group compared

to that in controls, with 50% of the SVHD sample of Hispanic
ethnicity. Disparities have been identified in population-based
studies in children with critical CHD in which SES explains a
significant portion of the association between Hispanic ethnicity
and worse health outcomes.35 However, controlling for SES in our
analysis, there were still significant differences in MB volumes and
functional outcomes in the SVHD group compared to that in
controls, and SES did not contribute to those variables. However,
other important factors of SES such as maternal age and
education may provide more of an impact than annual salary, as
measured in this study.
Lastly, targeted interventions to improve memory are needed to

mitigate these deficits in SVHD. Over the years, clinical manage-
ment changes have been implemented to address delayed brain
maturation by allowing the SVHD fetus to remain in utero for the
entire 40-week gestation period,36 avoidance of hemodilution
(hematocrit < 25%) during cardiopulmonary bypass,37 regional
low-flow cerebral perfusion to increase cerebral perfusion during
stage one palliation,38,39 and vigilant single ventricle interstage
follow-up to optimize nutrition and growth.40 While these
interventions individually have some modest benefit, many are
not sufficient to fully alleviate the life-long cognitive outcomes in
SVHD patients, and other interventions are needed to focus on
ways to promote neurogenesis or regrowth of MBs to optimize
memory processes and subsequent academic achievement and
ability for self-care.

SVHD Control

a b

c

L R

d

Fig. 2 High-resolution T1-weighted images show mammillary
bodies in a SVHD (a) and control (b) subject (white rectangles). All
images are in neurological convention (L left, R right). Brain images
(c, d) show magnified areas within the rectangle of the SVHD (a) and
control (b) participants. The right and left mammillary bodies in the
SVHD subject are almost absent compared to the control subject
(c vs. d, white circles)

Table 2. Partial correlations between mammillary body volumes and cognitive scores in combined SVHD and controls

Variables Left mammillary body volume Right mammillary body volume

WRAML2 GMI r= 0.23 p= 0.07 r= 0.22 p= 0.09

Verbal Memory Index (GMI) r= 0.26 p= 0.04 r= 0.25 p= 0.06

Visual Memory Index (GMI) r= 0.13 p= 0.34 r= 0.20 p= 0.12

Attention/Concentration (GMI) r= 0.16 p= 0.22 r= 0.12 p= 0.37

WRAML2 GRI r= 0.18 (n= 62) p= 0.17 r= 0.19 (n= 62) p= 0.16

Working Memory Index (GRI) r= 0.04 p= 0.75 r= 0.04 p= 0.79

Verbal Recognition Index (GRI) r= 0.05 (n= 62) p= 0.71 r= 0.10 (n= 62) p= 0.47

Visual Recognition Index (GRI) r=−0.02 p= 0.91 r=−0.06 p= 0.64

MoCA Total r= 0.28 p= 0.03 r= 0.26 p= 0.04

Visuospatial/Executive Function (MoCA) r= 0.20 p= 0.13 r= 0.24 p= 0.07

Naming (MoCA) r= 0.02 p= 0.90 r= 0.05 p= 0.70

Attention (MoCA) r= 0.13 p= 0.32 r= 0.16 p= 0.23

Language (MoCA) r= 0.13 p= 0.33 r= 0.14 p= 0.30

Abstraction (MoCA) r= 0.16 p= 0.22 r= 0.19 p= 0.14

Delayed Memory Recall (MoCA) r= 0.34 p= 0.008 r= 0.29 p= 0.03

Orientation (MoCA) r=−0.11 p= 0.42 r=−0.13 p= 0.31

Covariates: age, sex, and TBV
MoCA Montreal Cognitive Assessment, GMI General Memory Index, WRAML2 Wide Range Assessment of Memory and Learning, Second Edition
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Fig. 3 Scatter plot shows smaller mean left (40.24 ± 19.18 vs. 53.59
± 18.68 mm3, p= 0.01) and right (42.57 ± 17.26 vs. 52.87 ± 16.81
mm3, p= 0.03) mammillary body volumes in SVHD (O) vs. Controls
(X), controlling for age, sex, and TBV
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Limitations
Despite the small sample size, significant differences in MB
volumes emerged between groups. While the extensive exclusion
criteria made a more homogeneous SVHD sample (gestation
<37 weeks, no previous stroke, ECMO use, cardiac arrest,
pacemaker, protein-losing enteropathy), this may reflect a group
with better health within their chronic condition and thus may not
be generalizable to all SVHD participants. Secondary to a small
sample size, we combined SVHD and control participants to
examine correlations. Further studies are required to assess such
correlations in SVHD participants only. Overall Intelligence
Quotient (IQ) was not measured as part of this study and we are
unable to discern whether the memory impairment is isolated or
part of general IQ reduction. In addition, there is the potential for
subjective bias related to manual ROI tracings compared to
automated programs. However, manual tracing is considered the
gold standard due to the small size of the structures and close
proximity to related structures. Lastly, without fetal or neonatal
brain MRI, we are unable to specify the evolution of altered brain
development leading to smaller MB volumes. In addition, we
examined adolescents with SVHD at one time point representing
the cumulative injury and are unable to determine the timing and
mechanism of altered MB volumes in the condition.

Conclusions
Adolescents with SVHD who have undergone the Fontan
procedure show significantly reduced left and right MB volumes,
which may contribute to cognitive deficits. The mechanisms
contributing to volume loss are likely multifactorial, including
innate, nutritional, hypoxic/ischemic-induced processes, impaired
CBF, and potential preoperative and postoperative hemodynamic
instability. Further investigation is needed to explore possible
interventions to improve memory/cognition and promote neuro-
protection, which could potentially enhance academic achieve-
ment, self-care, and quality of life in this high-risk population.
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