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Abstract

The hippocampus is known to play a critical role in a variety of complex abilities, including
visual-spatial reasoning, social functioning, and math. Nonverbal Learning Disability (NVLD) is a
neurodevelopmental disorder characterized by deficits in visual-spatial reasoning that are
accompanied by impairment in social function or mathematics, as well as motor or executive
function skills. Despite the overlap between behaviors supported by the hippocampus and
impairments in NVLD, the structure and function of the hippocampus in NVLD has not been
studied. To address this gap in the literature, we first compared hippocampal volume and resting-
state functional connectivity in children with NVLD (n = 24) and typically developing (TD)
children (n = 20). We then explored associations between hippocampal structure, connectivity, and
performance on measures of spatial, social, and mathematical ability. Relative to TD children,
those with NVLD showed significant reductions in left hippocampal volume and greater
hippocampal-cerebellar connectivity. In children with NVLD, reduced hippocampal volume
associated with worse mathematical problem solving. Although children with NVLD exhibited
more social problems (Social Responsiveness Scale [SRS]) and higher hippocampal-cerebellar
connectivity relative to TD children, greater connectivity was associated with fewer social
problems among children with NVLD but not TD children. Such an effect may suggest a
compensatory mechanism. These structural and functional alterations of the hippocampus may
disrupt its putative role in organizing conceptual frameworks through cognitive mapping, thus
contributing to the cross-domain difficulties that characterize NVLD.
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Introduction

In addition to its critical role in declarative memory (DeMaster, Coughlin, & Ghetti, 2016;
Eichenbaum, 2014; Giovanello, Schnyer, & Verfaellie, 2009; Rubin, Watson, Duff, &
Cohen, 2014; Tavares et al., 2015; Tulving & Markowitsch, 1998), the hippocampus
supports a variety of complex abilities including visual-spatial reasoning (Brown,
Whiteman, Aselcioglu, & Stern, 2014; Guderian et al., 2015; Lee, Brodersen, & Rudebeck,
2013; Eleanor A. Maguire, Woollett, & Spiers, 2006; Morgan, Macevoy, Aguirre, & Epstein,
2011; O’Keefe & Dostrovsky, 1971), social functioning (Davidson, Drouin, Kwan,
Moscovitch, & Rosenbaum, 2012; Montagrin, Saiote, & Schiller, 2018; Rubin et al., 2014;
Tavares et al., 2015; Trinkler, King, Doeller, Rugg, & Burgess, 2009), and math (Qin et al.,
2014; Rosenberg-Lee et al., 2018; Supekar et al., 2013; Wilkey, Cutting, & Price, 2018).
Altered hippocampal structure and function is associated with marked deficits in these
domains, and is implicated in numerous psychiatric disorders (Chen & Etkin, 2013; Cooper
et al., 2017; Posner et al., 2014). Nonverbal Learning Disability (NVLD), a
neurodevelopmental disorder with estimated prevalence of 3-4%, is characterized by a
primary deficit in visual-spatial reasoning that is often accompanied by impairments in
social functioning or math ability (Cornoldi, Mammarella, & Fine, 2016; Fine, Semrud-
Clikeman, Bledsoe, & Musielak, 2013; Mammarella & Cornoldi, 2014; Margolis et al.,
2020). Despite the overlap between behaviors supported by the hippocampus and
impairments in NVLD, little is known about the structure and function of the hippocampus
in NVLD.

Structural and functional studies of the hippocampus point to its integral role in visual-
spatial reasoning. Electrophysiological evidence from rodents suggests that the hippocampus
plays a key role in spatial navigation (O’Keefe & Dostrovsky, 1971). Indeed, multiple cells
types that encode spatial information have been discovered in the rodent hippocampus,
including place cells, head direction cells, grid cells, and boundary cells (Hartley, Lever,
Burgess, & O’Keefe, 2013). In humans, larger hippocampal volume is associated with
greater navigation experience in taxi drivers and more flexible navigation in healthy adults
(Brown et al., 2014; Eleanor A. Maguire et al., 2006), and individuals with hippocampal
damage have impaired visual-spatial recall (Guderian et al., 2015). Task-based functional
magnetic resonance (fMRI) studies suggest that hippocampal activity is linked to spatial
processing. Specifically, the hippocampus has been shown to encode information essential to
spatial navigation including distances between real-world locations, details of scenes, and
maps of abstract locations (Lee et al., 2013; Morgan et al., 2011). Furthermore, resting-state
functional connectivity of the hippocampus predicts performance on spatial memory tasks
(Persson, Stening, Nordin, & Soderlund, 2018; Woolley et al., 2015).

In addition to its well-established role in visual-spatial reasoning, the hippocampus supports
social and mathematical processing, capacities that are frequently impaired in NVLD.
Decreased hippocampal volume in preterm female infants is associated with increased peer
problems by age 5 (Rogers et al., 2012) and individuals with hippocampal damage show
smaller social networks, including a reduced number of close relationships (Davidson et al.,
2012). FMRI studies have shown that increased hippocampal activity is associated with
processing familiar versus novel faces (Trinkler et al., 2009), and that, during a social role-
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playing game, the hippocampus tracks evolving social relationships as characters move
through a 2D “social space” with dimensions of power and affiliation (Tavares et al., 2015).
Greater hippocampal volume is associated with improved math skills following tutoring and
with performance on math standardized tests (Supekar et al., 2013; Wilkey et al., 2018);
greater improvement was also observed in individuals with greater hippocampal resting-state
functional connectivity with the dorsolateral and ventrolateral prefrontal cortices (Supekar et
al., 2013). Finally, hippocampal activity and cortical connectivity during math problem
solving increased following arithmetic training (Qin et al., 2014; Rosenberg-Lee et al.,
2018). Together, these findings suggest that decreases in volume and activation of the
hippocampus index decrements in social and mathematical skills.

The hippocampus is theorized to support diverse abilities through multidimensional
cognitive mapping, a process that involves the organization of relational information in a
manner that supports flexible behavior (Eichenbaum & Cohen, 2014; O’Keefe & Nadel,
1978; Tolman, 1948b). Though most commonly conceptualizing the hippocampus as
supporting visual-spatial processing, the cognitive map theory has been expanded to include
a variety of more abstract domains, including social relationships, which can be mapped
onto a relational space (Schafer & Schiller, 2018). The role of cognitive mapping in the
mathematical domain is less well studied. However, mathematical processing inherently
requires creating and maintaining mental representations and is likely supported by cognitive
mapping (Varma & Schwartz, 2011). Within this theoretical framework, many of the
symptoms seen in NVLD could derive from impairments in the ability to generate cognitive
maps. Together, the data suggest that deficits in hippocampal function may underlie many of
the symptoms associated with NVLD.

The current study examined both the structure and resting-state functional connectivity of
the hippocampus in children with NVLD. Given the role of the hippocampus in spatial,
social, and mathematical processing, and given that children with NVLD often have
difficulties in all three of these domains, we hypothesized that children with NVLD would
show altered hippocampal structure and functional connectivity. Although no prior studies
have examined hippocampal volume in children with NVLD versus typically developing
(TD) children directly, one previous study reported increased hippocampal volume in
children with ASD compared to children with NVLD and TD children (Semrud-Clikeman,
Fine, Bledsoe, & Zhu, 2013). We expected that children with NVLD would have reduced
hippocampal volume relative to their TD peers, consistent with findings from healthy and
hippocampus-damaged individuals (Brown et al., 2014; Guderian et al., 2015; Eleanor A.
Maguire et al., 2006; Rogers et al., 2012; Supekar et al., 2013; Wilkey et al., 2018).
Furthermore, we expected that children with NVLD would have altered resting-state
functional connectivity of the hippocampus relative to their TD peers. While our prior work
documents reduced cortico-cortico resting state functional connectivity of non-hippocampal
regions that associated with both social (Margolis, Pagliaccio, Thomas, Banker, & Marsh,
2019) and spatial (Margolis et al., 2019) functioning in children with NVLD, the sparsity of
functional hippocampal findings in this area limited our ability to make directional
hypotheses. Finally, we hypothesized that NVVLD-related differences in hippocampal
structure and function would be associated with behavioral measures of spatial, social, and
mathematical ability.
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Seventy-two children (7-15 years old) enrolled in the current study and were screened for
inclusion/exclusion at the New York State Psychiatric Institute. This included two groups of
children (n = 50 children with suspected NVVLD and n = 22 typically developing children)
recruited through announcements posted at local schools and clinics, on social media, and in
the newsletter of The NVLD Project, a non-profit aimed at developing resources for families
of children with NVVLD. All children were monolingual English speakers. The institutional
review board at New York State Psychiatric Institute approved the study; children and their
guardians provided written informed assent and consent, respectively. All research was
performed in accordance with the relevant guidelines and regulations.

Of the 50 children with suspected NVLD (see Table 1 for specific criteria), 15 did not meet
diagnostic criteria, and five others did not successfully complete an MRI scan (refused to
scan, aborted during scan, and/or fell asleep), leaving 30 children with NVLD who
completed the structural and resting-state scans. Of the 22 TD children recruited, 21 TD
children successfully completed the structural and resting-state scans. Six children with
NVLD and one TD child were then excluded from imaging analyses due to head motion
(described below). One TD participant was subsequently excluded from structural analyses
due to missing socioeconomic status data, and one NVLD participant had structural data that
could not be segmented due to motion (described below). Thus, 23 children with NVLD and
19 TD children had useable structural data, and 24 children with NVLD and 20 TD children
had useable resting-state data.

Diagnostic Criteria for NVLD

A diagnosis of NVLD was established in accord with prior research criteria (Table 1; (Fine,
Musielak, & Semrud-Clikeman, 2014; Margolis et al., 2019; Semrud-Clikeman et al., 2013)
Children were included in the NVLD group if they had visual-spatial deficits, intact reading
abilities, and deficits in two of the following domains: fine motor, math calculation, visual
executive functioning, or social skills. Visual-spatial deficits included either a perceptual
deficit, as measured by a score below the 16! percentile on Block Design or Matrix
Reasoning on either the Wechsler Abbreviated Scale of Intelligence (WASI-I) or Wechsler
Intelligence Scale for Children (WISC-1V), or a discrepancy between the Verbal Intelligence
Quotient (VIQ) and Performance Intelligence Quotient (P1Q) of at least 15 points, as
measured from the WASI-I; (A. S. Kaufman, Raiford, & Coalson, 2015; Wechsler, 2003).
Additionally, they could not have significant levels of Autism Spectrum Disorder (ASD)
features. Typically developing children had no current or lifetime diagnoses as determined
by the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS; (J. Kaufman et
al., 1997). Children were excluded if they had a Full-Scale Intelligence Quotient (FSIQ) <
80 based on the WASI ((Wechsler, 2003), any history of major medical conditions, or MRI
contraindication. To determine NVLD status, a neuropsychological assessment was
administered by a certified school psychologist (Ed.M.) who had formal Autism Diagnosis
Interview-Revised (ADI-R; (Rutter, Le Couteur, & Lord, 2003) and KSADS clinical
training.
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Outcome Measures

The outcomes of interest in the current study included measures of visual-spatial, social, and
mathematical ability. Full details of the neuropsychological assessment are presented in the
supplement.

Visual-spatial ability was measured by the Performance Intelligence Quotient (P1Q), from
the WASI (Wechsler, 2003). The PI1Q averages performance on the Matrix Reasoning and
Block Design subtests.

Children’s socioemotional functioning was measured by means of parent report on the
Social Responsiveness Scale (SRS; Total score) and the Child Behavior Checklist (CBCL;
Total Problems T-score). These scales are widely used, clinically validated measures. The
SRS provides a measure of specific aspects of social function (Constantino & Gruber, 2005).
The CBCL Total Problems score provides a measure of overall socioemotional difficulties
(Achenbach & Rescorla, 2001). Among children with NVLD, social function was
additionally measured by child performance on the Child and Adolescent Social Perception
(CASP) test (Magill-Evans, Koning, Cameron-Sadava, & Manyk, 1995). During the CASP
test, a participant is tasked with using social cues to identify the emotions displayed by an
on-screen character.

Mathematics ability was measured in children with NVLD using the Woodcock-Johnson
Tests of Achievement 3" edition (WJ-111) Calculation subtest (Woodcock, McGrew, &
Mather, 2001).

Neuroimaging Acquisition

Functional and anatomical images were acquired on a 3T GE 750 scanner with a 32-channel
head coil. Two structural T1 images were collected for each participant with an 8-channel
head coil using a 3D FSPGR sequence (flip angle=11, TE=2.588ms, TR=6.412ms, 180
slices, Imm isotropic resolution). Two runs of resting-state data were acquired using an echo
planar imaging (EPI) sequence (flip angle=77, TE=30ms, TR=2000ms, 34 slices, 3.5mm
isotropic resolution, 140 acquisition frames, 4 minutes and 40 seconds long). During the two
resting-state runs, participants were instructed to rest quietly with their eyes open without
falling asleep. The examiner monitored that participants kept their eyes open and stayed
awake during these scans using an in-scanner eye-tracking camera.

Structural Analyses

Preprocessing: Structural data were processed using the standard FreeSurfer v6.0
pipeline (recon-all;(Fischl et al., 2002; Fischl et al., 2004). Both T1 scans were averaged for
analysis except when participants had only one useable scan. Processing included intensity
normalization, subcortical segmentation, and cortical parcellation. Output images were
visually inspected for quality. To correct for errors in cortical segmentation, manual control
point edits were used for seven image files (FreeSurfer was re-run with these manual edits
and results were re-checked). Hippocampal volume estimates were extracted from the
subcortical segmentations and all structural analyses covaried for estimates of total
intracranial volume.
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Resting-State Functional Connectivity

Preprocessing: Analysis was performed in the CONN toolbox v17.f (www.nitrc.org/
projects/conn(Whitfield-Gabrieli & Nieto-Castanon, 2012) for SPM 12. Preprocessing
followed a previously published pipeline and included realignment, unwarping, centering,
slice timing correction, Artifact Detection Tools outlier detection, segmentation of cerebral
spinal fluid (CSF), gray, and white matter, normalization to the Montreal Neurological
Institute (MNI) template, and 8mm full-width half-maximum smoothing for functional
images. Structural images were centered, segmented, and normalized to the MNI template.
BOLD signal was band-pass filtered (0.008-0.09Hz). Denoising was completed with
anatomical component-based noise correction (aCompCor(Behzadi, Restom, Liau, & Liu,
2007), specifically regressing ten white matter and ten CSF components (detrended and
despiked).

Motion Correction: To minimize effects of head motion, frames exceeding 0.5mm frame-
wise displacement or frame-to-frame change in global signal z>3 were regressed from the
data in the first level models. In addition, 24 head motion parameters (motion + first-order
derivatives + quadradic effects) were included as regressors in the first level models. To
further adjust for potential effects of motion on functional connectivity measures, mean head
motion was included as a second level covariate. Participants with less than 3 minutes of
useable data (<81 useable frames, or 30% of total frames), were excluded from the analyses
(n=6 NVLD,n=1TD).

Statistical Analyses

T-tests and chi-square tests evaluated group differences (TD vs. NVLD; Table 2) in
demographics (age, sex, socioeconomic status [SES; as measured by the Hollingshead Scale
ranging from 8-66 (Hollingshead, 1975)]), outcome measures (PI1Q, SRS Total, CBCL Total
Problems) and in-scanner motion (mean framewise displacement). Means and ranges of all
outcome measures, including those only available in children with NVLD (CASP Emotions
and Cues, WJ Calculation), are also presented in Table 2.

Linear regressions tested differences between groups (NVLD, TD) in hippocampal volume,
controlling for age, sex, SES, and total intracranial volume. Hippocampal volumes greater
than three standard deviations from the mean were considered outliers and were winsorized
(two participants). Hippocampal volume results without winsorizing are presented in
supplemental materials. SES was included as a covariate in these models because of its well-
documented association with brain structure, particularly in the hippocampus (Brito &
Noble, 2014; Merz et al., 2019; Noble et al., 2015).

To investigate connectivity from left and right hippocampus to the rest of the brain, seed-to-
voxel functional connectivity maps were generated in CONN using the Harvard-Oxford atlas
defined left and right hippocampal seeds (Figure S1). Second-level voxel-wise regression
coefficient maps compared hippocampal connectivity of children with NVLD to TD
children, controlling for age, sex, and mean motion. Maps were thresholded at voxel-level
significance p<.001 and a false discovery rate (FDR) corrected cluster size threshold g<.05.
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We tested whether brain-behavior associations varied by group in linear regression models
with group, volume/connectivity, and their interaction as predictors of behavioral outcomes.
The interaction term was dropped from models if it was not significant. P-values were
Bonferroni-corrected for six tests (SRS, CBCL, P1Q, WJ Calculation, CASP Emotions, and
CASP Cues; p<0.0083). Significant interaction effects were followed up by post-hoc
analyses within each group (NVLD, TD). Direct measures that were only available in
children with NVLD (CASP, WJ Calculation) were only assessed within the clinical group.
All structural models included age, sex, SES, and total intracranial volume; all models of
functional connectivity included age, sex, and mean head motion.

For parent report of social functioning (SRS, CBCL), significant total score associations
were followed up by exploratory analyses of subscales to further parse effects. Such
exploratory analyses were performed for informational purposes to generate hypotheses for
future studies. Supplementary analyses included VIQ as well as the interaction between VIQ
and Group as covariates in structural and functional connectivity models. In additional
supplemental analyses, we tested for associations between behavior and hippocampal
connectivity with the whole-brain using brain connectivity as the dependent variable
(supplemental materials). Rather than limit the behavioral associations to areas that showed
significant group differences, this supplemental analysis offers a broader test of brain-
behavior associations.

Demographic Characteristics of Participants

Participants with useable MRI data ranged in age from 7 to 15 years old; children with
NVLD were older on average than TD children (Table 2). As defined by the diagnostic
criteria, relative to TD children, those with NVLD had lower PIQ, more parent-reported
social problems (SRS Total) and more general socioemotional problems (CBCL Total
Problems). Groups also differed in VIQ, with children with NVLD placing in the average
range and TD children placing above the average range.

Hippocampal Volume

Distributions of hippocampal volumes are presented in Figure S2. Children with NVLD had
significantly smaller left hippocampal volumes relative to TD children with a medium effect
size (b=-0.67, t(36) = -2.34, p = .025, Cohen’s d =.78; Figure 1); differences in right
hippocampal were at trend level with a medium effect size (b=—-0.53, t(36) = —1.80, p = .080,
Cohen’s d = .60; Figure 1; covariate-adjusted Cohen’s D calculated according to equation 10
in Nakagawa and Cuthill (Nakagawa & Cuthill, 2007)). Results were largely the same with
non-winsorized hippocampal volumes (supplemental materials).

2Hippocampal Resting-State Functional Connectivity

Relative to TD children, those with NVLD showed significantly increased functional
connectivity between right hippocampus and a cluster in lobule VI of the right cerebellum
(peak located at x=30, y=—60, z=—-32 in MNI coordinates; k = 72; p-FDR = 0.008, Figure 3).
No significant clusters were detected using the left hippocampal seed. Although group
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differences in age and motion were detected, neither was associated with connectivity (age:
b=.16, p=.32; motion: b=-.06, p=.64).

Brain-Behavior Associations

No associations were detected between visual-spatial ability and hippocampal volume or
hippocampal-cerebellar connectivity. Among children with NVLD, worse performance on
WAJ Calculation was associated with reduced left hippocampal volume (b= 0.92, t(17)=3.42,
p=.004; Figure 2; Table S1) but not with hippocampal-cerebellar connectivity (Table S2).

Across all participants, social problems as measured by the SRS Total score were
significantly associated with the group by hippocampal-cerebellar connectivity interaction
(b=-0.72, t(37)=-2.89, p=.006, Figure 4). A significant group by hippocampal-cerebellar
connectivity interaction that did not pass Bonferroni correction was detected for
socioemotional problems as measured by the CBCL Total Problems score (b=-0.65,
t(36)=2.41, p=.02, Figure 4). Hippocampal-cerebellar connectivity was inversely associated
with socioemotional problems in children with NVLD (SRS Total Score: b=-0.67, t(19)=
-3.70, p=0.002; CBCL Total Problems: b=-0.60, t(19)=-3.04, p=0.007), whereas there was
no association between connectivity and behavior in TD children (Table S2). No significant
associations were detected between hippocampal-cerebellar connectivity and CASP scores
(Table S2), nor between hippocampal volume and measures of social function (Table S1). A
significant group-by-VIQ interaction showed a positive association between VIQ and
hippocampal volume in children with NVLD but not TD children (supplemental results).

To understand whether altered hippocampal-cerebellar connectivity was associated with
specific aspects of social function in children with NVLD, we explored associations between
connectivity and subscales of the SRS and CBCL. The group by hippocampal-cerebellar
connectivity interaction was significant for SRS communication, cognition, and awareness,
as well as CBCL externalizing, and at trend level for CBCL social problems (Table S2).
Among children with NVLD, hippocampal-cerebellar connectivity was inversely associated
with the communication (b=-0.74, t(19)=-4.65, p=0.0002), cognition (b=-0.62, t(19)=
-3.20, p=0.005), and awareness (b=-0.55, t(19)=-2.65, p=0.02; Table S2) SRS subscales,
and the externalizing (b=-0.49, t(19)=-2.39, p=0.03), and social problems (b=-0.50, t(19)=
-3.39, p=0.03; Table S2) CBCL subscales.

Discussion

Our study provides multimodal evidence that hippocampal abnormalities may underlie
several domains of dysfunction in NVLD. Compared to TD children, those with NVLD
showed smaller left hippocampal volumes that associated with worse mathematical
calculation skills. In addition, children with NVLD had more parent reported social
problems and greater right hippocampal-cerebellar connectivity than TD children. Among
children with NVLD, greater hippocampal-cerebellar connectivity was associated with fewer
social problems, suggesting a compensatory mechanism. As impairments in mathematical
ability and social functioning are key features of NVLD, our findings suggest that
hippocampal alterations may characterize the pathophysiology of the disorder.
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Left hippocampal volume was significantly reduced in children with NVLD relative to TD
children, and right hippocampal volume showed trend level differences in the same
direction, both with medium effect sizes. One prior study showed no differences in
hippocampal volumes between children with NVLD and TD children (Semrud-Clikeman et
al., 2013), however, methodological differences such as the use of voxel-based morphometry
and exclusion of covariates such as intracranial volume may contribute to this discrepancy.
In our study, the observed reduction in left hippocampal volume was associated with
impairments in mathematical ability in children with NVLD, consistent with prior imaging
findings that hippocampal volume indexes arithmetic skills (Supekar et al., 2013; Wilkey et
al., 2018). We also observed a significant group-by-VIQ interaction on hippocampal volume,
such that VIQ was associated with hippocampal volume only in children with NVLD and
not in TD children. Genetic or environmental factors that contribute to a higher VIQ may
protect against hippocampal decrements in NVLD. Future studies with larger samples are
required to better understand these differences.

Relative to typically developing children, children with NVLD had greater functional
connectivity between right hippocampus and lobule V1 of the cerebellum as well as more
parent reported social problems. A significant group by connectivity interaction on social
problems was driven by greater hippocampal-cerebellar connectivity indexing better social
function in children with NVLD, but a lack of association in TD children. Taken together,
these findings suggest that increased hippocampal-cerebellar connectivity may operate as a
compensatory mechanism in children with NVLD. Supporting this theory, studies have
implicated both the cerebellum and the hippocampus in social processes. Lobule VI and
neighboring cerebellar regions are involved in interpreting emotional intonation
(Schmahmann & Caplan, 2006; Van Overwalle, Baetens, Marien, & Vandekerckhove, 2014;
Wildgruber et al., 2005), and the hippocampus is involved in the organization of social
information and the maintenance of social networks (Tavares et al., 2015; Davidson et al.,
2012).

Despite known associations between spatial navigation and hippocampal structure and
connectivity with the cerebellum (Babayan et al., 2017; Doeller, Barry, & Burgess, 2010;
Morgan et al., 2011; O’Keefe & Dostrovsky, 1971; Watson et al., 2019), neither was
associated with visual-spatial performance on the perceptual tasks of the Wechsler I1Q test in
our study. This discrepancy may reflect the fact that hippocampal functional connectivity
with the cerebellum is more strongly associated with dynamic, navigation-based aspects of
visual-spatial reasoning (Babayan et al., 2017; Berthoz et al., 2014) than the static,
perceptual reasoning aspects indexed by performance 1Q. Nevertheless, our results add to a
growing literature by showing differences in hippocampal volume in children and
adolescents who anecdotally have trouble with route finding and spatial navigation
(Cornoldi et al., 2016). This is consistent with prior work reporting associations between
spatial navigation and hippocampal volume among individuals with either expertise or
deficits in spatial navigation e.g., London taxi drivers or Alzheimer’s patients (Convit et al.,
1997; Eleanor A Maguire et al., 2000). Future studies of NVLD should include a range of
spatial navigation tasks to better understand the nature of the perceptual processing deficits
and hippocampal abnormalities that characterize NVLD.
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The specific ways in which structural and functional changes in the hippocampus interact to
support human spatial navigation remain largely unknown. A recent theoretical model puts
forth the retrosplenial cortex as the critical hub for navigation in dynamic circuit that
includes the hippocampus (Ekstrom, Huffman, & Starrett, 2017). This circuit-based account
can be reconciled with data showing that, although associations between hippocampal
volume and spatial navigation are detected in individuals at the extremes of performance
(those with expertise or deficits), such associations are not detected in individuals in the
midrange of ability (Weisberg & Newcombe, 2018). At the extremes of behavior, detectable
changes in hippocampal volume may disrupt circuit function. For individuals in the
midrange, slight fluctuations in hippocampal volume may not result in changes in navigation
ability due to the more central role of the retrosplenial cortex. Our prior findings that
children with NVLD show reduced retrosplenial connectivity which associates with their
P1Q further support this circuit-based view (Banker et al., 2020).

Our study has several limitations. The sample size is small, potentially limiting the
generalizability of findings, and the study therefore requires replication in a larger
independent sample. Additionally, the lack of a spatial navigation measure limited our
ability to comprehensively assess the many aspects visual-spatial reasoning and made it
difficult to align our findings with prior work in rodents. Furthermore, group differences in
age and motion indicate that these factors could be cofounding the association between
group membership and functional connectivity. However, given the lack of association
between age or motion with functional connectivity, and that both effects are statistically
controlled, such a possibility is unlikely. Finally, exploratory correlations between sub-
scores of the SRS and CBCL and hippocampal structure and connectivity values were not
corrected for multiple comparisons and therefore should be interpreted with caution and
require replication.

To our knowledge, this is the first study to examine both hippocampal structure and
functional connectivity in children with NVLD. Our data suggest that the pathophysiology
of NVLD derives in part from altered structure of the hippocampus, which associated with
impairments in math, and its functional connectivity with cerebellum, which associated with
social problems. One theory posits that the hippocampus supports a variety of functions
through cognitive mapping, which represents the capacity to organize conceptual
relationships within a spatial framework (Epstein, Patai, Julian, & Spiers, 2017; O’Keefe &
Nadel, 1978; Tolman, 1948a). Similarly, the theory of a retrosplenial-centered circuit for
spatial navigation (Ekstrom et al., 2017) supports a broadened role for the hippocampus that
is not confined spatial reasoning. In line with these ideas and with our results, NVLD may in
part be related to an impairment in hippocampal cognitive mapping, leading to the cross-
domain difficulties that characterize the disorder. Our findings present the hippocampus as a
critical region for future studies in NVLD.
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Figure 1.
Children with Nonverbal Learning Disability (NVLD) had reduced hippocampus volume

relative to typically developing (TD) children controlling for age, sex, socioeconomic status,
and intracranial volume.
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Figure2.
Among children with NVLD, smaller left hippocampal volume was associated with

impaired math ability as measured by the Woodcock Johnson (WJ) Calculation subscore,
controlling for age, sex, socioeconomic status, and intracranial volume.
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Figure 3.
Resting-state functional connectivity (RSFC) between the right hippocampus and the A)

right cerebellum B) differs between healthy controls and children with NVLD, controlling
for age, sex, and mean head motion.
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NVLD diagnosis moderates the association between right hippocampus — right cerebellum
resting-state functional connectivity (RSFC) and both A) social responsiveness (SRS Total
Score) and B) socioemotional wellbeing (CBCL Total Problems) Among typically
developing children (TD), connectivity was unrelated to these behaviors. Among children
with NVLD, increased connectivity was associated with less socioemaotional and social
impairment.
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Table 1.

Diagnostic Criteria for Nonverbal Learning Disability

Criterion Assessment Measure

Child must have.

_Per():eptual deficit ORa discrepancy between VIQ and P1Q (>15  WISC or WASI: Block Design or Matrix Reasoning <16M%ile
points

Intact single word reading abilities WAJ-111 Letter Word Identification >16M%ile
Absence of autistic traits ADI-R Interests and Behaviors Module <4

Child must also have 2 of the following:

Fine motor difficulties Perdue Pegboard <16M%ile

Math calculation difficulties WJ-111 Calculation <16M%ile

Visual executive functioning difficulties Rey Osterrieth Complex Figure Test Copy <16M%ile

Social difficulties Vi?heland—ll Socialization domain <16%%ile or CBCL Social Problems >
95M%ile

ADI-R = Autism Diagnostic Interview — Revised; CBCL = Child Behavior Checklist; NVLD = Nonverbal Learning Disability; WJ = Woodcock
Johnson; WASI = Wechsler Abbreviated Scale of Intelligence; WISC = Wechsler Intelligence Scale for Children
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Table 2:
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TD mean/count (SD/%) NVLD mean/count (SD/%) tix?
n=20 n=24
Age (months) 116.7 (15.06) 140.8 (29.9) _308™**
86 — 139 87 -185
Sex (female) 10 (50%) 10 (41.7%) 0.306
VIQ 125.0 (11.7) 105.3 (11.3) 566
95 -144 82-122
PIQ 120.3 (13.3) 88.3 (10.1) 9.08***
84 - 143 70-114
SES 59.4 (5.0) 58.17 (6.1) 0.742
45.0 - 66.0 41.0-66.0
SRS Total 439 (6.7) 71.8 (16.0) _730™**
35- 64 45105
CBCL Total Problems T-score 44.96 (8.4) 64.1(8.4) —7.43%
34-69 43-82
CASP Emotions (PC) - 42.6% (13.1%) -
23.8% — 69.0%
CASP Cues (PC) - 22.8% (8.6%) -
9.8% —41.5%
WAJ Calculation - 92.6 (15.1) -
65-131
Valid Frames 214.3 (59.2) 186.9 (55.4) 1.58
106 - 273 98 - 276
Mean Motion .22 (.21) 40 (.30) 2147
0.06 —0.94 0.08-1.37

VIQ=Verbal 1Q, PIQ=Performance 1Q, SES=Socioeconomic status (Hollingshead, 1975), SRS=Social Responsiveness Scale, CBCL=Child
Behavior Checklist, CASP=Child and Adolescent Social Perception Test, PC = Percent Correct, WJ=Woodcock Johnson. Ranges are included for

continuous variables.

*
p<.05,

Aok

p<.01,

Hook:

*
p<.001.

Hippocampus. Author manuscript; available in PMC 2022 January 01.



	Abstract
	Introduction
	Methods
	Participants
	Diagnostic Criteria for NVLD
	Outcome Measures
	Neuroimaging Acquisition
	Structural Analyses
	Preprocessing:

	Resting-State Functional Connectivity
	Preprocessing:
	Motion Correction:

	Statistical Analyses

	Results
	Clinical and Demographic Characteristics of Participants
	Hippocampal Volume
	2Hippocampal Resting-State Functional Connectivity
	Brain-Behavior Associations

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2:

