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High resolution structural and functional MRI
of the hippocampus in young adults with
Down syndrome

(®Katherine A. Koenig,I Se-Hong Oh,"2 Melissa R. Stasko,3 Elizabeth C. Roth,3
H. Gerry Taylor,* Stephen Ruedrich,® Z. Irene Wang,® James B. Leverenz,” and
®Alberto C.S. Costa®®

Down syndrome is the phenotypic consequence of trisomy 21, with clinical presentation including both neurodevelopmental and
neurodegenerative components. Although the intellectual disability typically displayed by individuals with Down syndrome is gen-
erally global, it also involves disproportionate deficits in hippocampally-mediated cognitive processes. Hippocampal dysfunction
may also relate to Alzheimer’s disease-type pathology, which can appear in as early as the first decade of life and becomes universal
by age 40. Using 7-tesla MRI of the brain, we present an assessment of the structure and function of the hippocampus in 34 indi-
viduals with Down syndrome (mean age 24.5 years * 6.5) and 27 age- and sex-matched typically developing healthy controls. In
addition to increased whole-brain mean cortical thickness and lateral ventricle volumes (P < 1.0 x 10~%), individuals with Down
syndrome showed selective volume reductions in bilateral hippocampal subfields cornu Ammonis field 1, dentate gyrus, and tail
(P < 0.005). In the group with Down syndrome, bilateral hippocampi showed widespread reductions in the strength of functional
connectivity, predominately to frontal regions (P < 0.02). Age was not related to hippocampal volumes or functional connectivity
measures in either group, but both groups showed similar relationships of age to whole-brain volume measures (P < 0.05). Finally,
we performed an exploratory analysis of a subgroup of individuals with Down syndrome with both imaging and neuropsychologic-
al assessments. This analysis indicated that measures of spatial memory were related to mean cortical thickness, total grey matter
volume and right hemisphere hippocampal subfield volumes (P < 0.02). This work provides a first demonstration of the usefulness
of high-field MRI to detect subtle differences in structure and function of the hippocampus in individuals with Down syndrome,
and suggests the potential for development of MRI-derived measures as surrogate markers of drug efficacy in pharmacological
studies designed to investigate enhancement of cognitive function.

Imaging Sciences, Imaging Institute, Cleveland Clinic, Cleveland, OH 44195, USA

Department of Biomedical Engineering, Hankuk University of Foreign Studies, Yongin 449-791, Republic of Korea
Department of Pediatrics, Case Western Reserve University, Cleveland, OH 44106, USA

Abigail Wexner Research Institute at Nationwide Children’s Hospital, and Department of Pediatrics, The Ohio State University,
Columbus, OH 43215, USA

5 Department of Psychiatry, University Hospitals, Cleveland, OH 44106, USA

6  Epilepsy Center, Neurological Institute, Cleveland Clinic, Cleveland, OH 44195, USA

7  Lou Ruvo Center for Brain Health, Neurological Institute, Cleveland Clinic, Cleveland, OH 44195, USA

A WN =

Correspondence to: Katherine A. Koenig, PhD
Imaging Institute, The Cleveland Clinic
9500 Euclid Ave/U135, Cleveland, OH 44195, USA E-mail: koenigk@ccf.org

[leywords: Down syndrome; functional connectivity; hippocampus; MRI; spatial memory

Received July 29, 2020. Revised February 19, 2021. Accepted March 22, 2021. Advance Access publication April 19, 2021

© The Author(s) (2021). Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-1504-7130
https://orcid.org/0000-0002-7855-1190

2 | BRAIN COMMUNICATIONS 2021: Page 2 of 13

K. A. Koenig et al.

Al = asymmetry index; ASHS = Automated Segmentation of Hippocampal Subfields; CA1 = cornu Ammonis field
1; CAt = CA total; DG = dentate gyrus; DMN = default mode network; DS = Down syndrome; ERC = entorhinal cortex; FDR =
false discovery rate; GM = grey matter; HC = healthy control; HIP = total hippocampus; ICV = intracranial volume; MCI = mild

cognitive impairment; PCC = posterior cingulate cortex; ROI = region of interest; SUB = subiculum; T21 = trisomy of chromo-

some 21; WM = white matter

Young adults with Down syndrome (DS) show differences in hippocampal
structure and function

Compared to age- and sex-
matched controls, individuals
with DS show volume
reductions in selective
hippocampal subfields,
including CA1, the dentate
gyrus, and tail. The volume of
CA1 was related to
performance on a
hippocampally-mediated task.

Further, the
strength of
functional
connection from
the hippocampus
to other brain
regions was
reduced in
individuals with
Ds.

Introduction

Down syndrome (DS) is the most prevalent of the genetic
disorders that give rise to cognitive impairment, with
95% of cases caused by trisomy of chromosome 21
(T21). Individuals with DS show well-described physical
characteristics and are at an increased risk for a long list
of comorbidities, such as thyroid dysfunction, congenital
heart disease and Alzheimer’s disease-like dementia.'™
Cognitive function is variable in those with DS, but
moderate intellectual disability is common.* Although
DS-associated cognitive impairment is generally global in
nature, disproportionate deficits in expressive language,°
verbal short-term memory’ and hippocampally-mediated
long-term memory®’ have been described.
Neuroanatomical characteristics of DS include decreased
brain volume, delayed myelination, decreased dendritic
arborization and regional reductions in the size of the
cerebellum, prefrontal cortex and hippocampus.'®~'*

The hippocampal formation is an intricate, elongated
structure that runs along the anterior—posterior axis of
the medial temporal lobe. It is composed of architectonic-
ally distinct subregions that correspond to the flow of
hippocampal input and output. It is involved in multiple
cognitive functions including episodic memory'® and

spatial processing.'® In addition to reductions in overall
hippocampal size,'*'? histological studies provide evi-
dence that, in DS, different hippocampal subfields may
be differently impacted. Compared to controls, brains of
foetuses with T21 show increased phagocytic activity in
cornu Ammonis field 1 (CA1) and subiculum (SUB),'”
and decreased thickness, reduced percentage of neurons,
and reduced cell density in the SUB.'® An analysis of the
hippocampal formation (including CA1 and the SUB) and
the dentate gyrus (DG) in foetal brains with T21 showed
lower volume and cell number in both regions compared
to controls, but similar cell density."” In addition, the
DG shows reduced cell proliferation”
density of myelinated axons in the hilar region.

Hippocampal atrophy is a common finding in non-DS
Alzheimer’s disease, and dementia-related hippocampal at-
rophy has also been reported in DS.**** In non-DS
Alzheimer’s disease and mild cognitive impairment (MCI),
hippocampal subfields CA1 and the SUB tend to show
the first signs of neuropathology, including neuronal loss
and the development of neurofibrillary tangles.** In cog-
nitively preserved elderly without DS, CA1 and the SUB
showed volume loss in those who later converted to
MCL* and a sample of cognitively preserved elderly
with amyloid-f pathology showed smaller volumes of the

and decreased
21
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SUB, presubiculum, and hippocampal tail.*® These find-
ings suggest that early development of Alzheimer’s disease
neuropathology leads to preferential volume loss in spe-
cific hippocampal subfields, and also suggest another po-
tential mechanism for hippocampal dysfunction in DS.
Increased levels of amyloid precursor protein have been
reported in foetal T21 hippocampi,”” with amyloid pla-
ques found in the CA1 region even in the first decade of
life.”® Widespread distribution of amyloid plaques in the
hippocampus has been shown to occur after age 30, with
the development of hippocampal neurofibrillary
tangles after age 40.%°

In addition to structural changes, multiple studies
report altered function of the hippocampal formation in
non-DS Alzheimer’s disease and MCI>°* The hippo-
campus has strong structural and functional connections
to the posterior cingulate cortex (PCC), which are
reported to decrease in strength in Alzheimer’s disease
and MCL>?%%%3* The PCC is a key component of the
default mode network (DMN), itself widely reported to
be disrupted in clinical and preclinical Alzheimer’s dis-
ease.””®  Although we found no reports describing
hippocampal functional connectivity in individuals with
DS, a decrease in global connectivity of the PCC was
reported.’” Recent work in the Ts65Dn mouse model of
DS found that young mice showed increased synchroniza-
tion between the hippocampus and prefrontal regions at
rest, and disruptions in hippocampal-prefrontal inter-
action during memory acquisition and retrieval and
object familiarization.*®

In this work, we use high resolution MRI to measure
hippocampal subfield volumes and functional connectivity
in teenagers and young adults with DS and in a sample
of age-matched typical controls. We hypothesize that,
compared to controls, individuals with DS will show
reductions in the size of CA1, the SUB and the DG. We
also investigate functional connectivity of the hippocam-
pus, hypothesizing reduced strength of connection to the
PCC in those with DS.

Materials and methods

Participants included 37 teenagers and non-demented
adults with DS, determined by a medical diagnosis of
T21 [mean age (years) 24.0=* 6.6, range 15-35; 23
males] and 27 age-matched healthy controls (mean age
24.9 + 6.1, range 15-36; 17 males). Prior to data collec-
tion, participants were consented in accordance with the
Declaration of Helsinki. Data included in this analysis
were collected under three Cleveland Clinic Institutional
Review Board-approved protocols (141523; 16390;
13058). Detailed information regarding the composition
of participants from each protocol can be found in the
Supplementary materials. The three protocols ran
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concurrently, and all participants were scanned on the
same MRI scanner using identical sequences. For all three
protocols, MRI data collection occurred in a single
scanning session.

Prior to enrolment, all participants (and their care-
givers, if applicable) were interviewed to assess eligibility
for study participation. Exclusion criteria for all partici-
pants included: (i) History of major psychiatric disorder
such as schizophrenia, bipolar disorder, autism,
Alzheimer’s disease or major depressive disorder; (ii)
History of neurologic diagnosis such as traumatic brain
injury, stroke or a diagnosis of seizure disorder in the
past three years; (iii) Cognitive or physical limitations
that resulted in the inability to complete study proce-
dures; (iv) Confirmed clinical symptoms of dementia; and
(v) MRI-specific exclusion criteria.

All participants with DS met with a psychiatrist specializ-
ing in developmental disabilities for clinical assessment,
which included medical history, a psychiatric diagnostic
interview with the participant and caregiver, and mental
status examination. Particular attention was paid to
changes that might be related to dementia. No partici-
pants were found to have symptoms of dementia.

Individuals with DS who participated under Protocol 2
underwent neuropsychological testing. The test battery
used here was previously described,”” and is detailed in
the Supplementary materials. These measures were used
in a supplementary analysis of the relationship of cogni-
tion to anatomical volumes.

All  participants were scanned on a Siemens 7T
Magnetom scanner with SC72 gradient (Siemens Medical
Solutions, Erlangen) using a head-only CP transmit and
32-channel phased-array receive coil (Nova Medical,
Wilmington). Respiratory and cardiac fluctuations were
measured using a plethysmograph and respiratory bellows
during scanning. A whole-brain, T;-weighted MP2RAGE
(0.75 mm? isotropic voxel size) was acquired for all
participants. A sub-sample of participants underwent a
resting state functional connectivity scan. (132 repetitions,
81 axial slices, voxel size 0.75x0.75x 1.5 mm?
TE/TR=21 ms/2800ms, matrix 160 x 160, FOV
210 x 210 mm?, receive bandwidth = 1562 Hz/pixel, scan
time 7 min). Directly prior to the resting state scan, the
scanner technician talked to the participants, making sure
they were awake and asking them to keep their eyes
closed for the next scan.

To assess whole-brain volumes, mean volume of the left
and right lateral ventricles, mean cortical thickness,
and volumes of cerebral white matter (WM) and total
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and subcortical grey matter (GM) were calculated using
the MP2RAGE processed using Freesurfer 6.0.*° Using
the MP2RAGE, hippocampal subfield volumes were cal-
culated using the Automated Segmentation of
Hippocampal Subfields (ASHS) software*' and the ASHS
1.0 Compatible 7T atlas.** ASHS returns intracranial vol-
ume (ICV) and volumes for the entorhinal cortex, SUB,
CA1, CA2, CA3, DG and tail (Fig. 1). To account for
differences in ICV, and for the sake of consistency, ASHS
ICV measures were used to correct both ASHS and
Freesurfer volumes. Corrected volumes were calculated
as: (volume/ICV)*100.

Unpaired #-tests compared ICV-corrected volumes be-
tween groups, and linear correlations were used to test
the relationship of age to volume in each group. The
false discovery rate (FDR) was used to adjust for multiple
comparisons.*?

Within-group differences in hemispheric asymmetry
were determined by entering left and right ICV-corrected
volumes into a paired Student’s #-test. Between-group dif-
ferences in hemispheric asymmetry were assessed using
the asymmetry index (Al). Using uncorrected hippocam-
pal volumes, Al was calculated for each measure as:
[(left—right)/(left + right)]*100. Unpaired t-tests com-
pared Al between groups, with FDR adjustment.

Figure | Representative slices from the image used to
calculate anatomical volumes. The inset at left shows the same
image with the hippocampal segmentation overlaid. The orange
crosshair marks the location of the coronal (top) and axial (middle)
slices. The red square outlines the enlarged sagittal slice at bottom.
orange = entorhinal cortex; red = subiculum; yellow = CAl; light
blue = CA2/CA3; violet = dentate gyrus; blue = tail.
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The first 4 volumes of the functional time series were
removed. RETROICOR was used to regress out meas-
ured cardiac and respiratory signals at the voxel level.**
Concurrently, volumetric and slice-wise motion was
regressed using SLOMOCO.* The data were spatially fil-
tered using a 2mm filter,*® detrended, and fluctuations
above 0.08 Hz were removed. The MP2RAGE was aligned
to the functional volume using the AFNI program align_e-
pi_anat.py.*” A supplementary analysis, undertaken to as-
sess the impact of individual motion estimates on our
results, is described in the Supplementary materials.

Although our functional data are high resolution, the
undulating and sometimes thin hippocampal structure con-
tributes to a risk of inclusion of signals measured from
non-brain tissue. To mitigate this risk, we chose to under-
take a seed-based functional analysis focussed on the head
of the hippocampus. This region is relatively thick, and
includes large portions of the subfields of interest (CA1,
the SUB and the DG). Using both anatomical and function-
al data, right and left seed locations in the head of the
hippocampus were identified in native space for each par-
ticipant. First, the head of the hippocampus was identified
anatomically on the MP2RAGE wusing a previously
described method.*® Next, the Yeo 7 network functional
connectivity cortical parcellation,* available in Freesurfer,
was used to define the DMN. In this parcellation,
Network 7 is identified as most representative of the
DMN. Bilateral regions of interest (ROIs) from Network 7,
covering the PCC and precuneus regions, were combined
with individual-subject cortical ROIs from Freesurfer to
create a conjunction mask representing GM voxels within
the PCC. The hippocampal ROIs and PCC mask were
aligned to the functional volume and used to create a
masked functional time series containing only the hippo-
campal and PCC regions. For each hemisphere, the masked
functional time series was used to identify the final hippo-
campal seed. The time series of each voxel in the head of
the hippocampus was cross-correlated to that of each voxel
in the conjunction mask, to identify the hippocampal voxel
with the highest correlation to GM of the PCC (Fig. 2).
That hippocampal voxel was taken as the center of a 9-
voxel in-plane ROI, which represented the seed used in the
connectivity analysis.

For each participant, whole-brain functional connectivity
maps were created for the left and right hippocampus. The
mean time series of each seed was linearly detrended and
correlated with the linearly detrended time series of each
voxel located within brain tissue. Fach correlation was con-
verted to a Student’s #-score and the whole-brain distribu-
tion was normalized to unit variance and zero mean in
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Figure 2 Hippocampal seed definition in a representative subject. (A and B) Functional connectivity from the head of the
hippocampus within the specified ROI (shown in cyan). For display purposes, the correlation map is thresholded at Pearson’s correlation
coefficient >0.30.(A) Functional connectivity in the head of the hippocampus, with the black crosshair noting the location of the voxel with
the highest cross-correlation to the PCC. (B) Functional connectivity of the PCC ROI measured from the seed location in A. The black
crosshair notes the location of the voxel with the highest cross-correlation to the hippocampus. Panel C shows the average location of the
hippocampal ROIs for the control (red; n =22) and DS (yellow; n = 22) groups. The overlap is shown in cyan. HIP, hippocampus.

order to correct for individual variations in global signal.’”
The resulting connectivity maps represent the strength of
left and right hippocampi to the whole brain.

Individuals with DS are known to have specific neuro-
anatomical differences compared to controls, which may
introduce bias to analyses in common space. For this rea-
son, we chose to measure our final connectivity values in
native space using an ROI mask rather than undertake a
whole-brain voxel-wise analysis in common space. By ne-
cessity, creation of the ROI mask first required the trans-
formation of individual connectivity maps to Talairach
space, which were then averaged by group. Figure 3A-D
shows each of the four group-averaged maps: left and
right hippocampus in DS and controls (single voxel
threshold P < 0.0005, cluster size 500). The left and right
hippocampal maps showed similar connectivity patterns
in each group, so the four maps in Fig. 3 were added to
create a conjunction mask of regions that were
significantly connected to the right or left hippocampus
in either group (Fig. 3E). For each participant, the
conjunction mask was transformed to individual space
and the mean z-score was calculated for each ROI in
the mask.

Unpaired #-tests were used to compare connectivity
between groups. Linear correlations were used to test the
relationship of age to connectivity measures in each
group. In regions that showed group differences in con-
nectivity strength, linear correlation was used to assess
the relationship of functional connectivity to hippocampal
volumes. The FDR was used to adjust for multiple com-
parisons in each of the analyses above.

The data that support the findings of this study are avail-
able on request from the corresponding author, depend-
ent on a formal data sharing agreement with the
administering institution.
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Figure 3 Average functional connectivity of the hippocampus. Average functional connectivity z-maps for: (A) left hippocampus,
controls; (B) left hippocampus, DS; (C) right hippocampus, controls; (D) right hippocampus, DS. Single voxel threshold P < 0.0005, cluster
size 500 (n =22 in each group). (E) Conjunction mask used to define ROls for group analysis. DS, Down syndrome; HC, healthy control; HIP,

hippocampus; LH, left hemisphere; RH, right hemisphere.

Results

The final sample for the brain volume analysis was 34
individuals with DS [mean age (years) 24.5 6.5, range
15-35; 22 males] and 27 controls (described above).
There were no group differences in age (P=0.817) or
sex (P=0.888). Due to motion during scanning, three DS
participants from Protocol 2 did not have MP2RAGE
scans of sufficient quality to run using the ASHS soft-
ware, and were excluded from further analysis (see
Supplementary material for details).

Supplementary Table 1 shows cognitive scores for par-
ticipants with DS in Protocol 2. An exploratory analysis
of the relationship between volumetric and cognitive
measures was undertaken for the 18 individuals with
both data types, detailed in Supplementary materials: cog-
nitive data analysis and in Supplementary Tables 1 and
2.

ICV was smaller in the DS group (P=3.5x10"7), and
correlations between ICV and age were not significant in
either group. The remainder of the results refer to ICV-
corrected volumes. The DS group had increased mean
cortical thickness (P=1.35 x 107%) and larger mean lat-
eral ventricle volume (P=6.09 x 10~°; Table 1). Cerebral
WM volume was decreased in the DS group
(P=0.0388), though this comparison did not survive
FDR correction. There were no group differences in total
or subcortical GM volumes. In both groups, age was
positively related to cerebral WM volume (DS: r=0.549,
P =0.0008; controls: r=0.567, P=0.0021; Fig. 4A), and
negatively related to total GM volume (DS: » = —0.553,

P=0.0007; controls: r = —0.692, P=6.4x10"7
Fig. 4B) and mean cortical thickness (DS: r = —0.374,
P=0.029; controls: r = —0.399, P=0.039, Fig. 4C).

Subcortical GM was related to age in controls (r =
—0.519, P=0.0056), but not in the DS group
(P=0.214). Mean lateral ventricle volume was not
related to age in either group. For variables that showed
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Table | Group-averaged anatomical volumes and results of t-tests assessing group differences in ICV-corrected vol-

umes (DS n=34; HC n=27)

Region Mean volume (mm?®) Mean volume, % ICV
DS HC DS HC P
Whole brain
Cerebral WM 315131 = 81831 415217 + 94079 26.004 28.960 0.0388
Lateral ventricle 9271 = 3399 6909 = 2768 0.7719 0.4896 6.09 x 10~°
Total GM 622305 = 123963 735875 + 139052 51.542 51.808 0.9078
Subcortical GM 40661 = 4919 46818 = 4625 3.371 3.289 0.1434
Thickness (mm) 264+0.18 2.55+0.12 22x 107" 1.8x107* 1.35x 1078
Hippocampus, Left
ERC 289 + 112 368 + 53 0.0238 0.0258 0.2068
SuB 563+ 91 65375 0.0468 0.0459 0.5369
CAl 1021 + 137 1446 = 153 0.0849 0.1020 6.6x107°
CAt 1048 + 146 1496 + 163 0.0870 0.1054 1.9%107°
DG 57199 810+ 116 0.0473 0.0569 6.6 x 1077
Tail 110 =27 156 =27 0.0092 0.0110 7.7x107*
HIP 2292 + 298 3115319 0.1903 0.2192 6.2x 107
Hippocampus, Right
ERC 323+ 108 371 6l 0.0265 0.0260 0.7666
SUB 483 + 70 555 + 67 0.0401 0.0391 0.4319
CAl 1220 = 151 1614+ 127 0.1014 0.1138 52x 107
CAt 1230 = 151 1636 + 129 0.1022 0.1154 1.6 x 107
DG 616+ 112 844 + 120 0.0510 0.0593 3.1x10°°
Tail 86+ 19 121 +26 0.0072 0.0086 0.0025
HIP 2415 =293 3156 = 280 0.2005 0.2223 7.6 x 107

Bold values survived correction for multiple comparisons.

CAI, cornu Ammonis field |; CAt, CA total; DG, dentate gyrus; DS, Down syndrome; ERC, entorhinal cortex; GM, grey matter; HC, healthy control; HIP, total hippocampus; WM,

white matter; SUB, subiculum; Thickness, cortical thickness.

a significant relationship to age, linear regression using
group, age, and an age*group interaction term was used
to assess group differences in the relationship between
age and volume measures. No variables showed a signifi-
cant age*group interaction, and results did not differ
from those reported above.

Measures of CA2 and CA3 were highly variable among
participants, and were not analysed individually. Volumes
used for analysis included left and right entorhinal cortex
(ERC), SUB, CA1, CA total (CAt; the sum of CA1, CA2
and CA3), DG, tail, and total hippocampus (HIP; the
sum of all included measures). Compared to controls,
individuals with DS had disproportionately smaller bilat-
eral CAl, CAt, DG, tail and HIP volumes (Table 1;
Supplementary Fig. 1). Hippocampal volume measures
were not significantly related to age in either group. In
the group with DS, total GM was the only whole brain
measure that was significantly related to any hippocam-
pal measure—left and right ERC volumes (r=0.534,
P=0.0011 and »=0.461, P=0.0061, respectively). These
measures showed a weak relationship in controls, but did
not survive FDR correction (P<0.034). In controls,
mean cortical thickness was related to left and right CA1
(r=0.599, P=0.0010 and r=0.720, P=2.3 x 10", re-
spectively), CAt (r=0.580, P=0.0015 and r=0.718,
P=2.5x10"°, respectively) and HIP (r=0.551,
P=0.0029 and r=0.659, P=0.0002, respectively).
Although these measures showed positive relationships in

DS, they did not survive FDR correction (P <0.124).
There were no other significant relationships between hip-
pocampal and whole-brain volumes in either group.

In both groups, SUB and tail volumes were larger on the
left (P<7.4%x1077), and CA1, CAt, and the DG were
larger on the right (P <0.0036, Table 2). In controls, left
and right HIP and ERC volumes did not differ. In the
DS group, HIP was larger on the right (P=0.0010), as
was ERC (P=0.016), although the ERC comparison did
not survive FDR. CA1 (P=0.0095) and CAt
(P=0.0072) Al were larger in the DS group, indicating
that the difference between left and right volumes was
greater in DS compared to controls. ERC, SUB, DG, tail
and HIP did not show group differences in AL

The final connectivity sample included 22 individuals
with DS (mean age 25.5 + 6.5, range 15-35; 13 males)
and 22 controls (mean age 25.1 * 6.8, range 15-36; 13
males). There were no differences in age (P=0.8387) or
sex (P=1.0) distribution. Of the 34 participants with DS,
seven participants had no or only partial connectivity
scans, and five were excluded due to motion, detailed

below. In order to match the sample size and
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Figure 4 The relationship between whole brain measures
and age. The relationship of (A) cerebral WM and (B) total GM
volume and (C) mean cortical thickness measures to age in the
control (n=27) and DS (n = 34) groups. Although cerebral WM
volume is reduced in the DS group, both groups show similar
slopes, suggesting that age-related volume changes proceed
similarly. DS, Down syndrome; GM, grey matter; HC, healthy
control; ICV, intracranial volume; WM, white matter.

demographics of the DS group, 22 controls subjects were
chosen that mostly closely matched the DS group in age
and sex. Additional details can be found in the
Supplementary material.
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Table 2 Hemispheric asymmetry of hippocampal sub-
field volumes (DS n=34; HC n=27)

Region Within-group Between-group

Left versus right volumes Al

DS HC DS HC

P Side P? Side Mean Mean P°
ERC  0.0158 - 07083 -  —6.023 —0.221 0.038I
SUB  7.4x107 L 1.2x10° L 7500 8.136 0.6933
CAl 13x107'° R 1.6x107'° R —8875 —5.602 0.0095
CAt  1.4x10° R 29x10®% R —8044 —4.600 0.0072
DG 0.0027 R 0.0036 R —3.702 —2.083 0.2791
Tail 28x10°% L 1.9x10® L 11944 12.770 0.7206
HIP  0.0010 R 0.1173 —  —2.652 —0.727 0.0395

Al, asymmetry index; CAl, cornu Ammonis field |; CAt, CA total; DG, dentate gyrus;
DS, Down syndrome; ERC, entorhinal cortex; HC, healthy control; HIP, total hippo-
campus; L, left; R, right; SUB, subiculum.

Results of within-group paired t-tests showing the difference in left and right volumes,
specifying the hemisphere with larger volume.

PResults of unpaired t-tests showing group differences in Al. Negative Al values indi-
cates rightward asymmetry. Bold values survived correction for multiple comparisons.

After preprocessing and prior to additional analysis, each
time series was visually inspected for scanner or extreme
motion-related artifacts, such as visible signal loss or ob-
viously non-physiological correlation patterns. Two par-
ticipants with DS were excluded from further analysis
due to multiple large head movements that resulted in
visible signal loss. For the remaining participants, slice-
wise mean and maximum motion estimates were used to
exclude participants with values greater than 2.5 standard
deviations from the mean. This resulted in the removal of
three additional participants with DS and no controls.
Despite removal of these participants, the DS group still
had higher mean (P=8.4x107°) and max (P=0.0001)
motion values compared to controls, which must be con-
sidered when interpreting the results reported below.

Table 3 includes all regions showing significant functional
connections to the hippocampus in either group. With
the exception of the connection from the right hippocam-
pus to the left precuneus, all regions that showed signifi-
cant group differences had weaker connectivity in the DS
group (Fig. 5). Multiple frontal lobe regions showed
lower connectivity to bilateral hippocampi in the DS
group, including the bilateral medial frontal gyri
(P<0.0036), the right middle/superior frontal gyrus
(P=0.0039), the left superior frontal gyrus (P=0.0002),
the left anterior cingulate (P=0.0002), and the right pre-
central gyrus (P=0.0054). Connectivity between the left
and right hippocampus was also weaker in the DS group
(P=0.0179), though note that this difference was not sig-
nificant in the supplementary analysis assessing the im-
pact of individual motion estimates (Supplementary Table
3). Connections were also weaker in the DS group from
the right hippocampus to the right middle temporal gyrus
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Table 3 Group differences in regions showing significant connectivity to the left and right hippocampus (n =22 in
both groups)
Talairach coordinates pP?

Region BA x y z Left Right

L superior frontal gyrus 8 —11 32 47 24x107° 0.0002

L middle/superior frontal gyrus 8 =21 26 46 0.1006 0.0988

R middle/superior frontal gyrus 8 24 29 45 0.0021 0.0039

L medial frontal gyrus 9 -3 49 28 0.0036 0.0001

R medial frontal gyrus 9 5 49 26 0.0009 42x10°°

R precentral gyrus 4 56 —13 38 0.0867 0.0054

L anterior cingulate 24 —4 37 | 0.0002 43x10°°

L posterior cingulate 30 —6 —50 17 0.6676 0.7268

R posterior cingulate 31 5 —50 18 0.3129 0.3916

L middle temporal gyrus 21 —57 -3 —13 0.0566 0.1751

R middle temporal gyrus 21 52 =] -20 0.0312 0.0050

L superior/middle temporal gyrus 39 —47 —65 32 0.6163 0.7120

R superior/middle temporal gyrus 39 46 —64 24 0.8190 0.3507

L lingual gyrus 17 —4 —82 0 0.0241 0.0763

R lingual gyrus 17 4 —78 5 0.1154 0.0589

L Precuneus 7 -27 —69 33 0.1205 0.0090°

L Hippocampus 24 —15 —14 - 0.0073

R Hippocampus —24 —16 —10 0.0179 -

L parahippocampal gyrus 35 —-22 -35 -7 0.9267 0.5625

R parahippocampal gyrus 35 22 —34 —11 0.8038 0.8259

BA, Brodmann area; L, left; R, right.
?Results of Student’s t-tests between groups. Values in bold survived correction for multiple comparisons.
bRegions where connectivity is stronger in DS as compared to controls.

dIH 1437
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Figure 5 Group differences in hippocampal connectivity. Group differences in functional connectivity measured from the
left hippocampus (top) and right hippocampus (bottom; n = 22 in each group). Red denotes regions showing differences in
connectivity strength to both left and right hippocampi, while yellow denotes regions showing unilateral differences. The L PREC ROl is
transparent, indicating a non-surface region. All regions showed stronger connectivity in HC (P < 0.0200) with the exception of L PREC,
which showed stronger connectivity in DS (P =0.0090). ACC, anterior cingulate cortex; HIP, hippocampus; L, left; MFG, medial frontal gyrus;
M/SFG, middle/superior frontal gyrus; MTG, middle temporal gyrus; PG, precentral gyrus; PREC, precuneus; R, right; SFG, superior frontal
gyrus.
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(P=0.0050). The DS group showed a stronger connec-
tion from the right hippocampus to the left precuneus
(P=0.0090). No connections showed a significant correl-
ation to age in either group.

In the control group, connectivity to the left middle tem-
poral gyrus was stronger from the left than from the
right hippocampus (P=0.0015). The DS group did not
show differences in the strength of connectivity from the
right or left hippocampus.

In the DS group, inter-hemispheric hippocampal connect-
ivity was significantly related to CA1 and CAt volumes.
Connectivity from the left to the right hippocampus was
related to left CA1 (r=0.641, P=0.0013) and CAt
(r=0.607, P=0.0027) volumes. Connectivity from the
right to the left hippocampus was related to right CA1
(r=0.604, P=0.0029) and CAt (r=0.596, P=0.0034)
volumes. In the control group, connectivity from the left
hippocampus to the bilateral medial frontal gyri was
positively related to bilateral HIP (P < 0.0383), but these
relationships did not survive FDR correction. No other
connections were related to hippocampal volumes in ei-
ther group.

Discussion

This work used high resolution, 7T MRI to assess struc-
ture and function of the hippocampus in individuals with
DS. The gains in signal-to-noise ratio, tissue contrast and
spatial resolution achievable at 7T provide a level of de-
tail and accuracy that has not previously been attainable
in in-vivo studies of individuals with DS. In addition to
increased whole-brain mean cortical thickness and lateral
ventricle volumes, hippocampal subfield volumes showed
selective reductions in bilateral volumes of CA1, DG, and
tail in the DS group, but no differences in ERC or SUB
volumes. In the DS group, bilateral hippocampi showed
widespread decreases in the strength of connectivity, pre-
dominately to frontal regions. Both groups showed simi-
lar relationships of age to whole-brain volume measures,
but not to hippocampal volumes or connectivity.

Our results are consistent with reports of reduced hip-
pocampal volume in individuals with DS compared to
controls.'>"™" The few investigations of hippocampal
subfields in DS used T21 foetal brain tissue, and while
not directly comparable to adult brains, provide some
comparison for our findings. Our finding of reduced DG
volume in DS is consistent with reports of fewer myelin-
ated axons,?! decreased volume,'? and reduced cell prolif-
eration’’ in T21 foetal brains. The finding of decreased
volume of CA1, but not the SUB, is surprising in light of
the reported involvement of these regions in both DS and
Alzheimer’s disease pathology. In T21 foetal brains, CA1

K. A. Koenig et al.

and the SUB are reported to show decreased volumes'®'’

and increased phagocytic  activity.'” In  non-DS
Alzheimer’s disease and MCI, CA1 and the SUB are the
earliest hippocampal regions to show pathology, and the
SUB, presubiculum, and tail showed reductions in a sam-
ple of elderly individuals with amyloid-f pathology but
no signs of cognitive decline.’® Perhaps less surprising is
the lack of difference in ERC volume seen in the present
sample, given reports of increased volume of the parahip-
pocampal gyrus in DS.'"'*°* The hippocampus shows
reliable hemispheric asymmetry in the general population,
with larger volume on the right.>> Our findings of right-
ward asymmetry in CA1, CAt and DG agree with those
of a report of subfield lateralization in 100 healthy con-
trols.’® However, our sample showed an increase in SUB
volume to the left that was not found in the larger study,
which contributed to the lack of lateralization of overall
hippocampal volume reported in our control group.
Increased Al of CA regions in the DS group is notable in
light of increased asymmetry of the hippocampus in non-
DS Alzheimer’s disease and MCIL’® although subfields
showing some of the largest Al differences in that report
(the SUB and DG) were not significant here.

Whole-brain anatomical measures were not the focus of
this investigation, but were reported for completeness.
Our findings support reports of reduced intracranial and
increased ventricular volumes in individuals with
DS.!11335%57 While cerebral WM volume showed a non-
significant reduction in the DS group, cortical and sub-
cortical GM volumes were not significantly different.
Previous investigations of brain volumes in individuals
with DS often focussed on regional rather than whole-
brain measures, and have reported volume increases and
decreases.''>* This may explain why the coarser whole-
brain measures reported here did not show group differ-
ences. We did find increased cortical thickness in the DS
group, in agreement with previous reports,”®>’ although
we did not account for the impact of grey-white matter
contrast, previously reported as altered in DS.°® Of note,
both groups showed relationships of a similar magnitude
between age and increased WM and decreased cortical
GM. These relationships are in line with reported age-
related volume changes in the general population,®'-®?
and suggest that, despite potential differences in baseline
level, whole-brain volume measures in young, non-demen-
ted individuals with DS may follow a similar trajectory
as those in the general population.

The hippocampus has widespread cortical connections,
including strong reciprocal connections to the PCC
through the cingulum bundle.®®> Deep brain stimulation
of the PCC has been shown to modulate hippocampal ac-
tivity and impair episodic memory performance,’* and
the integrity of posterior cingulum bundle WM has been
related to memory and executive function in patients
with early Alzheimer’s disease.®> These findings, along
with reports of disrupted functional connectivity between
the hippocampus and PCC in Alzheimer’s disease and
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MCI?%333% and the strong functional connections be-
tween the head of the hippocampus and regions compris-
ing the DMN,® led us to focus on the hippocampal-
PCC relationship for creation of seed ROIs. Indeed, the
resulting connectivity maps showed substantial overlap
with regions considered to be part of the DMN.®’
Reports of decreased functional connectivity of the DMN
in preclinical and clinical Alzheimer’s disease,®>*° and of
decreased global brain connectivity to the PCC in DS,*”
suggested that hippocampal connectivity may also be
reduced in the DS group.

Previous studies of functional connectivity in DS report
widespread changes. Studies reporting between-network
connectivity have generally found increased connection
strength in those with DS,*%®” suggesting disrupted be-
tween-network interactions. Studies assessing regional
connectivity have returned mixed results. Wilson et al.”®
found decreased connectivity strength to the medial front-
al gyrus in individuals with DS, with more reductions in
older individuals with positive amyloid PET scans. Pujol
et al’” found that individuals with DS showed both
increased and decreased regional connectivity compared
to controls, and connectivity strength showed both posi-
tive and negative relationships to behavioural measures.
These findings suggest that both increased and decreased
synchrony contribute to cognitive dysfunction in DS, with
directionality likely dependent on regional relationships
and network dynamics. By limiting our analysis to
regions that were synchronous with the hippocampus in
either group, we focussed on within-network connectivity.
We did not find group differences in our primary meas-
ure of interest, hippocampal-PCC connectivity. Instead,
we found bilateral reductions in connectivity to frontal
regions and to the contralateral hippocampus in the DS
group. Only one region showed increased connectivity in
the DS group, that of the left precuneus to the right
hippocampus. That most of the changes were in the
frontal lobe and anterior temporal regions is in line with
Pujol et al.,>® who found increased connectivity in DS in
ventral regions of the frontal and temporal lobes and
decreased connectivity in dorsal regions. The suggestion
of regionally specific changes may explain an inconsist-
ency between the current results and that of a recent
study in the Ts65Dn mouse model of DS. Compared to
control animals, neural activity measured in the
Ts65Dn mice showed increased phase synchronization of
the prefrontal cortex and hippocampus during rest at
multiple frequencies. It is possible that the opposite
relationship found in our study is related to the function-
al and anatomical specificity achievable with high-field
MRI, allowing us to focus on discrete regions of the
frontal lobe.

Head motion is an issue for all MRI studies, and leads
to measurable changes in connectivity.”' Previous studies
of functional connectivity in DS have dealt with motion
in various ways, including censoring volumes with large
motion estimates®® and using motion estimates as
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regressors in group analysis.’”®” The motion correction
algorithm used here accounts for both volumetric and
slice-specific motion, resulting in more accurate motion
correction than methods that account for volumetric mo-
tion alone.** A number of factors increase our confidence
in the accuracy of our results, including the finding of
both increased and decreased connectivity in the DS
group, highly consistent and symmetric findings from
both hippocampi, and significant relationships with volu-
metric measures. Additionally, a supplementary analysis
showed that accounting for individual residual motion
estimates did not lead to substantial changes in our
results. Still, as with all studies showing group differences
in motion level, our results should be interpreted with
caution.

Previous studies have reported selective deficits in hip-
pocampally-mediated cognitive functions in individuals
with DS.””% Of note, we found an intriguing association
between hippocampally-mediated long term visual mem-
ory performance and the volume of CA1. Reduced CA1
volume may reflect changes in cell function, number,
and/or structure, impacting cognitive performance. Note
that our sample includes only participants who were able
to successfully complete an MRI, which results in a bias
towards higher levels of functioning. In addition to fur-
ther histological work, longitudinal measures, ideally in a
sample including individuals across the range of function,
will be required to describe the interplay between vol-
umes and cognitive performance.

Using high-resolution imaging, the present work con-
firms smaller hippocampal volumes in individuals with
DS. To our knowledge, this is the first in-vivo compari-
son of hippocampal subfield volumes between individuals
with DS and typically-developing controls. We found
preferential decreases in CA regions, DG, and tail
Further, individuals with DS show reductions in function-
al connectivity of the hippocampus, primarily to frontal
lobe regions, with increased connectivity between the
hippocampus and precuneus. We also found significant
relationships between volumetric and cognitive measures.
Although future work to validate these exploratory find-
ings will be necessary, these results support the investiga-
tion of specific MRI-derived measures as surrogate
markers of drug efficacy in pharmacological studies
designed to investigate the possible enhancement of cogni-
tive function in persons with DS. Lastly, the finding that
neither hippocampal volume nor functional connectivity
changes were associated with age in this sample of teen-
agers and young adults with DS is important from the
perspective of studying neurodegenerative processes and
their potential prevention in those with DS. As even
young individuals with DS can display Alzheimer’s dis-
ease-like neuropathology, this finding points toward a
window of time during which, although pathology may
be present, it may exist in the context of well-preserved
neural structure and function, i.e. in a state in which
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potential therapeutic interventions would have their best
chance of being effective.
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