Association of Hippocampal Substructure
Resting-State Functional Connectivity with
Memory Performance in Older Adults

Stepben F. Smagula, Ph.D., Helmet T. Karim, Pb.D., Anusha Rangarajan, M.S.,
Fernando Pasquini Santos, Ph.D., Sossena C. Wood, B.S., Tales Santini, M.S.,
Jobn M. Jakicic, Pb.D., Charles F. Reynolds III, M.D., Judy L. Cameron, Ph.D.,
Abbe N. Vallejo, Ph.D., Meryl A. Butters, Ph.D., Caterina Rosano, M.D.,
Tamer S. Ibrabim, Pb.D., Kirk I. Evickson, Ph.D., Howard J. Aizenstein, M.D. Ph.D.

Objectives: Hippocampal byperactivation marks preclinical dementia pathophysiol-
0gy, potentially due to differences in the connectivity of specific medial temporal lobe
structures. Our aims were to characterize the resting-state functional connectivity of
medial temporal lobe sub-structures in older adults, and evaluate whether specific sub-
structural (ratber than global) functional connectivity relates to memory function.
Methods: In 15 adults (mean age: 69 years), we evaluated the resting state function-
al connectivity of medial temporal lobe substructures: dentate/Cornu Ammonis (CA)
4, CA1, CA2/3, subiculum, the molecular layer, entorbinal cortex, and parabippocampus.
We used 7-Tesla susceptibility weighted imaging and magnetization-prepared rapid
gradient echo sequences to segment substructures of the bippocampus, which were
used as structural seeds for examining functional connectivity in a resting BOLD se-
quence. We then assessed correlations between functional connectivity with memory
performance (short and long delay free recall on the California Verbal Learning Test
[CVLT]). Results: All the seed regions had significant connectivity within the tempo-
ral lobe (including the fusiform, temporal, and lingual gyri). The left CA1 was the only
seed with significant functional connectivity to the amygdala. The left entorbinal cortex
was the only seed to bave significant functional connectivity with frontal cortex (an-
terior cingulate and superior frontal gyrus). Only bigher left dentate-left lingual
connectivity was associated with poorer CVLT performance (Spearman r =—0.81,
P =0.0003, Benjamini-Hochberg false discovery rate: 0.01) after multiple compari-
son correction. Conclusions: Ratber than global hyperconnectivity of the medial
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temporal lobe, left dentate-lingual connectivity may provide a specific assay of medial
temporal lobe byper-connectivity relevant to memory in aging. (Am J Geriatr Psychi-

atry 2018; 26:690-699)
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Highlights

e Greater medial temporal lobe functional engagement is associated with pre-clinical

dementia pathophysiology.

* We do not know whether these processes are related to global or anatomically spe-
cific aspects of medial temporal lobe function.

¢ We characterized the resting-state functional connectivity of medial temporal lobe sub-
structures to identify which aspect(s) correlate with memory performance.

e Left dentate-lingual gyri connectivity strongly correlated with memory performance,
whereas the other aspects of medial temporal lobe connectivity did not.

¢ Rather than global hyperconnectivity, higher left dentate-lingual gyri connectivity spe-
cifically marks pre-clinical variability in memory performance.

‘B iomarker models of dementia place elevated hip-
pocampal (HC) activity in the earlier stages of
pathogenesis and disease progression, followed by re-
ductions in HC activity in later stages of illness.'” These
models were derived from a range of neuroimaging
evidence. Task-based neuroimaging studies have found
HC hyperactivation related to memory: Heightened
hippocampal activation during memory tasks has been
observed among individuals at risk for dementia (i.e.,
due to family history* or the apolipoprotein epsilon-4
gene”®); and in people with mild cognitive impair-
ment, significant amyloid deposition is associated with
greater hippocampal activation during memory tasks,
which marks future risk of clinical progression.” In ad-
dition, elevated resting-state HC connectivity within
the default mode network is observed among older,
compared with younger, adults’; and among older
adults, greater resting-state HC connectivity pre-
cedes future declines in memory performance.
Nevertheless, there remains a need for a more ana-
tomically fine-grained understanding of HC
connectivity and how it is associated with variability
in memory performance. Most prior research has
focused on the longitudinal axis of the HC. That work
has shown that the anterior hippocampus shares
resting-state connectivity with entorhinal cortex and
a lateral temporal network, whereas the posterior hip-
pocampus shares connectivity with parahippocampus
and posterior cingulate.” " But, as reviewed by Poppenk
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et al.,”” differences between anterior and posterior func-
tions may be due, in part, to differences in HC subfield
composition along the longitudinal axis.

In the current work, we aimed to increase the an-
atomical specificity of past literature linking higher
medial temporal lobe (MTL) activation with aging-
related memory impairments.*® To do so, we first
characterized the resting-state functional connectiv-
ity of MTL substructures in cognitively normal older
adults. We expected to demonstrate that substruc-
tures had distinct connectivity patterns. We then
evaluated whether worse memory performance was as-
sociated with the connectivity strength of specific or
multiple substructures.

METHODS
Study Design and Participants

Participants from Pittsburgh, Pennsylvania, and sur-
rounding areas were recruited starting in March 2015.
Eligible participants were between 60 and 85 years of
age; participants who were at least 75 years old were
also required to have no more than 12 years of edu-
cation. The parent study was focused on the effects of
a physical intervention; however, the current report
pertains only to the baseline assessments gathered
before the intervention was conducted. To be included,
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participants had to be sedentary (defined as regular par-
ticipation over the past 3 months in <60 minutes per
week of moderate-to-vigorous leisure-time activity).
Participants were also required to be able to walk a dis-
tance of at least 400 meters, and to have clearance from
a physician for participating in the physical activity in-
tervention and assessments. In addition, participants
were required to be free from a history
of stroke, uncontrolled hypertension, or other
contraindications to moderate-intensity physical ac-
tivity. Other exclusionary criteria were: evidence of
dementia (based on participant report of a clinical di-
agnosis or modified Mini-Mental Status Exam scores
<84); clinically significant depression symptoms
(defined using the Patient Health Questionaire-9
cutpoint of >10); inability to undergo magnetic reso-
nance imaging (MRI); being unable to attend the
intervention’s sessions or plans to travel/relocate that
would prevent attendance in at least 80% of the inter-
vention sessions; current treatment for substance use
disorder or consuming more than 1 alcoholic drink per
day on more than 4 days per week; and being unwill-
ing to provide blood samples (which were used in
separate aims of this project). The University of Pitts-
burgh institutional review board approved the study
and all participants gave written and informed consent.

MRI Data Collection

Magnetic resonance images were acquired at the MR
Research Center at the University of Pittsburgh on a
7-Tesla scanner (Magnetom, Siemens Medical Solu-
tions, Erlangen Germany) using a customized 16/32-
channel transmit/receive (respectively) head coil.”* '
A whole brain (excluding small portions of the frontal
and occipital poles) susceptibility weighted image
(SWI; repetition time [TR]=1,960 msec, echo
time [TE] = 14 msec, flip angle [FA] = 60°, matrix
size = 1,024 x 768, 64 slices, and 0.2 x 0.2 x 1.5 mm res-
olution) was collected in the coronal plane along
with an axial, whole brain 3D magnetization-prepared
rapid gradient echo (MPRAGE: TR = 3,000 msec,
TE =2.47 msec, FA = 6°, inversion time = 1,200 msec,
matrix size = 280 x 320, 256 slices, and 0.7 mm isotro-
pic resolution) sequence. We also collected an axial,
whole brain 7-minute resting-state functional echo
planar T2*-weighted sequence (fMRI; TR = 2500 msec,
TE = 20 msec, FA = 70°, matrix size = 96 x 96, 52 slices,
155 volumes, and 2.3 mm isotropic resolution with
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GeneRalized Autocalibrating Partial Parallel acquisi-
tion factor of 3). Participants were instructed to lie
awake with their eyes open viewing a cross hair during
the resting state sequence.

Structural Processing

We first bias-corrected SWI and MPRAGE images
(separately) using statistical parametric mapping
(SPM12; http:/ /www.fil.ion.ucl.ac.uk/spm/) soft-
ware. MTL substructures were then segmented using
FreeSurfer version 6.0 (http://surfer.nmr.mgh.
harvard.edu/). We used FreeSurfer’s longitudinal
option to increase segmentation precision.'” Baseline
and 6-month follow-up scans were used to create an
unbiased within-subject template to initialize the seg-
mentation of the baseline scans” HC, entorhinal cortex,
and parahippocampus.

We then used FreeSurfer’'s HC subfield segmenta-
tion protocol' to perform a multi-spectral segmentation
from the MPRAGE and SWI images (the latter of which
provide increased contrast to identify subfields). We
extracted the following seed regions from each hemi-
sphere: dentate gyrus (DG)/Cornu Ammonis (CA) 4,
CA2/3, CAl, pre-subiculum/subiculum, and the mo-
lecular layer (of the CA and subiculum subfields,
combined, per FreeSurfer’s protocol). We combined
DG/CA4 because the CA4 subfield lies within the
dentate gyrus in FreeSurfer’'s HC subfield atlas (derived
from high-resolution ex vivo data)."® CA2 and CA3 are
combined in FreeSurfer’s atlas because of a lack of dis-
tinguishing contrast between them. Presubiculum and
subiculum were combined because they constitute the
transition from three-layer HC cortex to six-layer cortex.
Because of pronounced structural pathology (atrophy
and cysts), one participant’s subfield segmentations
were inadequate, and they were excluded from further
analysis (analytic sample N =15). An example seg-
mentation is shown in Figure 1.

The MPRAGE was also included in the SPM12 pipe-
line for normalization of the functional imaging data.
The MPRAGE was used to segment the brain into six
tissue classes: gray and white matter, cerebrospinal
fluid, and three non-brain tissue classes, which gen-
erated a deformation field that could be used to
normalize or coregister to a standard anatomical space
(Montreal Neurological Institute [MNI] space). An au-
tomatic mask for the intracranial volume was generated
by thresholding the intracranial tissues with a

Am J Geriatr Psychiatry 26:6, June 2018
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FIGURE 1. Hippocampal images and segmentation from one participant. [A] MPRAGE image, and [B] SWI image zoomed onto the
right hippocampus, with [C] showing the segmentation produced from the FreeSurfer 6.0 multispectral pipeline.
Note the resolution and contrast is much higher for the SWI, compared with the MPRAGE, which allowed for
identification of the granular cell layer and segmentations based on image features rather than geometric rules. CA:

Cornu Ammonis.

Key
DG/CA4

CA2/3
CA1
Molecular layer

Subiculum

probability of 0.1, filling the mask (imfill), and then per-
forming a morphological closing operation (imclose,
sphere of one voxel) in MATLAB (The MathWorks,
Natick, MA). These were visually inspected for accu-
racy. This mask (intracranial volume, ICV) was applied
to the MPRAGE to remove non-brain tissues (which
improves functional-structural coregistration).

Resting-State Processing

All processing was conducted using statistical para-
metric mapping (SPM12 in MATLAB. Interpolation was
conducted using fourth degree B-spline interpola-
tion unless otherwise noted. Resting-state fMRI images
were slice-time-corrected (middle slice was used as ref-
erence) and motion-corrected (rigid-body coregistration
to the mean with mutual information similarity metric).
Spike artifacts were removed using a previously es-
tablished method that uses wavelets to filter spike
artifacts."” We have not performed motion scrubbing
as the wavelet despiking method automatically removes
filters spike artifacts associated with motion. Five prin-
cipal components of white matter and cerebrospinal
fluid (CSF) were extracted using principal compo-
nents analysis, which finds an orthogonal (i.e.,
uncorrelated) set of time series that explain a certain
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proportion of the variance of the original set of time
series (i.e., the entire set of time series in the white
matter and CSF). Using Monte Carlo simulations, past
studies have shown that approximately five to six com-
ponents is sufficient to explain a significant proportion
of the variance across the white matter and CSE*’ We
used these five principal components, as well as six
motion parameters and a vector to model the global
mean of the time series. Band-pass filtering was con-
ducted by including several regressors that represented
cosines with all discrete frequencies except those within
the standard expected resting state frequencies (0.008
to 0.15 Hz). This was done such that the procedure is
done in one step as part of the regression (SPM con-
ducts its high-pass filtering similarly). This processing
removed variance associated with motion, global signals
from white matter and CSF as well as the global mean,
and frequencies of no interest.

To coregister the middle temporal gyrus substruc-
tures into native fMRI space, the skull-stripped
MPRAGE was then coregistered to the mean func-
tional image (affine transformation) that was applied
to the structural segmentations (nearest neighbor in-
terpolation). The principle time series was extracted
(using principal components analysis) for each of the
regions described and a connectivity map (correlation
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between the region’s time series and each voxel-wise
time series) was generated for each region. These con-
nectivity maps were generated in native fMRI space.
They were next transformed to standard MNI space.

To normalize the connectivity maps into MNI space,
the mean functional image was used to compute the
(affine) transformation between the functional images
and the skull-stripped MPRAGE, which was applied
to each connectivity map. The deformation field was
then applied to each connectivity map to normalize
them into MNI space. Finally, each map was smoothed
using a Gaussian kernel with full-width at half-
maximum (FWHM) of 8 mm.

During the study, participants had some motion.
Using the mean standard deviation, respectively, we
evaluated the max translational motion [3.0 (2.4)], max
range of translational motion [3.7 (2.6)], average root
mean square motion [1.6 (1.2)], average scan-to-scan
motion [0.4 (0.2)], and percent of volumes classified
as “head jerks” [23.0 (19.3) or approximately 35 volumes
on average]. Head jerks were identified and interpo-
lated using the wavelet despiking method described
earlier. To prevent analyzing connectivity measures that
are potentially due to motion, we discarded aspects
connectivity that had any statistically significant (un-
corrected p <0.05) Spearman correlations with the
above-listed motion parameters.

Memory Assessments

The second-edition California Verbal Learning Test™
(CVLI-2) was used to derive two memory measures:
short-delay free recall and long-delay free recall. In the
short-delay condition, participants were read a list of
16 nouns and were then asked to recall as many of the
words as possible. In the long-delay condition, par-
ticipants were again asked to recall as many words as
possible after a 20-minute delay. We chose the short-
and long-delay free recall of the CVLI-2 list as the best
measures representing the ability to acquire new ex-
plicit memories and, importantly, retain the information
over time, a function mediated by the hippocampus.

Statistical Analyses

We performed a voxel-wise statistical group analy-
sis for each connectivity map using statistical
nonparametric mapping,” which computes nonpara-
metric p values™ that are then corrected using a
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clusterwise inference method (cluster-forming thresh-
old of p < 0.001) that controls the family-wise error rate
at oo = 0.05.”” We have done this because of recent work
showing that parametric p values combined with
cluster-based multiple comparisons corrections do not
sufficiently control for type I error.”* We performed a
one-sample t test across all participants for each region
correlation map (parameter estimate of the correla-
tion) to find brain regions that were correlated with
the seed region time series (test for regions whose pa-
rameter estimate is significantly greater than zero). For
each region with significant connectivity outside of the
seeds, we extracted the strength of connectivity. Finally,
we tested whether each aspect of connectivity was as-
sociated with memory performance using Spearman
correlations. Because there were 20 regions where the
seeds had significant connectivity, we corrected for as-
sessing multiple connectivity-memory correlations by
defining statistical significance as a Benjamini-Hochberg
False Discovery Rate q less than 0.05 (treating short-
delay and long-delay memory measures as separate
comparison sets).

RESULTS
Sample Characteristics

The 15 participants (14 women and 1 man; average
age: 69.5 years, standard deviation [SD]: 3.6) had an
average of 15.8 years of education (SD: 2.7 years).
Almost all (93%, or 14 of 15) of participants were white.
Average scores on the long and short free recall tasks,
respectively, were 10.3 (SD: 3.4) and 10.3 (SD: 3.4).

Resting-State Connectivity

All substructural seeds had significant functional
connectivity with temporal regions such as the fusi-
form, temporal, and lingual gyri. The connectivity
strength of each region of interest to other regions are
shown in Supplemental Table 1. The connectivity
between the seeds and other regions was distinct
(Figures 2 and 3): The left CA1 was the only subfield
that had significant connectivity with the left amyg-
dala; the left entorhinal cortex was the only seed region
that had significant connectivity with the frontal cortex
(medial areas of the right anterior cingulate and
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FIGURE 2. Resting-state functional connectivity of hippocampal substructures.
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FIGURE 3. Resting-state functional connectivity of entorhinal and parahippocampal cortex.
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superior frontal gyri); and the left DG and left subicu-
lum were the only regions that had significant
connectivity with calcarine cortex. Some seeds also had
connectivity with cerebellar regions.

Associations of Connectivity with Memory
Performance

Greater connectivity between the left DG seed and
the left lingual gyrus was associated with poorer long-
delay memory performance (N =15, Spearman
r=-0.81, p=0.0003, q=0.01; Figure 4). Age, educa-
tion, and motion parameters did not correlate with the
strength of connectivity between the left DG and left
lingual gyrus, and adjustment for these factors did not
attenuate the correlation between connectivity and long-
delay free recall memory performance. No other seed
regions had connectivity that was associated with
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memory performance after multiple-comparison cor-
rection (Supplemental Tables 2 and 3). None of the
connectivity aspects that were excluded (due to cor-
relating with motion) were significantly associated with
memory performance.

DISCUSSION

In cognitively healthy older adults, we found MTL
structures had resting-state functional connectivity with
other temporal regions and hubs of the DMN. By char-
acterizing patterns of connectivity across subregions,
we identified that only the left entorhinal cortex had
significant resting-state functional connectivity with an-
terior (frontal) DMN. Left subiculum and dentate had
connectivity with posterior DMN (around the calca-
rine sulcus). These findings add strength to Poppenk

Am J Geriatr Psychiatry 26:6, June 2018
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FIGURE 4. Left dentate—left lingual gyrus functional connectivity correlates with memory performance. CA: Cornu Ammonis;

DG: dentate gyrus.
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et al.’s'” argument that differences in subfield compo-

sition across the longitudinal axis could bias functional
connectivity of the anterior and posterior segments.

These findings are consistent with, and add ana-
tomical specificity to, prior neuroimaging research from
younger adult samples.” " We found the dentate and
subiculum had connectivity with a posterior node
around the calcarine sulcus: Posterior hippocampus,
which is thought to be composed more of dentate than
CA fields, has functional connectivity with posterior
nodes of the DMN network."” Previous work also
found functional connectivity of the subiculum with
posterior default mode network hubs.” Our findings
are plausible given electrophysiological and anatom-
ical tracer studies (reviewed in Lavenex and Amaral®);
these past studies demonstrate association areas connect
to entorhinal cortex, which inputs on the HC trisynaptic
circuit, in turn outputting primarily through the
subiculum.

Am J Geriatr Psychiatry 26:6, June 2018

We also found that greater left DG-lingual cortex
connectivity was associated with worse short- and long-
term explicit memory performance. This may result
from a loss of inhibitory protein expression in
interneurons.””' Our findings add anatomical speci-
ficity to past literature indicating that higher MTL
activation is associated with aging-related memory
impairments.*® Previous high-resolution neuroimaging
research found higher DG/CA3 activation during tasks
requiring pattern separation in nondemented older
adults™ and adults with mild cognitive impairment.”
Pattern separation, occurring primarily in the DG,
enables distinct events to be coded and remembered
separately.* The lingual gyrus is a critical node in se-
mantic information processing,” and a semantic
processing network is active during rest.”* Higher
resting left DG-left lingual connectivity may thus reflect
inefficient parsing of semantic information, which could
limit the capacity to meet episodic memory task
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demands, or create interference during explicit memory
encoding.

Several limitations of our study should be noted.
These findings may not necessarily generalize to other
populations because we focused here on a small sample
of physically and cognitively healthy older adults,
almost all of whom were white women. Because of the
small sample size, it is possible that there exist other
regions that moderately correlate with these substruc-
tures but were not detected due to lack of statistical
power. Although the structural imaging was submil-
limeter, the resting state was at lower resolution—thus
it is possible that some of the specificity of the sub-
field connectivity is lost. This resolution is lowered even
more because of the large smoothing kernel (8 mm
FWHM), which was chosen because of the aging cohort
and differences in brain structure. Our analyses were
designed to identify the whole-brain connectivity of
the predominate functional signal found within ana-
tomically defined substructures, but future work is
needed to further delineate functionally distinct signals
within these substructures (as in data-driven
work—e.g., Libby et al.'” and Chase et al.”’). We also
have not assessed how these networks respond to cog-
nitive tasks. Furthermore, we examined the functional
connectivity between MTL substructures and the rest
of the brain, and cannot make inferences regarding the
temporal dynamics of these functional systems.

In conclusion, we have documented differences in
the connectivity of MTL substructures at rest in healthy
older adults. Rather than global hippocampal

hyperconnectivity being related to worse memory in
aging, left dentate-lingual connectivity strength may
provide a specific assay relevant to memory. Strengths
of our study include the use of 7-Telsa neuroimaging
sequences that provide adequate resolution and con-
trast and refined multispectral segmentation methods'
that allowed us to distinguish the DG and other sub-
regions. Future work is needed to replicate these
findings, clarify the temporal dynamics of these net-
works (e.g., using dynamic causal modeling), and
understand their pathogenic basis. Specifically, longi-
tudinal studies in a larger, diverse sample of older
adults are needed to understand how these net-
works relate to other aging-related disease processes,
and specifically to modifiable risk factors.
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APPENDIX: SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found
online at doi:10.1016/j.jagp.2018.03.003.
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