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Abstract

Introduction: Hippocampal sclerosis of aging (HS) is a common pathology often misdiagnosed
as Alzheimer’s disease. We tested the hypothesis that participants with HS would have a magnetic
resonance imaging (MRI)-detectable hippocampal pattern of atrophy distinct from participants
without HS, both with and without Alzheimer’s disease neuropathology (ADNP).

Methods: Query of the National Alzheimer’s Coordinating Center database identified 198
participants with MRI and autopsy. Hippocampal subfields were segmented with FreeSurfer v6.
Analysis of covariance for subfield volumes compared HS+ participants to those without HS, both
with ADNP (HS—/ADNP+) and without (HS—/ADNP-).

Results: HS+ participants (N = 27, 14%) showed atrophied cornu ammonis 1 (CAL; left P
<.001, 7% = 0.14; right 2= 001, 7,2 = 0.09) and subiculum (left £<.001, 7,? = 0.139; right 2
=.001, npz = 0.085) compared to HS—/ADNP+ (N = 100, 51%). Compared to HS—/ADNP- (N =
71, 36%), HS+ also had atrophy in subiculum (left £<.001, 7,2 = 0.235; right A= .002, n,? =
0.137) and CA1 (left P<.001, qu =0.137; right A= .006, npz =0.070).

Discussion: Subiculum and CA1 atrophy from clinical MRI may be a promising in vivo
biomarker for HS.
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11 BACKGROUND

Hippocampal sclerosis of aging (HS) is common and a significant contributor to dementia in
older populations.1-3 Pathologically, HS is characterized by gliosis and neuron death in the
subiculum and cornu ammonis 1 (CA1) regions of the hippocampal formation.# While the
prevalence of Alzheimer’s disease (AD) neuropathology levels off with age, the prevalence
of HS continues to rise and is present in up to 30% of nonagenarians who die with dementia.
5 Clinically, HS is often conflated with AD because of similar clinical profiles and the lack
of ante mortem biomarkers for HS. However, to properly manage patients with HS or to
exclude those suffering from HS from AD neuropathology-targeted clinical trials, ante
mortem biomarkers of this neuropathological condition are much needed.

Most of the previous magnetic resonance imaging (MRI) studies in relation to HS have
focused on the whole hippocampus. The aim of this study was to examine the utility of MRI
in identifying hippocampal subfield atrophy with a focus on the regions associated with HS.
We leveraged the neuropathology and MRI data available through the National Alzheimer’s
Coordinating Center (NACC) database to test the hypothesis that MRI-defined atrophy of
subiculum and CAL1 regions of the hippocampus can serve as a biomarker for HS and can
help differentiate HS from its greatest mimic, AD neuropathology, during life.

21 METHODS

2.11 Participants

We used data from participants with and without dementia, who had both MRI and
pathology data available in the NACC database (September 2005 to March 2017). The
NACC Uniform Data Set (UDS) consists of data submitted by approximately 30 National
Institute of Aging (NIA) funded Alzheimer’s Disease Centers (ADCs) across the United
States since 2005.8 Contributing ADCs are each approved by their local institutional review
board. This study used data from 11 ADCs.

2.2 1 Neuropathology

Neuropathological data are collected at the ADCs via a standardized Neuropathology Form
and Coding Guidebook.” The NACC pathology data dictionary was used to define
pathological categories. HS was defined as present/absent (+/-) based on the HS-listed
variables in different versions of the neuropathology data dictionary: NPHIPP-SCL (NACC
version 10), categorizing HS as present or absent (+/-) in the CA1 and/or subiculum, and
NPSCL (NACC version 9), categorizing medial temporal lobe sclerosis as present or absent
(+/-) including hippocampal sclerosis. Alzheimer’s disease neuropathology (ADNP) was
considered present in those who met high likelihood NIA-Reagan criteria.8 This comprised a
combined Consortium to Establish a Registry for Alzheimer’s Disease (CERAD) neuritic
plaque score of 3 (Frequent) and high Braak stage for neurofibrillary tangles (V/VI:
neocortical involvement extending to occipital lobe). We chose the high likelihood for our
ADNP definition because this represents the highest burden and thus ostensibly the highest
level of neurodegeneration, making it the most difficult to distinguish from HS. Additionally,
to evaluate whether other pathologies may be related to the hypothesized hippocampal
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atrophy signature of HS in a multiple linear regression model (see below), we considered the
following neuropathologies: cerebral amyloid angiopathy (CAA): none/mild (=) and
moderate/severe (+); Lewy bodies: available as present/absent (+/-); atherosclerosis: none/
mild (=), moderate/severe (+); gross infarcts and lacunes: available as present/absent (+/-);
microinfarcts available as present/absent (+/-), and hemorrhages and microbleeds available
as present/absent (+/-). A few participants had missing data for some of the pathologies
assessed (see Table 1). Our predefined groups of interest were those with HS regardless of
ADNP (HS+), those with ADNP but without HS (HS-/ADNP+), and those without either
HS or ADNP (HS—/ADNP-). It is noteworthy that the NACC database lacked information
about TAR DNA-binding protein 43 (TDP-43) status on 161 of 198 (81%) of the
participants in this study. Therefore, TDP-43 status and its relation to MRI findings could
not be studied in this dataset.

231 MRI

Our initial search identified 243 participants with both pathology and at least one MRI. Of
these, 29 did not have a 3D T1w scan (having only 2D scans unsuitable for segmentation),
and three did not have HS data, resulting in 211 participants with at least one 3D T1w scan
and relevant pathology data. The 3D T1w scans were converted from DICOM to Nifti by the
decmz2niix command from MRIcron.® The Nifti images were then processed using the
FreeSurfer (v6.0) recon-all command with default settings. Total intracranial volumes (T1V)
from FreeSurfer were generated for use in analyses. Next the FreeSurfer Hippocampal
Subfield Segmentation Modulel® was used to define the subfields of the hippocampal
formation. All hippocampal subfield segmentations were inspected visually to ensure
appropriate segmentation of the hippocampus from surrounding structures (cerebrospinal
fluid, white matter, and brainstem). For scans that did not process correctly due to recon-all
failure, alternative skullstrip or Talairach registration steps were performed. Thirteen
participants were excluded due to incorrect hippocampal segmentations that could not be
fixed (four HS+, seven ADNP+/HS—, one HS—/ADNP-) leaving 198 participants with
usable data. For 62 participants who had multiple MRI sessions with suitable quality (22 HS
—/ADNP-, 33 HS-/ADNP+, 7 HS-/ADNP-), we chose the MRI session closest to death to
reduce time from scan to autopsy. Example segmentations for a representative participant
from each group are shown in Figure S2 in supporting information. For comparison and
validation of the FreeSurfer hippocampal subfield segmentations, we also processed the
scans using the Automatic Segmentation of Hippocampal Subfields (ASHS) Penn Memory
Center T1-Only Atlas for T1-weighted 3T MRI (PMC-T1) pipelinel® as outlined in
supporting information.

As expected, there was a wide variation in scanner vendor, model, and acquisition
parameters for the 3D T1w scans. Most scans were acquired on a GE scanner (150, 76%),
while 38 (19%) were acquired on a Siemens and 10 (5%) on a Philips. Most scans were on a
1.5T scanner (133, 67%), with the rest (65, 33%) acquired on a 3T scanner. Five different
sequence paradigms were used in acquiring the data: GE scanners used either a spoiled
gradient recalled echo (SPGR) that in some instances was accelerated (FSPGR), or with
inversion recovery (IR-FSPGR), or a research magnetization prepared rapid acquisition
gradient echo (MPRAGE!?) sequence. Siemens MRIs were all acquired using an MPRAGE
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sequence and Philips scans used a 3D turbo field echo (TFE) sequence (Figure S1 in
supporting information). Averages and ranges of scan parameters for the various vendor and
sequence combinations are shown in Table S1 in supporting information, and distributions of
volumes by field strength, scan sequence, and scanner vendor are shown in Figure S3 in
supporting information.

2.41 Demographic and clinical variables

We selected the following clinical variables for this study: sex, age at MR, years from MRI
to death, years of education, age at death, and dementia status at the neuropsychological
assessments closest to MRI. Dementia status at the final visit and the percentage of
participants with mild cognitive impairment (MCI) in those without dementia is also
reported.

2.51 Statistical analysis

To examine whether atrophy of the hippocampal subfields was greater in participants with
HS, we used analysis of covariance (ANCOVA) to compare hippocampal subfield volumes
of interest between the groups (HS+ vs HS—/ADNP+, and HS+ vs HS—/ADNP-). We also
performed an ANCOVA restricted to HS+ participants to examine whether ADNP or
dementia was significantly associated with decreased volumes. We selected the hippocampal
formation subfields subiculum and CAL as our primary regions of interest; we additionally
selected CA3, and CA4 as regions of interest, given their involvement in aging and AD.
Figure 1A shows a diagram of these regions of interest. We also report analyses using the
total hippocampal volume and the hippocampal tail—which is the posterior portion of the
hippocampus unaffected by HS pathology—volume for comparison. All ANCOVA tests
were performed accounting for sex, age at MRI, years between MRI and death, years of
education, and dementia status at time of MRI. Marginal means and standard deviations of
the volumes were also calculated for the different groups adjusting for the other covariates.
Effect sizes in the form of partial eta-squared (npz) values were interpreted in accordance
with Cohen,® where a 7,2 of 0.06 is moderate, and 0.14 is large.

To investigate whether MRI scan acquisition paradigm could affect group differences, we
examined the effect sizes for the subiculum and CA1 regions in the ANCOVA models for
the whole group as well as for smaller groups comprising more homogenous acquisition
parameters. The first subset of analyses included scans that incorporated an inversion pulse
(IR-FSPGR and MPRAGE, N = 129) and the second subset of analyses included only scans
acquired using an MPRAGE sequence (N = 77). We chose inversion recovery sequences as
previous studies have shown other parameters such as field strength,14 averages,14 and
acceleration factorsl4 1 have a relatively minor effect on MRI volumetrics and are mostly
related to the signal-to-noise ratio.

Finally, to examine whether additional common pathologies might influence the atrophy of
the subiculum and CA1, we implemented a multiple linear regression to investigate the
relation between total CA1 and subiculum volume (sum of CAL and subiculum volumes
across both hemispheres) and all available neuropathologies (including HS and ADNP)
alongside the demographic covariates in the same model. For this multiple linear regression,
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we excluded four participants who had incomplete neuropathology data (Table 1). For
validation, we compared the subiculum and CA1 volume from FreeSurfer to the ASHS
PMC-T1 segmentations of the anterior hippocampus through Pearson’s correlation, and
computed the multiple linear regression model for the ASHS PMC-T1 segmentations in
addition to FreeSurfer.

2.6 Data availability

NACC data are freely available to researchers upon request.

31 RESULTS

3.11 Participant characteristics

The characteristics for the groups are summarized in Table 1. There were 27 (14% of total)
HS+, 100 (51%) HS-/ADNP+, and 71 (36%) HS—/ADNP- participants. The HS+ group
was older at time of MRI and death. HS+ (4.4) and HS—-/ADNP+ (3.9) participants had
similar mean years from MRI to death, while this was shorter for HS-/ADNP- participants
(maximum intervals between MRI and death: 10 years). There was a trend for higher
proportion of females in the HS+ group (52%) compared to HS—/ADNP+ (34%). There
were no significant between-group differences infrequency of other pathologies. Although
the HS+ group had a lower proportion of dementia at the time of MRI (59%) compared to
HS-/ADNP+ (87%), all the HS+ participants without dementia had MCI and were
diagnosed with dementia at the visit closest to death. Within the HS+ group, approximately
half of participants were also ADNP+ (52%). The prevalence of dementia at time of MRI
was similar for the HS+/ADNP+ (64%) and HS+/ADNP- (54%) subgroups. Table S2
displays demographics for HS+ cases stratified by ADNP. Table S3 in supporting
information displays the distribution of participants by group across the 11 contributing
ADCs.

3.21 Hippocampal subfield volumes for HS+ versus HS-/ADNP+

The HS+ group had significantly lower hippocampal subfield volumes compared to the HS
—-/ADNP+ group with moderate-to-large effect sizes (range of npz for subiculum and CAL,
0.085-0.144), with the effect sizes larger for the left hemisphere (Figure 1C, Table 2). CA3
and CAA4 also had significantly lower volumes in HS+ versus HS—-/ADNP+, though the
effect sizes were less than for the subiculum and CAL. The hippocampal tail was not
significantly different between the HS+ and HS—-/ADNP+ groups (P> .2). In addition, the
whole hippocampus was significantly smaller in the HS+ group compared to the HS-/
ADNP+ group but the effect size was slightly lower than that of the subiculum and CA1
(Table 2).

3.31 Hippocampal subfield volumes for HS+ versus HS-/ADNP-

The HS+ group had significantly lower hippocampal subfield volumes compared to the HS
—-/ADNP- group (range of npz for subiculum and CA1, 0.101-0.253, again with effects
larger in left hemisphere, Figure 1B and Table 2). However, the hippocampal tail was not
significantly smaller in the HS+ compared to the HS—/ADNP- group (P> .3). The whole
hippocampus was also significantly decreased in volume in the HS+ group compared to the
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HS-/ADNP- group but the effect size was slightly smaller than that of the subiculum and
CAL for each respective hemisphere (Table 2). Figure 2 displays the marginal means from
the ANCOVA models for HS for both group comparisons, which illustrate the large effect of
HS on subiculum and CA1 volumes compared to the small effects for the hippocampal tail.

3.41 Associations within HS+ group

Within the HS+ group, we found no significant difference in hippocampal subfield volumes
by either ADNP (P= .2 for all regions of interest [ROIs]) or dementia (£ = .2 for all ROIs)
status.

3.51 Effect sizes for group comparisons with more homogeneous MRI acquisitions

Table 3 shows the effect sizes for the subsets of participants with more homogeneous MRI
acquisition parameters. This restriction led to larger effect size estimates for most
comparisons.

3.6 1 Associations of pathologies and demographic variables with subiculum and CA1
volume

Last, studying the association between total subiculum/CA1 volume and degenerative
pathologies (Table 4) we found HS was the only neuropathology that was significantly
associated with lower CA1 and subiculum volume (t = -4.079, P<.001). Additionally, TIV
(t=4.208, P<.001, larger volume with larger cranium), age at MRI (t = -3.142, £=.002,
decrease in volume with age), and dementia status (t = —4.642, < .001, lower volume in
those with dementia) were also associated with the combined subiculum/CA1 volume.
Pointedly, ADNP was not associated with subiculum/CA1 volume (t = -0.452, P=.7). To
examine whether this was due to co-occurrence of dementia in this group, the multiple linear
regression was implemented without dementia as a covariate, for which ADNP only trended
toward significance (t = —1.955, P=.052), while the effect of HS remained strong (t =
-3.900, P<.001). Anterior hippocampal volumes from ASHS PMC-T1 were highly
correlated with the total subiculum/CA1 volume (r = 0.893), and results for the multiple
linear regression model using the anterior hippocampus (Table S3) were similar to those for
the FreeSurfer total subiculum/CA1 (Table 4).

41 DISCUSSION

In this study, we examined the utility of MRI in identifying an atrophy signature of
hippocampal sclerosis, a common and less studied cause of dementia in those 85 years and
older. We examined the volume of hippocampal subfields in participants with HS
neuropathology compared to participants with and without ADNP using the NACC database.
We found moderate-to-large effect size hippocampal atrophy comparing participants with
HS to those without. In agreement with neuropathological characteristics of HS, we found
the largest difference in subiculum and CAL regions of the hippocampal formation. These
effects were detected in a dataset with heterogenous acquisition paradigms and the effect
sizes generally increased when limiting the MRI scans to higher quality and more consistent
acquisition subsets. We also found that HS was the only degenerative neuropathology that
was associated with subiculum and CA1 atrophy.
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The volume of the hippocampus is routinely used as a measure of neurodegeneration. One
study found lower hippocampal volumes, as measured by MRI at time closest to death, for
both HS and ADNP.16 Another study found total hippocampal atrophy in those with HS
compared to those with ADNP or no neuropathology, and also found surface deformations
of the hippocampus in areas corresponding to the CA1 and subiculum regions.1” Two post
mortem MRI studies found lower hippocampal volumes!819 and contraction in hippocampal
surfaces?0 in participants with HS compared to those without. However, to the best of our
knowledge no studies have thus far examined the effect of HS on hippocampal subfield
volumes (as opposed to total hippocampal volumes or surface deformations of the
hippocampus) and directly compared HS to ADNP in that regard.

We focused on the subiculum and CA1 regions of hippocampal formation since atrophy and
gliosis in these regions are what defines HS pathologically and indeed, we found the most
atrophy in these regions. CA3 and CA4 regions also showed more atrophy in the HS group
but there were no differences between groups with regard to the volume of the hippocampal
tail. This indicates a pattern of atrophy in HS that is more prominent in the anterior portion
of hippocampus or hippocampal head. Moreover, these results suggest that while the greatest
degree of atrophy in HS is present in the subiculum and CA1, other regions are also
displaying decreased volume. The previous MRI studies of ante morten?’ and post
morten?9 hippocampal shape deformation in relation to HS found a general sparing of the
outer surfaces of the CA3 and CA4 in HS participants. However, autopsy studies have
shown CA3 and CA4 subfields do display a greater accumulation of TDP-43—the
proteinopathy signature of HS—in brains with HS versus those without.2 This
accumulation of TDP-43 might lead to a degree of atrophy that can be picked up by more
sensitive analysis of hippocampal subfields.

One perhaps unexpected finding from this study is the lack of an association between ADNP
and CA1/subiculum volumes. Previous MRI studies of ante mortem” and post morten?®
hippocampal shape deformation found that while HS had a larger effect, ADNP was also
related to subiculum and CA1 atrophy. However, these studies did not account for dementia
status at the time closest to the scan. Therefore, it is conceivable that the volume of these
regions is tied more closely to dementia and less to ADNP: while removing the dementia
variable from our models yielded a trend for ADNP, its effect was small compared to that of
dementia. Other studies also found an association between a clinical diagnosis of AD and
these hippocampal subregions22-24 although the presence of ADNP was not confirmed in
these studies. This is an important limitation as previous studies have shown similarities
between clinical presentation of HS and AD.2° Therefore, presence of HS pathology in
clinical AD cases cannot be excluded. Another line of investigation tying hippocampal
atrophy and clinical, but not necessarily pathological, AD is that TDP-43 pathology is a
common co-pathology in AD26:27 and recent studies have clearly demonstrated the effect of
TDP-43 pathology on hippocampal atrophy.28 The results from this study suggest that the
association between ADNP and CA1/subiculum volume merits further examination.

HS was related to atrophy of hippocampal subfields in both the group comparisons and in
the multiple linear regression model that included all the other neuropathological variables.
Furthermore, the within-HS+ group analysis did not reveal a significant difference by either
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ADNP or dementia status, suggesting that the effect of HS on atrophy of the hippocampal
subfields is strong and independent of ADNP and dementia status. Coupled with the fact that
40% of those with ultimate HS pathology did not have dementia at the time of scan, these
results suggest that hippocampal subfield atrophy may be a relatively early imaging
biomarker for HS. Given the current lack of HS biomarkers, finding of disproportionate
hippocampal atrophy at pre-dementia stage might be a valuable biomarker of this important
pathology that often comes into the differential diagnosis of AD and often happens
concurrently with ADNP. The co-occurrence of these two pathologies makes distinguishing
HS additionally relevant when interpreting the outcomes of clinical trials of AD-targeted
therapies, participants often selected based on AD-specific biomarkers.

A high proportion (81%) of the study participants lacked TDP-43 data and therefore, we
could not ascertain the relationship between HS and TDP-43 pathology in this database.
Previous studies, however, have shown a very high concordance of the two pathologies.
TDP-43 has been reported to be present in #80% of hippocampal sclerosis sufferers. In fact,
some authorities consider HS the most advanced stage of the recently proposed construct
Limbic predominant age-related TDP-43 encephalopathy (LATE).1? Given the above and the
fact that high concordance of the two pathologies would have excluded entering both to the
same regression models, we do not believe that lack of TDP-43 pathology detracts from the
main finding of this study, which is the profound hippocampal atrophy that accompanies
hippocampal sclerosis especially localized to the CA1 region of hippocampus and
subiculum.

One of the challenges of using the NACC database lies in the heterogeneity of the MRI data
stemming from different acquisition parameters across contributing centers. To overcome
this, we implemented multiple quality control steps and examined the change in effect sizes
when limiting the dataset to more homogeneous scan acquisitions. We also found similar
results using two different methods for hippocampal segmentation (FreeSurfer and ASHS).
The results suggest that our findings are robust and may become even stronger with higher
quality and more homogeneous MRI scans. One limitation of the study is the limited
availability of coronal-oblique T2w images of the hippocampal formation, which greatly
aids in defining the internal boundaries of the subfields, for most NACC participants: this
meant that only 3D T1w MRIs were used for the segmentation of hippocampal subfields.
Despite this, previous analyses showed added value and good test-retest reliability of
FreeSurfer hippocampal subfield segmentation in both cognitively normal and AD
participants when using only 3D T1w images.29 Another inherent limitation in this study is
the potential variability in neuropathological assessments from different contributing ADCs.

In conclusion, we found greater atrophy of the subiculum and CAL in participants with HS
neuropathology compared to those without HS, both with or without ADNP, with moderate-
to-strong effect sizes. Importantly, this atrophy pattern was detectable when approximately
half the participants were at a pre-dementia stage. Our results suggest that atrophy of these
hippocampal subfields may be an early biomarker and thus help with the detection of HS
during life. Complete lack of HS biomarkers at present and the increasing importance of this
degenerative pathology in our aging population make our finding particularly important.
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RESEARCH IN CONTEXT

SYSTEMATIC REVIEW: We searched the literature using common
methods (PubMed and Google Scholar). While some studies have examined
the relationship between hippocampal atrophy and hippocampal sclerosis of
aging (HS), few examined this relationship focusing on the specific
hippocampal formation subfields affected by HS (subiculum and cornu
ammonis 1 [CA1]) and of these none examined volumetric differences,
instead focusing on deformations in hippocampal surfaces.

INTERPRETATION: We found atrophy of the subiculum and CA1 was
significantly worse in participants with HS compared to those with or those
without Alzheimer’s disease neuropathology (ADNP). Our results suggest
that this atrophy pattern can be used as a biomarker for HS during life and to
distinguish HS from ADNP.

FUTURE DIRECTIONS: Our findings should be replicated by future
research. Also, further research should aim to prospectively identify
participants with HS during life based on magnetic resonance imaging-
detectable atrophy of the subiculum and CAL.
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Results from group comparisons. A, diagram illustrating regions of interest on a coronal
section of MNI 152 atlas and zoomed-in hippocampal formation regions of interest used in
this study. B, Heat map of effect sizes for analysis of covariance (ANCOVA) model showing
decreased volumes of regions in HS+ compared to HS-/ADNP+. C, Heat map of effect sizes
for ANCOVA model showing decreased volumes of regions in HS+ compared to HS-/
ADNP-. ADNP, Alzheimer’s disease neuropathology; HS, hippocampal sclerosis; CA,

cornu ammonis; Sub., subiculum.
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dementia status, years of education, and years from MRI to death. Left, marginal means for

HS+ versus HS—/ADNP+ comparison for the subiculum, cornu ammonis 1 (CA1), and

hippocampal tail. Right, marginal means for HS+ versus HS+/ADNP- comparison for the
subiculum, CA1, and hippocampal tail. Results from the left hemisphere are in black, results

from the right hemisphere are in gray. Squares and error bars represent mean and 95%
confidence intervals, respectively. ADNP, Alzheimer’s disease neuropathology; Hipp,

hippocampus; HS, hippocampal sclerosis
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Multiple linear regression of total subiculum/CA1 volume with respect to demographic and pathological

covariates

TABLE 4

Demographic

Pathological

Covariate

Age at MRI

Sex

Years of education
TIV

Dementia

Years MRI to death
HS

ADNP

Lewy bodies

CAA
Atherosclerosis
Infarcts
Microinfarcts

Hemorrhages

p
-0.233
-0.114
0.008
0.300
-0.315
0.045
-0.248
-0.030
-0.048
-0.052
0.039
0.008
-0.027
-0.058

t
-3.142
-1.594
0.129
4.208
-4.642
0.702
-4.079
-0.452
-0.774
-0.863
0.595
0.130
-0.415
-0.947

<001”

<.001”

<001

w N o o M B N
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*
Denotes statistical significance (P<.05). Abbreviations: ADNP, Alzheimer’s disease neuropathology; CAA, cerebral amyloid angiopathy; CAL,

cornu ammonis 1; HS, hippocampal sclerosis; MRI, magnetic resonance imaging; TIV, total intracranial vollume.
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