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Abstract
Objective

To investigate the contribution of Alzheimer disease (AD) vs non-AD neuropathologies to

hippocampal atrophy.

Methods

The Religious Orders Study and Rush Memory and Aging Project are clinicopathologic cohort
studies of aging. The current study included 547 participants who had undergone brain autopsy
and postmortem hippocampal volume measurement by November 1, 2018. Hippocampal
volume was measured with postmortem MRI via a 3D region of interest applied to the
hippocampal formation. Neuropathologies were measured via uniform structured evaluations.
Linear regression analyses estimated the proportion of variance of hippocampal volume at-
tributable to AD and non-AD neuropathologies.

Results

The average age at death was 90 years, and the average hippocampal volume was 2.1 mL. AD,
transactive response DNA-binding protein 43 (TDP), hippocampal sclerosis (HS), and ath-
erosclerosis were associated with hippocampal volume. After demographics and total hemi-
sphere volume were controlled for, 7.0% of the variance (95% bootstrapped confidence interval
[CI] 4.3%-10.5%) of hippocampal volume was attributable to AD pathology. TDP/HS
explained an additional 4.5% (95% CI 2.2%-7.6%). Among individuals with Alzheimer de-
mentia (n =232), 3.1% (95% CI 0.6%-7.7%) of the variance was attributable to AD pathology,
and TDP/HS explained an additional 6.1% (95% CI 2.2%-11.6%). Among those without
Alzheimer dementia (n = 307), 3.2% (95% CI 0.9%-7.3%) of the variance was attributable to
AD pathology, and TDP/HS explained an additional 1.1%, which did not reach statistical
significance. Lewy bodies and vascular diseases had modest contribution to the variance of
hippocampal volume.

Conclusions
Both AD and TDP/HS contribute to hippocampal volume loss in older-old persons, with
TDP/HS more strongly associated with hippocampal volume than AD in Alzheimer dementia.
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Glossary

AD = Alzheimer disease; CERAD = Consortium to Establish a Registry for Alzheimer’s Disease; CI = confidence interval; HS =
hippocampal sclerosis; NIA = National Institute on Aging; PHF = paired helical filament; ROSMAP = Religious Orders Study
and Rush Memory and Aging Project; TDP = transactive response DNA-binding protein 43.

Converging evidence has shown that Alzheimer disease (AD)
is implicated in hippocampal neuronal loss and atrophy.'
B-Amyloid and paired helical filament (PHF) tau tangles, the
2 defining neuropathologic features of AD, contribute to
hippocampal atrophy.”* In addition, a significant overlap
exists between common genetic risk variants for hippocampal
volume and those for Alzheimer dementia.* APOE, the
strongest risk loci for late-onset AD, affects hippocampal
volume such that €4 carriers tend to have accelerated hippo-
campal atrophy.® Clinically, hippocampal atrophy is associ-
ated with increased risks for incident cognitive impairment,
incident Alzheimer dementia, and a faster rate of memory
decline.®

Built on these strong associations, the use of structural MRI
measures of hippocampal atrophy as surrogate biomarkers or
diagnostic tools for identifying persons with AD or at risk of
the disease has been proposed.7’8 However, hippocampal at-
rophy is not specific to AD, and the region is vulnerable to
other neurodegenerative or cerebrovascular conditions that
are common in aging.9_12 We are not aware of prior studies
that have systematically assessed the extent to which AD vs
other common non-AD neuropathologies contributes to
hippocampal atrophy. Of particular interest is the contribu-
tion of hyperphosphorylated transactive response DNA-
binding protein 43 (TDP) and hippocampal sclerosis (HS)
pathologies, which have previously been implicated in hip-
pocampal degeneration. Both pathologies are mesial temporal
predominant and known to be associated with amnestic
disorders.

In this study, we interrogated AD and 8 other common age-
related neuropathologic indices (ie., TDP, HS, Lewy bodies,
macroscopic infarcts, microinfarcts, cerebral amyloid angi-
opathy, atherosclerosis, and arteriolosclerosis) in relation to
hippocampal volume. After identifying neuropathologic in-
dices that were associated with hippocampal volume, we
quantified the proportions of variance of hippocampal volume
attributable to individual neuropathologic indices and com-
pared them with that of AD.

Methods
Study participants

Data came from 2 ongoing cohort studies of aging that are run
out of the Rush Alzheimer’s Disease Center, the Religious
Orders Study and Rush Memory and Aging Project (ROS-
MAP)." In support of integrated combined analyses, the 2
studies share nearly identical design, operations, protocols, and
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staff. All participants enroll without known dementia and agree
to annual clinical evaluations and brain donation after death.

At the time of the analyses on November 1, 2018, a total of
3,485 ROSMAP participants have enrolled and completed
a baseline evaluation; of these, 1,804 had died and 1,569 had
undergone brain autopsy with an autopsy rate of 87%. Post-
mortem hippocampal volume measure was available in 552 of
1,539 individuals who had neuropathology assessment ap-
proved by a board-certified neuropathologist. Primary analy-
ses were conducted in 547 individuals after the exclusion of §
cases with incomplete neuropathology data.

Clinical diagnosis of Alzheimer dementia
Annual clinical evaluations included medical history, an in-
person neurologic examination, and comprehensive cognitive
performance testing. After a review of relevant clinical in-
formation from the annual evaluation, an experienced clini-
cian provides a judgment for each participant regarding the
presence of dementia and its likely etiology. The general di-
agnosis of dementia requires a history of cognitive decline
with impairment in at least 2 cognitive domains. The more
specific diagnosis of Alzheimer dementia requires a history of
cognitive decline with impairment in memory and at least 1
other cognitive domain. After a participant died, all available
clinical data were reviewed by a neurologist with expertise in
dementia, and a final summary diagnostic opinion was pro-
vided blinded to the postmortem pathology and imaging data.
The final summary diagnosis of Alzheimer dementia was used
in the stratified analysis.

Postmortem MRI acquisition and hippocampal
volume measure

Postmortem MRI acquisition methods have been previously
described."*" The brain was hemisected at autopsy, and the
hemisphere with visible gross pathology was selected for MRI
and neuropathologic evaluation. Hemispheres were im-
mersed in 4% paraformaldehyde solution at 4°C. MRI was
conducted on average 1 month postmortem after the speci-
men was warmed to room temperature. Scans occurred over
a period of 12 years, and during that time, we used 4 different
MRI scanners, each with a nominal field strength of 3T. For all
4 scanners, the protocol included a multiecho fast spin-echo
sequence with resolution of 1.5 x 0.625 x 0.625 mm> and
a scan time of =30 minutes.

We created a template from postmortem MRI scans of 30 of
the cerebral hemispheres." Briefly, the slice order of left
hemispheres was first reversed to appear as right. We then
carried out an initial rigid-body registration (i.e., rotation and
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translation only, no deformations) of 29 hemispheres to the
remaining 1 hemisphere using the FSL flirt tool.'® We averaged
those images together to form an intermediate average. This
intermediate average image served as a target for high-
dimensional spatial registration of all 30 original images with
the Automated Registration Toolbox.'” A new average image
was created, and the process was repeated until there was no
further change in the resulting average, which became the
template."® We manually drew a hippocampal mask on the
template by outlining the hippocampal formation on successive
slices.'” We also created a whole-hemisphere mask by thresh-
olding the template image so as to exclude nontissue voxels.

We used the Automated Registration Toolbox to warp each of
the 547 images to the template. We then inverted these
deformations and applied them to the hippocampal and
whole-hemisphere masks. This warping captures local ex-
pansion or contraction of the image of each specimen relative
to the template, meaning that the masks may appear larger or
smaller once they have been warped to the space of each
individual specimen. Thus, the volumes of the warped masks
(number of voxels included in each mask multiplied by the
voxel volume) can serve as estimates of whole-hemisphere
and hippocampal volume. The automated results were visu-
ally inspected (figure 1). Because the MRI scans in this study
were obtained with 4 scanners, both hemisphere and hippo-
campal volumes were standardized within each group of
hemispheres imaged on a given MRI scanner.

Neuropathology measures
Neuropathologic dissection and sampling were performed
immediately after the postmortem MRI scans. The same

hemisphere was cut into 1-cm slabs for a uniform structured
neuropathologic evaluation, which assesses burdens of AD
and other common neuropathologies.”® Multiple AD pa-
thology measures were collected. A modified Bielschowsky
silver stain protocol was used for National Institute on Aging
(NIA)-Reagan pathologic diagnosis of AD. Molecule-specific
measures of p-amyloid and PHFtau tangles were quantified
with immunohistochemistry in 8 regions. Briefly, 6-um sec-
tions were immunostained for B-amyloid (4GS8; 1:9,000;
Covance Laboratories, Madison, WI; dilution, 6F/3D; 1:50,
Dako North America Inc, Carpinteria, CA; and 10DS5; 1:600,
Elan Pharmaceuticals, San Francisco, CA) and phosphory-
lated tau (ATS; 1:2,000, Thermo Fisher Scientific, Rockford,
IL). Amyloid load (percentage area positive for -amyloid)
was determined by image analysis of amyloid immunostained
sections and stereologic sampling, and PHFtau tangle density
per 1 mm” was determined from phosphorylated tau immu-
nostained sections and stereologic sampling. Because both
measures were right skewed, they were square root trans-
formed and averaged across regions to obtain mean amyloid

load and tangle density.

Other non-AD neurodegeneration was assessed. The pres-
ence of Lewy bodies in amygdala, substantia nigra, limbic, or
neocortical regions was identified with antibodies to a-synu-
clein. TDP pathology was performed on 6-ym sections
immunostained with antibodies to a phosphorylated mono-
clonal TARSP-1D3 (pS409/410; 1:100, Ascenion, Munich,
Germany). Severity was assessed with a semiquantitative
score, with 0 = no inclusion, 1 = inclusion limited to amygdala,
2 = inclusion extended to other limbic regions, and 3 = in-
clusion extended to neocortical regions. HS, the presence of

Figure 1 Automated hippocampal segmentations

10t percentile

Median

90t percentile

Representative hippocampal segmenta-
tions (red) resulting from the automated
technique used in this work are shown.
Gray-scale backgrounds are sagittal slices of
the shortest echo-time images from the fast
spin-echo sequence. Left column contains 3
separate cases, each of which had hippo-
campal volumes below the 10th percentile;
the middle column contains 3 cases at or
near the median; and the right column
contains 3 cases at or above the 90th
percentile.
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severe neuronal loss and gliosis in CA1 and/or subiculum, was
visualized on 6-pm sections of the mid-hippocampus stained
with hematoxylin & eosin.

Measures of cerebrovascular conditions include old macro-
scopic and microinfarcts, amyloid angiopathy, atherosclerosis,
and arteriolosclerosis. Macroscopic infarcts were identified
during gross examination of both hemispheres and confirmed
histologically. The presence of microinfarcts was determined
on 6-um hematoxylin & eosin-stained sections from a mini-
mum of 9 regions. Meningeal and parenchymal vessels in 4
neocortical regions were assessed for amyloid angiopathy. For
each region, 6-um sections were immunostained with anti-
bodies to B-amyloid, and amyloid deposition was scored.
Scores were then averaged across the regions and summarized
into a 4-level severity rating of none, mild, moderate, or se-
vere. Anterior, middle, and posterior cerebral arteries of the
circle of Willis were visually examined for atherosclerosis, and
small vessels of the anterior basal ganglia were assessed for
arteriolosclerosis. The severity of atherosclerosis and arte-
riolosclerosis was also graded on the 4-level scale (none, mild,
moderate, or severe).

Statistical analysis

A multivariable linear regression model was used to identify
neuropathology measures that are associated with hippo-
campal volume. In this model, postmortem hippocampal
volume was the continuous outcome, and the predictors in-
cluded AD pathologic indices of amyloid load and tangle
density, macroscopic infarcts and microinfarcts, Lewy bodies,
TDP, HS, amyloid angiopathy, atherosclerosis, and arterio-
losclerosis. We adjusted for age, sex, education, and total
hemisphere volume. Neuropathologies shown to have sig-
nificant associations were selected for further examination of
their contributions to postmortem hippocampal volume.

We chose R” to quantify the contribution of neuropathologies
to hippocampal volume. In linear regression, R* can be
interpreted as the proportion of variance of a continuous
outcome that is explained by model predictors. We fit a series
of linear regression models with hippocampal volume as the
outcome. The reference model included terms for de-
mographics and total hemisphere volume. We added AD
pathologies of amyloid load and tangle density to the refer-
ence model. Notably, the difference in R* between these 2
nested models captured the contribution due to AD. Next, we
augmented the model by including a term for non-AD neu-
ropathology. Similarly, the difference in R between the last 2
models captured the contribution due to the non-AD neu-
ropathology above and beyond AD. We repeated the analysis
for each of the non-AD neuropathologies associated with
hippocampal volume.

The statistical inference for the R” statistic was derived from
bootstrapping. Briefly, 10,000 datasets, each with a sample size
of 547, were randomly generated by sampling with replacement
cases from the original dataset, and we repeated the regression
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analyses and estimated the R* 10,000 times. The 95% confi-
dence intervals (ClIs) for the R” statistics were obtained by
taking the 2.5 and 97.5 percentiles of the corresponding sam-
pling distributions. In all the analyses, we used adjusted R* to
account for the inflation due to an increase in the number of
predictors. Regression models were fit by use of SAS/STAT
version 9.4 (SAS Institute, Cary, NC), and statistical signifi-
cance was determined at nominal level of p < 0.0S.

Standard protocol approvals, registrations,
and patient consents

The studies were approved by institutional review board of
the Rush University Medical Center, and each participant
provided written informed consent and the Anatomical
Gift Act.

Data availability
Data used in this work are available by request via the Rush
Alzheimer’s Disease Center Research Resource Sharing Hub

(radc.rush.edu).

Results

Characteristics of the study participants

The study included a total of 547 autopsied ROSMAP par-
ticipants (table 1). The average age at death was 90.4 years
(SD 6.0 years), and average education was 15.8 years (SD 3.6
years). Of the 547, 71.1% (n = 389) were female, and >95%
were non-Latino whites. The average hippocampal volume
was 2.1 mL (SD 0.4 mL). At death, 232 (42.4%) were di-
agnosed with Alzheimer dementia, and 375 (68.6%) met
NIA-Reagan criteria for pathologic diagnosis of AD. We
found that 84.5% of the individuals with Alzheimer dementia,
separately 56.0% of the individuals without Alzheimer de-
mentia, had pathologic diagnosis of AD. Mixed pathologies
were common (figure 2), and nearly 80% of the participants
had multiple neuropathologies at autopsy. In particular, AD
rarely occurred in isolation. Of the participants diagnosed
with pathologic AD (n = 375), only 8.5% had pure AD
without other comorbid conditions.

Neuropathologies and postmortem
hippocampal volume

We examined the associations of common neuropathologies
with hippocampal volume in a single linear regression model
adjusted for demographics and total hemisphere volume
(table 2 and model 1). AD pathology was associated with
smaller hippocampal volume. The association of amyloid load
was not significant with tangle density included in the model,
suggesting that PHFtau tangles are downstream of 3-amyloid
in the pathway connecting AD and the atrophic process. In
addition to AD, other neurodegenerative conditions, in-
cluding TDP and HS, were associated with smaller hippo-
campal volume. The association of Lewy bodies did not reach
the cutoff for statistical significance. Furthermore, of the 4
vascular pathologies examined in the study, only atheroscle-
rosis was associated with smaller hippocampal volume.
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Table 1 Characteristics of study participants

Variable Low hippocampal volume Medium hippocampal volume High hippocampal volume
No. 182 183 182
Age at death, y 91.6 (5.5) 91.0 (6.0) 88.5 (6.1)
Length of follow-up, y 8.7 (4.5) 9.1 (4.8) 9.3(5.3)
Education, y 15.4 (3.5) 15.8 (3.5) 16.3(3.8)
Female, n (%) 159 (87.4) 133(72.7) 97 (53.3)
Non-Latino whites, n (%) 178 (97.8) 176 (96.2) 175 (96.7)
APOE &4 carriers, n (%) 63 (35.0%) 46 (25.1) 39(21.7)
Cognition proximate to death -1.7(1.2) -1.0 (1.1) -0.5(0.9)
Hemisphere volume, mL 470.7 (47.8) 506.3 (42.2) 558.4 (49.3)
Hippocampal volume, mL 1.7 (0.2) 2.1(0.1) 2.5(0.3)
PMI to tissue preservation, h 7.9 (4.6) 8.3 (5.5) 10.1 (6.9)
PMI to imaging, d 40.9 (16.0) 42.0 (25.1) 40.2 (14.8)
Pathologic AD, NIA-Reagan criteria, n (%) 143 (78.6) 128 (70.0) 104 (57.1)
Amyloid load, % area 6.9 (5.0) 5.2 (4.4) 4.6 (4.7)
Tangle density, per 1 mm? 10.2 (8.4) 6.4 (5.8) 3.4(3.8)
Macroscopic infarcts (present), n (%) 63 (34.6) 69 (37.7) 54 (29.7)
Microinfarcts (present), n (%) 52 (28.6) 58 (31.7) 61 (33.5)
Lewy bodies (present), n (%) 58 (31.9) 46 (25.1) 43 (23.6)
TDP, n (%)
0 53 (29.1) 81 (44.2) 113 (62.1)
1 27 (14.8) 43 (23.5) 36 (19.8)
2 56 (30.8) 40 (21.9) 23 (12.6)
3 46 (25.3) 19 (10.4) 10 (5.5)
HS (present), n (%) 45 (24.7) 12 (6.6) 9(5.0)
Cerebral amyloid angiopathy, n (%)
None 37 (20.3) 31(16.9) 44 (24.2)
Mild 63 (34.6) 90 (49.2) 90 (49.4)
Moderate 60 (33.0) 43 (23.5) 31(17.0)
Severe 22 (12.1) 19 (10.4) 17 (9.4)
Atherosclerosis, n (%)
None 28 (15.4) 43 (23.5) 56 (30.8)
Mild 93 (51.1) 88 (48.1) 89 (48.9)
Moderate 43 (23.6) 44 (24.0) 28 (15.4)
Severe 18 (9.9) 8 (4.4) 9(5.0)
Arteriolosclerosis, n (%)
None 49 (26.9) 54 (29.5) 58 (31.9)
Mild 74.(40.7) 89 (48.6) 80 (44.0)
Moderate 45 (24.7) 30 (16.4) 33(18.1)
Continued
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Table 1 Characteristics of study participants (continued)

Variable

Low hippocampal volume

Medium hippocampal volume High hippocampal volume

Severe 14(7.7)

10(5.5) 11 (6.0)

Abbreviations: AD = Alzheimer disease; HS = hippocampal sclerosis; NIA = National Institute on Aging; PMI = postmortem interval; TDP = transactive response

DNA-binding protein 43.

Numbers are mean (SD) or number (percent). Hippocampal volume is ranked and equally divided into 3 groups. TDP is coded as 0 = no inclusion, 1 =inclusions
in amygdala only, 2 = inclusions extended to other limbic regions, or 3 = inclusions extended to neocortical regions.

Because neuropathologies were measured in different scales,
with some having greater precision than others, we di-
chotomized the continuous and semiquantitative neuro-
pathologic measures and re-examined their associations with
hippocampal volume. The results were overall consistent
(table 2 and model 2).

Hippocampal volumes between different pathology groups
were compared. We focused on 3 conditions that were sig-
nificantly associated with hippocampal volume (ie., AD,
TDP/HS, and vessel diseases), which gives a total of 8 dif-
ferent groups. Figure 3 illustrates hippocampal volume for the
individual groups. For comparison, we conducted analyses of
covariance with 3 main effects representing each of the 3

Figure 2 Pattern of mixed pathologies in older persons

28 Vessel diseases

AD

Infarcts

Lewy bodies
TDP/HS

Venn diagram illustrates the concomitant occurrence of pathologic Alz-
heimer disease (AD) diagnosis according to modified National Institute on
Aging-Reagan criteria, chronic macroscopic or microinfarcts, vessel diseases
(moderate or severe amyloid angiopathy, atherosclerosis or arterio-
losclerosis), Lewy bodies, and transactive response DNA-binding protein 43/
hippocampal sclerosis (TDP/HS; TDP inclusion extended beyond the amyg-
dala or presence of HS). Each number in the Venn diagram represents the
number of cases with a unique combination of these neuropathologic con-
ditions. The numbers in intersections represent the number of cases with
multiple conditions. The shape of the circles is chosen by the R program to
best accommodate all possible combinations.
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pathologic conditions, as well as three 2-way interactions
(i.e, AD by TDP/HS, AD by vessel diseases, TDP/HS by
vessel diseases) and one 3-way interaction (AD by TDP/HS
by vessel diseases). None of the interactions between the
pathologic conditions were significant (all p > 0.1), suggesting
that their effects on hippocampal volume are additive rather
than synergistic.

A sensitivity analysis was conducted to control for both time
interval between death and tissue preservation and time in-
terval between death and postmortem imaging. We found no
significant effect of postmortem intervals on hippocampal
volume (both p > 0.05), and the associations of common
neuropathologies with hippocampal volume were essentially
unchanged. This is consistent with our previous work that
shows no discernible increase or decrease in the volumes of
subcortical regions (ie., including the hippocampus) over
a span of =6 months postmortem.

The genetic risk factor of APOE &4 is implicated in multiple
neuropathologies and hippocampal volume. We examined the
role of APOE &4 in the neuropathologic associations with
hippocampal volume. The €4 allele was associated with
smaller hippocampal volume (B = -0.227, standard error
0.069, p = 0.001), but this association was attenuated and no
longer significant after neuropathologies were added to the
model (p = 0.915). Because APOE &4 is upstream of neuro-
pathologies with its association mediated primarily by neu-
ropathologies, we conclude that it has little impact on
hippocampal volume loss.

Contributions of AD vs non-AD pathologies to
hippocampal volume

We estimated the contribution of AD, TDP, HS, and ath-
erosclerosis to hippocampal volume by comparing the ad-
justed R* (table 3). Age, sex, education, and hemisphere
volume explained >48% of the variance of hippocampal vol-
ume (adjusted R* = 0.483, 95% bootstrap CI 0.420-0.548).
The R” increased by 0.070 (95% bootstrap CI 0.043-0.105)
after amyloid load and tangle density were added to the
model, suggesting that AD alone explained 7% of the variance
above and beyond demographics and hemisphere volume
(table 3 and model 2).

Next, we augmented the model by including terms for TDP
stage and subsequently HS. The inclusion of TDP stage
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Table 2 Association of neuropathologies with hippocampal volume

Model 1 Model 2

Predictors B Value SE p Value Predictors B Value SE p Value
Age -0.012 0.005 0.013 Age -0.011 0.005 0.030
Male sex 0.133 0.068 0.050 Male sex 0.127 0.071 0.075
Education -0.019 0.008 0.015 Education -0.017 0.008 0.041
Hemisphere volume (1 SD) 0.545 0.033 <0.001 Hemisphere volume (1 SD) 0.607 0.034 <0.001
Amyloid load 0.017 0.027 0.535 Pathologic diagnosis of AD -0.167 0.064 0.009
Tangle density -0.219 0.029 <0.001

TDP -0.093 0.029 0.001 TDP (present) -0.320 0.066 <0.001
HS (present) -0.485 0.092 <0.001 HS (present) -0.450 0.094 <0.001
Lewy bodies (present) -0.097 0.062 0.115 Lewy bodies (present) -0.141 0.064 0.029
Macroscopic infarcts (present) 0.072 0.061 0.240 Macroscopic infarcts (present) 0.062 0.064 0.330
Microinfarcts (present) -0.006 0.060 0.919 Microinfarcts (present) 0.014 0.064 0.822
Amyloid angiopathy 0.018 0.033 0.586 Amyloid angiopathy (present) -0.111 0.061 0.071
Atherosclerosis -0.102 0.035 0.004 Atherosclerosis (present) -0.152 0.066 0.023
Arteriolosclerosis 0.008 0.033 0.821 Arteriolosclerosis (present) -0.012 0.066 0.852

Abbreviations: AD = Alzheimer disease; B = regression coefficient; HS = hippocampal sclerosis; SE = standard error; TDP = transactive response DNA-binding
protein 43.

The results were obtained from a multivariable linear regression analysis with all the predictors included in the same model. In model 1, TDP is a semi-
quantitative measure coded as 0 = no TDP inclusion, 1 = inclusion limited to amygdala, 2 = inclusion extended to other limbic regions, and 3 = inclusion
extended to neocortical regions. Amyloid angiopathy, atherosclerosis, and arteriolosclerosis are semiquantitative measures coded as 0 = none, 1 =mild, 2 =
moderate, and 3 = severe. In model 2, all the continuous and semiquantitative neuropathologic measures were dichotomized for comparability. Specifically,
AD was defined as intermediate or high likelihood of AD according to modified National Institute on Aging-Reagan criteria. The presence of TDP was defined
as TDP inclusion extended beyond the amygdala. The presence of amyloid angiopathy, atherosclerosis, and arteriolosclerosis was defined as moderate or

severe.

increased the R> by 0.026 (95% bootstrapped CI 0.010-0.048),
suggesting that TDP alone explained =3% of the variance of
hippocampal volume. After HS was added, the R* further
increased by another 0.019 (95% bootstrapped CI
0.005-0.040) such that HS contributed an additional 2% to
the variance of hippocampal volume. Our prior work and
work from others show that almost all participants with HS
had TDP pathology®* and that TDP is likely pathogenically
upstream of HS.>*** Furthermore, in a recent consensus
working group report, both TDP and HS are proposed as key
features of a single neuropathologic entity called limbic-
predominant age-related TDP-43 encephalopathy.”® There-
fore, we focused on assessing the combined contribution of
TDP and HS (TDP/HS). With TDP and HS included in the
model (table 3 and model 3), the R* increased by 0.045 (95%
bootstrapped CI 0.022-0.076). Notably, this increase in R>
was above and beyond the effect of AD and was comparable to
AD in terms of magnitude. Finally, the model for athero-
sclerosis (table 3 and model 4) showed only a minimal in-
crease in R> above and beyond the effect of AD and was not
significant based on bootstrapped confidence interval.

We repeated the analyses by replacing continuous measures of
amyloid load and PHFtau tangles density with 2 semiquantitative

Neurology | Volume 94, Number 2 | January 14, 2020

staging measures, that is, the Consortium to Establish a Reg-
istry for Alzheimer’s Disease (CERAD)® score for neuritic
plaques and the Braak score”’ for neurofibrillary tangles. The
CERAD and Braak scores together explained 3.4% of the
variance of hippocampal volume, and TDP/HS explained an
additional 5.6%. This result further strengthened our finding
that both AD and TDP/HS contribute to hippocampal vol-
ume loss in old age.

Contributions of neuropathologies to
hippocampal volume in Alzheimer dementia
Neuropathologic burden differs between persons with and
without Alzheimer dementia. Furthermore, hippocampal at-
rophy is thought to provide evidence of a likely etiology of
dementia and is often used to support a diagnosis of Alz-
heimer dementia. Therefore, we assessed the relative contri-
bution of TDP/HS to hippocampal volume by Alzheimer
dementia status. Among participants with Alzheimer de-
mentia (n = 232), 3% of the variance of hippocampal vol-
ume was explained by AD (increase in R* 0.031, 95%
bootstrapped CI 0.006-0.077), and TDP/HS explained an
additional 6% (increase in R* 0.061, 95% bootstrapped CI
0.022-0.116), double the variance explained by AD alone. In
contrast, among participants without Alzheimer dementia (n

Neurology.org/N
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Figure 3 Hippocampal volume (standardized) for individ-
uals with different combinations of 3 pathologic

conditions
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Combination of neuropathologies
(in the order of AD, TDP/HS, vessel diseases)

The 3 neuropathologic conditions shown are (1) pathologic diagnosis of
Alzheimer disease (AD) according to modified National Institute on Aging-
Reagan criteria; (2) transactive response DNA-binding protein 43/hippo-
campal sclerosis (TDP/HS), defined as TDP inclusion that was extended be-
yond the amygdala or the presence of HS; and (3) vessel diseases, defined as
moderate to severe amyloid angiopathy, atherosclerosis, or arterio-
losclerosis. Each dot represents an individual, and the horizontal bars rep-
resent the median hippocampal volume of each group.

= 307), AD explained 3.2% of the variance of hippocampal
volume (increase in R> 0.032, 95% bootstrapped CI
0.009-0.073), and TDP/HS contributed to a smaller pro-
portion and was not significant (increase in R* 0.011, 95%
bootstrapped CI —0.002 to 0.046).

Discussion

Substantial neuronal loss and atrophy are observed in the
hippocampi of older adults with AD pathology, and struc-
tural MRI measures of hippocampal atrophy have been used
as surrogate biomarkers for the disease. More recent studies,
recognizing the lack of specificity of hippocampal volume
loss, suggest this measure as an indicator of disease pro-
gression in persons with amyloid-positive PET scans.”® In
this study, we investigated the associations of common age-
related neuropathologies with hippocampal volume as
measured by postmortem MRI and quantified the variance
of hippocampal volume explained by non-AD neuro-
pathologies above and beyond AD. We are specifically in-
terested in the contribution of TDP/HS because these
pathologies are observed predominantly in mesial temporal
regions and share similar amnestic syndromes with AD.
Several observations are highlighted that provide further
understanding of neuropathologic basis of structural MRI
changes in hippocampi.

Neurology.org/N

First, we reconfirm that hippocampal atrophy is nonspecific
to AD and is implicated in other non-AD neuropathologic
conditions. Data from a number of genetic and clinico-
pathologic studies have provided strong evidence that AD
leads to hippocampal volume loss. However, studies have
also shown the relationship of hippocampal volume with
other pathologies even in the presence of AD.” Several
challenges remain in evaluating structural MRI measures of
hippocampal atrophy in the context of AD, and these have
not been adequately addressed in the prior literature. Most
studies that examined the effect of AD on hippocampal at-
rophy did not account for other concomitant neuro-
pathologies. It is now widely recognized that AD rarely
occurs in isolation in the aging brain, and a majority of older
persons have mixed pathologies at autopsy. Indeed, data
from this study show that >90% of all pathologically di-
agnosed AD cases had at least 1 coexisting non-AD neuro-
pathology. In the assessment of a potential AD biomarker, it
is important to disentangle the effect of non-AD neuro-
pathologies from that of AD, and failure to do so may lead to
biased conclusions. Hippocampal atrophy has been reported
in vascular and Lewy body dementia.***° Yet, many of these
studies rely on clinical data, and the extent to which these
associations are attributable to coexisting AD pathology
could not be determined. In this study, we interrogated
a total of 9 neuropathologies (4 neurodegenerative and $
vascular) in the same regression model. Three of 4 neuro-
degenerative pathologies but only 1 of § vascular pathologies
was independently associated with hippocampal volume.
Furthermore, our results suggest that the contribution of
Lewy bodies and vascular diseases to hippocampal atrophy is
modest.

Separately, many studies tend to rely on the strength of an
association as a metric for prediction. There is little research
on predictive performance of hippocampal volume measures
in detecting AD, and results have been inconsistent. Using
postmortem data from 56 nuns, an early study reported that
postmortem hippocampal volume is able to predict autopsy-
confirmed AD with high sensitivity and specificity.® Another
study concluded that MRI-defined hippocampal atrophy may
be a sensitive marker of progression of AD, but it is not
specific for AD! By showing that both AD and TDP/HS
simultaneously explain significant proportions of the variance
of our hippocampal volume measure, the current study pro-
vides new evidence in support of the latter statement.

Second, we show that TDP/HS pathology is an important
factor that contributes to hippocampal volume loss. TDP/HS
has recently emerged as common pathologies that are distinct
from AD but have similar associations with late-life cognitive
decline, episodic memory in particular. Consistent with the
prior report,9 we found in this study that, like AD, TDP/HS
leads to hippocampal volume loss. Furthermore, we estimated
that overall the proportion of the variance of hippocampal
volume explained by TDP/HS is similar to that of AD (5% vs
7%), while among individuals with Alzheimer dementia, the
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Table 3 Adjusted R? of hippocampal volume due to neuropathologies

Model 1 (n = 547)

Model 2 (n =547)

Model 3 (n =547)

Model 4 (n = 547)

Predictors B Value SE 5a|ue B Value SE Calue B Value SE Calue B Value SE Calue
Age -0.020 0.005  <0.001 -0.017 0.005  <0.001 -0.013 0.005 0.006 -0.015 0.005 0.002
Male sex 0.142 0.076  0.063 0.123 0.071 0.085 0.128 0.068  0.059 0.128 0.071 0.071
Education -0.021 0.009  0.016 -0.020 0.008  0.012 -0.018 0.008  0.022 -0.022 0.008  0.008
Hemisphere volume 0.649 0.036  <0.001 0.567 0.034  <0.001 0.545 0.033  <0.001 0.563 0.034  <0.001
(1SD)
Amyloid load — — — 0.014 0.027  0.605 0.018 0.026  0.487 0.013 0.027  0.639
Tangle density — — — -0.243 0.029  <0.001 -0.221 0.029  <0.001  -0.240 0.029  <0.001
TDP — — — — — — -0.094 0.029 0.001 — - —
HS — — — — — — -0.480 0.093 <0.001 — — —
Atherosclerosis — — — — — — — — — -0.092 0.035  0.009
Adjusted R? 0.483 0.553 0.598 0.558
I|12crease in adjusted Referent 0.070 0.115 0.075
R
Likelihood ratio tests ~ — A =86.5, 1 =63.0, X =69,

p <0.001 p <0.001 p =0.009

Abbreviations: 3 = regression coefficient; HS = hippocampal sclerosis; SE = standard error; TDP = transactive response DNA-binding protein 43.

TDP is a semiquantitative measure coded as 0 = no TDP inclusion, 1 = inclusion limited to amygdala, 2 = inclusion extended to other limbic regions, and 3 =
inclusion extended to neocortical regions. HS is a binary measure coded as 0 = absent and 1 = present. Atherosclerosis is a semiquantitative measure coded as
0 =none, 1 = mild, 2 = moderate, and 3 = severe. Increase in adjusted R? compared the variance explained by model 2 vs 1, model 3 vs 2, and model 4 vs 1.
Likelihood ratio tests compared the fitness of model 2 vs 1, model 3 vs 2, and model 4 vs 2.

variance explained by TDP/HS is almost twice as much as
that explained by AD (6% vs 3%). These results indicate that,
in addition to the overlapping cognitive profiles for TDP/HS
and AD, their contributions to hippocampal volume loss are
comparable and the contribution of TDP/HS is even larger
than that of AD in Alzheimer dementia. The public health
implication of these findings is 2-fold. On the one hand, using
hippocampal atrophy as an AD biomarker or even as an in-
dicator of progression of AD pathology, without properly
accounting for contributions due to TDP/HS, is likely to bias
the impact of therapeutic agents and to undermine the de-
velopment of effective therapies for AD. This is particularly
relevant given that neurodegeneration biomarkers (N) have
been incorporated, together with amyloid (A) and tau (T),
into the latest AD research framework of AT(N). While
a marker for the progression of AD pathology, it is equally or
even more likely that neurodegeneration is reflective of co-
existent TDP/HS, especially in persons with Alzheimer de-
mentia. On the other hand, prior reports highlight a marked
impact of TDP/HS on dementia,n’32 which creates a great
sense of urgency for developing biomarkers or diagnostic
criteria for TDP/HS. Notably, lack of specificity for hippo-
campal volume does not preclude other indices that can be
used to distinguish TDP/HS from AD. A recent study
reported that an inward hippocampal deformity is associated
with PHFtau tangle pathology but not with f-amyloid or TDP
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pathology,33 suggesting that shape analysis of hippocampi
may hold potential for capturing profiles for distinct
neuropathologies.

Our study is unique in many aspects. The ROSMAP partic-
ipants were enrolled without known dementia and followed
up annually, and all agreed to brain donation after death. Over
decades of follow-up, some developed cognitive impairment
or dementia, and some died without impairment. This design
provides brain specimens from a cohort of persons that span
the spectrum of cognition from normality to dementia and
have a range of age-related neuropathologies. This greatly
extends the clinicopathologic work that can be done. Uniform
structured neuropathologic evaluations provide rich measures
of various neuropathologies that are common in aging. These
neuropathology data, in combination with available post-
mortem MRI structural measure, allowed us to systematically
interrogate individual neuropathologies in association with
hippocampal volume and to quantify the contributions of
non-AD neuropathologies relative to that of AD. We pre-
viously reported independent associations of AD and HS with
smaller hippocampal volume.'>"® Here, we extended our
prior findings in 2 ways. First, with a much larger sample size,
the statistical results from our current study are more robust.
Our analyses revealed that in addition to AD and HS, TDP
and atherosclerosis are associated with smaller hippocampal
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volume. Second, we quantified the contributions to hippo-
campal volume by other neuropathologies above and be-
yond AD.

Limitations are noted. The ROSMAP participants are vol-
unteers, which limits the generalization of our findings. En-
rollment requires that participants agree to annual in-home
evaluations and brain donation; thus, the cohorts are selected.
On the other hand, home visits facilitate high follow-up rates
among survivors by reducing participation burden, and
agreement to brain donation at study entry promotes a high
autopsy rate. Both reduce the biases that may have occurred
either due to dropout or when autopsy is not obtained. Par-
ticipants on average are older-old, and the majority are non-
Hispanic whites. Future studies in cohorts of younger-old
persons and racial ethnic minorities are needed to further
address the generalizability of study findings. In addition, our
single-template method of extracting volumes may be less
accurate than more advanced, multiatlas segmentation
approaches that are under development for postmortem MRI.
Nevertheless, the resultant segmentations capture the local
expansion or contraction of the transformation field in the
vicinity of the medial temporal lobe and can therefore serve as
areasonable proxy for hippocampal atrophy. It is possible that
postmortem deformation of brain hemisphere and hippo-
campus may affect the quality of registrations to the template,
although our observations suggest otherwise. Because in-
tracranial volume is not available from postmortem MRI, we
included the measure of total hemisphere volume to control
for between-person differences in overall brain volume. As
a result, the neuropathologic associations with hippocampal
atrophy detected in our analysis may be limited to those that
are over and above more generalized brain atrophy. In
a model without controlling for total hemisphere volume, the
overall results for the associations of neuropathologies with
hippocampal volume were similar. Pathologically, our indices
for AD (e.g., amyloid load and tangle density) were measured
with much greater precision, which may have resulted in
underestimation of the contribution of the coexisting pa-
thologies. Nonetheless, we note that such underestimation
further strengthens our conclusion in comparing AD and
TDP/HS. The finding that TDP/HS (measured with less
precision) contributes importantly to hippocampal volume
loss after controlling for AD pathology (measured with
greater precision) suggests that this is a relatively conservative
estimate of the impact of TDP/HS on hippocampal volume
loss relative to AD. Separately, our current neuropathologic
protocol does not have the precision to investigate the role of
vascular or other injuries specific to the hippocampus, and we
may underestimate the role of vascular disease in specific
cases.
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