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Abstract

INTRODUCTION: Biomarkers remain mostly unavailable for non-Alzheimer’s disease
neuropathological changes (non-ADNC) such as transactive response DNA-binding
protein 43 (TDP-43) proteinopathy, Lewy body disease (LBD), and cerebral amyloid
angiopathy (CAA).

METHODS: A multilabel non-ADNC classifier using magnetic resonance imaging (MRI)
signatures was developed for TDP-43, LBD, and CAA in an autopsy-confirmed cohort
(N=214).

RESULTS: A model using demographic, genetic, clinical, MRI, and ADNC variables
(amyloid positive [AB+] and tau+) in autopsy-confirmed participants showed accu-
racies of 84% for TDP-43, 81% for LBD, and 81% to 93% for CAA, outperforming
reference models without MRI and ADNC biomarkers. In an ADNI cohort (296 cogni-
tively unimpaired, 401 mild cognitive impairment, 188 dementia), A and tau explained
33% to 43% of variance in cognitive decline; imputed non-ADNC explained an addi-
tional 16% to 26%. Accounting for non-ADNC decreased the required sample size to
detect a 30% effect on cognitive decline by up to 28%.

DISCUSSION: Our results lead to a better understanding of the factors that influence
cognitive decline and may lead to improvements in AD clinical trial design.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | BACKGROUND

Alzheimer’s disease (AD) is defined neuropathologically by the pres-
ence of amyloid beta (AB) plaques and tau tangles.! The recent advent
of positron emission tomography (PET) tracers and biofluid assays for
AB and tau has enabled the use of these markers as inclusion crite-
ria in clinical trials, ensuring that participants satisfy the biological
definition of AD and are not clinical phenocopies.? However, neu-
ropathological studies have also established that, in sporadic AD, the
presence of AB and tau pathology very frequently is accompanied by
other pathologies, including a-synuclein-containing Lewy body disease
(LBD), transactive response DNA-binding protein 43 (TDP-43) inclu-
sions, and A8 in the form of cerebral amyloid angiopathy (CAA).5~7
Indeed, in cases where AD is the primary pathologic diagnosis, only a
minority of cases have “pure” AD neuropathological changes (ADNC)
at autopsy.>%?

With advancing age, the number of neuropathological changes
found in combination with ADNC increases, with reports of co-
occurring pathologies ranging from 50% to 100%.3-7-19-13 Clinico-
pathological research on ADNC has revealed that each major co-
occurring pathology can cause distinct and often accelerated progres-
sion of the disease compared to ADNC alone.®'4-1? While ADNC has
been shown to be responsible for about 50% of the observed cogni-
tive decline on average, the contribution at the individual level varies
widely from 22% to 100%, with comorbid LBD, TDP-43, and vascular
pathologies contributing up to 41%, 24%, and 16% to 20%, respectively,
of decline®®.

The presence of comorbid pathologies is thus an important factor in
disease-modifying AD clinical trials, in two respects. First, statistically,
the varying pathological contributions contribute to an increased vari-
ance in longitudinal trajectories, in both placebo and treatment arms.
Second, biologically, candidate therapeutics targeting AS or tau, even
if effective, will have a ceiling of maximum response that is variable
across participants. For example, an efficacious AB-targeted therapy
may only attenuate the component of longitudinal decline that is driven
by AB. If this is only a minor contribution to the overall clinical decline
in some participants, the overall effect is to reduce the mean difference
from placebo and increase the variance in the treatment arm(s).

Currently, biomarker-based enrichment for pathology has been
integrated in many ongoing clinical trials2?; however, in vivo imaging
and fluid biomarkers of neuropathologic changes have been well estab-
lished only for AB and tau. As a result, the presence (or absence) of
comorbid non-ADNC (e.g., LBD, TDP-43, and CAA) remains unknown
while individuals are still alive and participating in clinical trials. By
including individuals with hidden non-ADNC, such trials are at risk
of incorporating significant error into their modeling of clinical pro-
gression estimates, likely underestimating the biological effectiveness

of any molecular treatment targeted to ADNC alone. Nonetheless,
excluding all individuals with non-ADNC may not be the best strategy.
Atrial that includes only participants with pure ADNC would not accu-
rately reflect the general population and could limit the scope of the
approved target population, unless broader eligibility criteria are eval-
uated in subsequent trials or eventual clinical practice. Therefore, tools
for efficient phenotyping to identify both ADNC and non-ADNC will be
crucial to accurately measure the effectiveness of these treatments.

Our first goal was to develop a data analytic tool to impute the pres-
ence of comorbid non-ADNC (LBD, TDP-43, CAA) in living individuals.
Antemortem in vivo MRI and autopsy-confirmed neuropathology eval-
uations for ADNC and non-ADNC were combined from three leading
AD cohorts: ADNI,21 Open Access Series of Imaging Studies-3 (OASIS-
3),22 and National Alzheimer’s Coordinating Center (NACC).2® We
evaluated the degree to which the presence of comorbid non-ADNC
in individuals 50 years old and older is detectable using macrostruc-
tural brain changes measured by widely available brain MRIs together
with demographic, genetic, and clinical assessments, and Aj and tau
biomarkers. Our second goal was to assess the value of the imputed
presence of non-ADNC by estimating the variance in cognitive decline
in ADNI participants explained by non-ADNC. Subsequently we incor-
porated these data to estimate the required sample size in early-AD
clinical trial scenarios designed to detect treatment effects on cogni-
tive decline.

2 | METHODS
2.1 | Study participants

Four cohorts of participants were used: (1) main study cohort with
autopsy confirmation of ADNC (AB plaques and neurofibrillary
tau tangles) and non-ADNC (ie, LBD, TDP-43, and CAA), (2) target
clinical study cohort, (3) early-AD clinical cohort, and (4) extended
cross-sectional neuroimaging sample.

The main study cohort for the development and validation of models
to detect the presence of non-ADNC included participants from ADNI
(data download on February 2023; N = 88), OASIS-3 (July 2021 data
release; N = 59), and NACC (December 2020 data release; N = 67). To
meet inclusion criteria, these study participants had undergone (1) a
neuropathologic evaluation of ADNC and non-ADNC (LB, TDP-43, and
CAA) as captured in the NACC Neuropathology (NP) Form version 10
(2014); (2) antemortem structural MRI; and (3) clinical and cognitive
assessments cross-sectionally within 6 months of the last antemortem
MRI, with the last clinical assessment yielding a clinical diagnosis
of dementia due to AD, mild cognitive impairment (MCI), or cogni-

tively unimpaired (CU). The sample size from NACC is limited as data
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collection on regional TDP-43 pathology began with NP Form version
10, and not all NACC Alzheimer’s Disease Research Centers (ADRCs)
report TDP-43 pathology data. Therefore, the NACC data were lim-
ited to two ADRC cohorts where balanced TDP-43 positivity data were
available.

The target clinical study cohort to assess the value of the imputed
presence of non-ADNC by estimating the variance in cognitive decline
was composed of N = 872 ADNI participants who met the follow-
ing criteria: (1) had PET biomarker assessment for the presence of
AD AR pathology and cerebral spinal fluid (CSF) p-tau181 biomarker
assessment for the presence of AD tau pathology; (2) underwent ante-
mortem structural MRI; (3) had clinical and cognitive assessments
cross-sectionally within 6 months of MRI; and (4) were not included
in the main study cohort (ie, no autopsy confirmed neuropathology
assessment).

An early-AD clinical cohort was used to estimate required sample
size for different clinical trial scenarios. This cohort included ADNI
participants from the target clinical study cohort who were aged 50
to 85 years and had a clinical diagnosis of MCI or dementia due to
AD, a Clinical Dementia Rating (CDR) of 0.5 or 1, a Mini-Mental State
Examination (MMSE) score of 24 to 30, biomarker evidence of AD
AB pathology based on AB PET, and 2-year longitudinal cognitive and
clinical assessments.

Additionally, an extended cross-sectional neuroimaging sample of
CU participants from each cohort (N = 558 ADNI, N = 327 OASIS-3,
and N =326 NACC) was used for harmonization of structural brain MRI

volumetrics as described below.

2.2 | Neuropathological assessment

The selection criteria for the classification of AD and other pathologies
in this study were based on the NACC Neuropathology (NP) version
10 guidelines, which were previously applied to cases from the ADNI,
OASIS-3, and NACC cohorts.”?* These criteria include the maximal
density of neocortical diffuse plaques, the maximal density of neocorti-
cal neuritic plaques, Thal AB phase, and Braak stage for neurofibrillary
degeneration. Participants were considered AB-positive (AB+) if they
had moderate or frequent neuritic plaques according to Consortium
to Establish a Registry for Alzheimer’s Disease (CERAD) criteria and
tau-positive (tau+) if their Braak stage for neurofibrillary degeneration
was equal to or greater than three. Furthermore, the assessment of
ADNC involved the utilization of an “ABC” scoring system: AS plaques
(A) by the method of Thal phases, neurofibrillary tangle stage (B) by
the method of Braak, and neuritic plaque score (C) by the method of
CERAD. The combination of A, B, and C scores was designated as “Not,”

»u

“Low,” “Intermediate,” or “High” ADNC, according to previously estab-
lished criteria.2>2¢ Specifically, when the A score was 0, it indicated
the absence of ADNC, denoted as “Not.” ADNC was considered “Low”
when the Braak stage I-II, with A score ranging from 1 to 3, regardless
of C score, or when the Braak stage Il1-VI, with an A score of 1 and C
score of O to 1. Within the Braak stage IlI-1V range, ADNC was classi-

fied as “Intermediate” when there was an A score of 1 combined with
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RESEARCH IN CONTEXT

1. Systematic review: The authors searched PubMed,
Google Scholar, and reference lists of relevant research
articles. They found that co-pathologies such as LBD,
TDP-43, and CAA were commonly observed in older
individuals with AD, even in those with confirmed Aj and
tau pathology, and significantly contribute to cognitive
and clinical decline. Unfortunately, there are currently
few reliable methods to detect these co-pathologies
antemortem.

2. Interpretation: The authors used an MRI-based classi-
fier for co-pathologies, which demonstrated that these
co-pathologies play a significant role in cognitive decline
among older individuals. This improved understanding of
the factors that influence cognitive decline could poten-
tially lead to advancements in AD clinical trial design.

3. Future directions: Future work should further validate
the proposed modeling approach for detecting the pres-
ence of co-pathologies in larger and diverse autopsy-
confirmed cohorts. Meanwhile, the proposed model and
similar approaches could provide the field with a better
understanding of how co-pathologies may impact clinical
trials.

a Cscore of 2 to 3, or an A score of 2 to 3 with any C score. Similarly,
for Braak stage V-VI, ADNC was categorized as “Intermediate” when
there was an A score of 1 with a C score of 2 to 3, an A score of 2 with
any C score, or an Ascore of 3with a C score of Oto 1. Lastly, ADNC was
labeled as “High” when Braak stage V-VI corresponded to an A score of
3andaCscoreof2to 3.

TDP-43-immunoreactive inclusions were evaluated in five
brain regions: spinal cord, amygdala, hippocampus, entorhinal cor-
tex/inferior temporal cortex, and frontal neocortex, with the response
categories “no,” “yes,” “not assessed,” and “missing/unknown.” Due
to the large number of “not assessed” or “missing/unknown” values
in the spinal cord region, TDP-43 positivity (ie, TDP-43+) was deter-
mined if there was any form of TDP-43 inclusions in the amygdala,
hippocampus, entorhinal/inferior temporal cortex, or neocortex.?’

Assessment of LBD staging was done through a-synuclein immuno-
histochemistry. Due to a high prevalence of cases with LBD primarily
confined to the amygdala and/or limbic brain regions with minimal or
no involvement of brainstem, LBD was considered present (i.e., LBD+)
if the individual showed any evidence of amygdala-predominant, limbic
transitional, or neocortical diffuse LBD according to the Consortium on
Dementia with Lewy Bodies criteria.?8

The CAA rating was determined using a topographic method. A
score of O indicated no presence of ABin the leptomeningeal or superfi-
cial cortical blood vessels. A score of “mild” reflected trace to scattered

positivity in either the leptomeningeal or cortical blood vessels. A
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score of “moderate” indicated the presence of circumferential, robust
staining AB deposits in at least some vessels in the leptomeninges or
neocortex. A score of “severe” corresponded to widespread circum-
ferential Ag positivity in many leptomeningeal and superficial cortical
vessels. Participants were deemed CAA-positive (i.e., CAA+) if they
had moderate to severe AB positivity in parenchymal and/or lep-
tomeningeal vessels. The analysis of CAA positivity was then repeated,
comparing cases with mild, moderate, or severe CAA to those without
any CAA.

2.3 | Clinical assessments

The demographicinformation of each participant included age at struc-
tural brain MRI and sex. Apoliporpotein E (APOE) genotyping was
performed using DNA from blood samples. Dose-dependent effect
of APOE ¢2 and ¢4 alleles were separately considered as potential
predictors of non-ADNC positivity in this study.

The candidate global cognitive assessments were limited to the CDR
Sum of Boxes (CDR-SB) and the MMSE based on a 30-point question-
naire. In addition, the Alzheimer’s Disease Assessment Scale-Cognitive
subscale 13-item (ADAS-Cog13) and a modified version of the preclini-
cal Alzheimer’s cognitive composite (NPACC)2? were considered as the
cognitive outcome measures in assessment of variance explained by
ADNC and non-ADNC and sample size calculation for early-AD clinical

trial scenarios.?

2.4 | Structural MRI acquisition and processing

The structural MRI data used in this study consisted of three-
dimensional MP-RAGE or IR-SPGR T1-weighted images obtained from
either 1.5T or 3T MRI scanners. A multi-atlas segmentation (MUSE)
framework was applied to parcellate the anatomical brain structures
and calculate gray matter volumetrics from the structural MRI.3! This
framework uses a diverse ensemble of warped atlases, as opposed to a
model-based average with uniform regional labels, to estimate regional
tissue volumes in each structural MRI. The approach allows for the
optimal estimation of volumes, regardless of image acquisition param-
eters and quality, by maintaining the consistency of segmentations.

To address interscanner and imaging protocol differences, the
ComBat-GAM harmonization technique was used to remove study
protocol- and scanner-associated variability in volumetric measures
of 113 regions of interest (ROIls) listed in Supplementary Material
Table 5$1.32 The study cohorts were divided into batches based on
imaging protocol and scanner properties, such as 1.5T ADNI-1, 3T
ADNI-GO/2, and 3T ADNI-3 subcohorts within ADNI, 3T Siemens Bio-
graph and 3T Siemens TrioTim subcohorts within OASIS-3, and 1.5 GE
Discovery MR 750 and 1.5 GE Signa subcohorts within NACC. Within
each batch, individual ROI volume estimates were normalized using
the residuals of a least-squares-derived linear regression between raw
volumes and intracranial volume (ICV), based on the corresponding

CU data.® The batch-specific harmonization parameters were then

estimated based on the variability observed within and across CU
groups while considering normal variance due to age, sex, and APOE
¢4 carrier status, using a penalized nonlinear term to describe the age
effect. These batch-specific parameters were then applied to the entire
imaging dataset.

2.5 | Data modeling and statistical analysis

The demographic, clinical, and biomarker characteristics were com-
pared using two-sample t tests for continuous variables and chi-
squared tests for categorical variables.

Primary predictor variables for constructing a multilabel random
forest (RF) classifier to detect non-ADNC (LBD, TDP-43, and CAA) out-
comes simultaneously were as follows: ICV-adjusted and harmonized
regional volumetric estimates from automated MUSE parcellation;
demographics (age and sex); number of APOE alleles (¢2 and ¢4 sep-
arately); MMSE; CDR; end-of-life ADNC status (A positivity and tau
positivity separately); and potential interaction with number of APOE
alleles, sex, and AD pathology status. The RF classifier was chosen
due to its classification ability, flexibility in handling mixed features,
ability to prevent overfitting, handling of “small n large p” problems,
complex interactions, and interpretability.>* We adopted a muiltil-
abel approach as research indicates that the presence of different
non-AD pathological changes is not necessarily mutually exclusive.
The model was regularized with a penalty term constraint using the
structural connectivity-derived Laplacian matrix3® and controlled for
antemortem time interval—the time between in vivo MRl and death. A
fivefold cross-validation approach was used for final model validation.
Model performance was evaluated using area under the receiver oper-
ating characteristic (ROC) curve (AUC), classification accuracy (ACC),
positive predictive value (PPV), and negative predictive value (NPV)
for each non-ADNC label. Reference multilabel RF classifiers were con-
structed to assess the added value of volumetric and ADNC variables
(AB positivity and tau positivity) separately.

As the chance of additional pathology developing after in vivo MRI
increases with longer antemortem intervals, we assessed the model
performance for subgroups of participants with different ranges of
antemortem intervals to assess the potential influence of antemortem
interval on presence of non-ADNC predictions.

The validated model was applied to the target clinical ADNI cohort,
and the frequency of positivity for each non-ADNC was calculated.
We determined the extent to which ADNC (AgB-positivity evidence
from AB-PET and tau-positivity evidence from CSF p-taul81 levels
separately) and non-ADNC explain the variance in change in out-
come measures of mMPACC, ADAS-Cog13, and CDR-SB. Specifically,
a reference linear mixed-effects model was created, and ADNC and
non-ADNC markers and their interactions were added in a series of
models to estimate the between-subject variation in cognitive decline
explained by the corresponding pathologies after accounting for age,
sex, years of education, APOE &4 carrier status, and cerebrovascular
white matter lesion burden. It is important to acknowledge that the

target clinical ADNI cohort, which excluded participants with vascular
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pathology etiologies, had limited assessments of vascular risk factors
and outcomes beyond the study entry visit. However, given the known
association between vascular risk factors and white matter lesions, we
chose to focus on white matter lesion burden as the primary cere-
brovascular imaging marker, as it was available for all subjects in the
cohort through fluid attenuated inversion recovery (FLAIR) MRI data.
These lesions are recognized markers of cerebrovascular disease and
can impact cognitive function and the risk of developing AD.3¢:37

Sample size estimates were calculated for two early-AD clinical trial
enrichment scenarios to achieve 80% power in detecting treatment
effect sizes of 20% to 50% in 18-month placebo-controlled trials with
cognitive outcome assessment of ADAS-Cog13, performed every 6
months. Both enrichment scenarios considered demographic and clin-
ical inclusion criteria (ie, 50 to 85 years of age, a clinical diagnosis of
MCI or dementia due to AD, CDR of 0.5 or 1, MMSE score of 24 to
30) and screened for A biomarker positivity (global cortical florbetapir
standardized uptake value ratio [SUVR] > 1.11,%8 corresponding to 20
centiloids). Participants were further screened for biomarker evidence
of AD tau pathology (CSF p-tau181 > 24 pg/mL3?) in the second enrich-
ment scenario. CSF concentrations of p-tau181 was measured using
Elecsys CSF immunoassays on a cobas e 601 analyzer at the University
of Pennsylvania by the ADNI Biomarkers Core.

The sample size estimates were calculated for assumed treatment
effect sizes on overall clinical decline using linear mixed-effects model
analysis that applied standard methods described elsewhere.*® The
reference model for the fixed effects included the age at baseline.
Fixed effects further included scores for the presence of non-ADNC to
account for variance due to comorbid non-ADNC.

The use of the model as an additional screening tool was also
evaluated. In these scenarios, hypothetical patients were screened out
based on the presence of different non-ADNC combinations, under
the assumption that the treatment being tested would slow ADNC-
related changes only. Both the sample sizes and the associated screen
fail rates—an important practical tradeoff in clinical trials—were
calculated.

3 | RESULTS
3.1 | Main study participants

Participants (N = 214) who underwent autopsy and had available
invivo MRI and clinical assessments, as well as post mortem NACC Neu-
ropathology version 10 reports with complete ADNC, TDP-43, LBD,
and CAA assessments, were included in the main study cohort for
model development and validation (Table 1). Of these participants, 63%
had a high level of ADNC (“High ADNC”), 12% had an intermediate
level (“Intermediate ADNC”), 20% had a low level (“Low ADNC”), and
5% had no ADNC (“Not AD”). TDP-43, LBD, and CAA were present in
43%, 40%, and 80% of the participants, respectively. Additionally, 98%
of those with intermediate or high ADNC and 71% of those with either
no amyloid plaques or low ADNC had one or more comorbid patholo-

gies, as illustrated by the Venn diagrams in Supplementary Material
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Figure S1. More than one co-pathology was present in 33% of individ-
uals with no or low ADNC and 66% of individuals with intermediate or
high ADNC.

3.2 | In vivo classification of comorbid non-ADNC

The full classifier model, which included demographic, clinical, num-
ber of APOE alleles (2 and 4 separately), ADNC status (AS positivity
and tau positivity separately), and MRI volumetric variables, as well
as being assessed with cross-validation within the main autopsy-
confirmed study cohort, had an accuracy of 81% [75%, 86%)], with 78%
PPV and 83% NPV, resulting in an AUC of 0.90 [0.86, 0.94] for TDP-43
positivity (Figure 1). For LBD positivity, the model had an accuracy of
81% [75%, 86%], with 78% PPV, 83% NPV, and an AUC of 0.91 [0.87,
0.94]. The accuracy of CAA positivity in differentiating cases with mod-
erate to severe CAA from those with no to mild CAA was 76% [70%,
82%], with 75% PPV, 77% NPV, and an AUC of 0.87 [0.82, 0.92]. CAA
positivity in differentiating cases with mild to severe CAA to those
without any CAA vyielded a classification accuracy of 92% [88%, 95%],
with 94% PPV, 84% NPV, and an AUC of 0.94 [0.90, 0.97]. In a sepa-
rate sensitivity analysis, we evaluated the performance of the proposed
multilabel imputation model in detecting the presence of a specific non-
ADNC pathology in the presence of other non-ADNC pathologies. For
instance, we focused on detecting the presence of TDP-43 in individ-
uals who were LBD-positive or CAA-positive. Comparing the model’s
performance in the presence of other co-pathologies to its perfor-
mance regardless of the presence of other co-pathologies, we observed
slight reductions in the AUC estimates by up to 0.03 units (0.87 vs 0.90
for TDP-43; 0.90 vs 0.91 for LBD; 0.85 vs 0.87 for CAA in differenti-
ating cases with moderate to severe CAA from those with no to mild
CAA; 0.92 vs 0.94 for CAA in differentiating cases with mild to severe
CAA to those without any CAA); however, these differences in perfor-
mance were not statistically significant (DeLong p value of .57, .96, .60,
and .80, respectively).

The reference model, which was limited to demographic, clinical,
number of APOE alleles (¢2 and €4 separately), and ADNC status with-
out MRI volumetric variables, and trained and cross-validated on the
same main autopsy confirmed study cohort, performed significantly
worse in differentiating positivity for all three comorbid non-ADNC
considered in this study. Specifically, the AUC for TDP-43 was 0.69
compared to 0.90; that for LBD was 0.68 compared to 0.91; and that for
CAA was 0.74 compared to 0.87 in differentiating cases with moderate
to severe CAA from those with no to mild CAA, and 0.87 compared to
0.94 in differentiating cases with mild to severe CAA from those with-
out any CAA (Delong z = 5.8, 6.7, 4.8, and 3.8, respectively). When
the reference model was further limited to demographic, clinical, and
number of APOE alleles (¢2 and ¢4 separately) variables only, the perfor-
mance in identifying TDP-43, LBD, moderate to severe CAA, and mild
to severe CAA further decreased with AUC values of 0.66, 0.68, 0.73,
and 0.79, respectively.

The AUC for in vivo detection of the comorbid non-ADNC in

the subsets of the study cohort with different antemortem interval
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TABLE 1 Demographic, clinical, and neuropathologic characteristics of the participants included in the main study cohort for model
development and validation.

Characteristics ADNI OASIS-3 NACC Overall
N 88 59 67 214
Age at death, years (SD) 83.0(7.1) 83.6(8.2) 81.6(8.4) 82.7(7.8)
Female, n (%) 23(26) 23(39) 35(52) 81(38)
Age at last MRI, years (SD) 80.0(7.0) 78.4(8.6) 75.7 (8.4) 78.2(8.1)
Cognitively unimpaired at last MRI, n (%) 11(12) 18(31) 10(15) 39(18)
Mild cognitive impairment at last MRI, n (%) 33(38) 0(0) 7 (10) 40 (19)
Dementia at last MRI, n (%) 44 (50) 41(69) 50(75) 135 (63)
Mini-Mental State Examination (MMSE) at last MRI, mean (SD) 24.0(4.9) 25.5(3.8) 19.1(6.6) 22.9(5.8)
Clinical dementia rating at last MRI, mean (SD) 0.8 (0.6) 0.6 (0.5) 1.2(0.8) 0.9(0.7)
APOE genotype, n (%)
€2/e3 3(3) 7(12) 4(6) 14 (6)
e2/e4 2(2) 3(5) 2(3) 7(3)
€3/e3 34(39) 22(37) 24 (36) 80(38)
€3/¢4 35 (40) 22(37) 27 (40) 84(39)
e4/e4 14 (16) 5(9) 10(15) 29 (14)
AD neuropathological changes (ADNC)?P
Not, n (%) 4(5) 2(3) 4(6) 10(5)
Low, n (%) 17(19) 16 (27) 9(13) 42(20)
Intermediate, n (%) 8(9) 10(17) 8(12) 26(12)
High, n (%) 59(67) 31(53) 46 (69) 136 (63)
TDP-43 immunoreactive inclusions, simplified staging®
None, n (%) 46(52) 37 (63) 38(57) 121(57)
Amygdala only, n (%) 4(4) 4(7) 6(9) 14 (6)
+ Hippocampus, n (%) 26 (30) 12(20) 20(30) 58(27)
+ Middle frontal gyrus, n (%) 12 (14) 6(10) 3(4) 21(10)
Lewy body pathology consensus criteria®
None, n (%) 43(49) 36(61) 42(63) 121(56)
Olfactory only, n (%) 3(3) 4(7) 1(2) 8(4)
Amygdala predominant, n (%) 12 (14) 5(9) 9(13) 26(12)
Limbic, n (%) 8(9) 2(3) 11(16) 24(11)
Neocortical, n (%) 22(25) 12(20) 4(6) 35(16)
Cerebral amyloid angiopathy
None, n (%) 14 (16) 12 (20) 16 (24) 42(20)
Mild, n (%) 37 (42) 26 (44) 22(33) 85 (40)
Moderate, n (%) 20(23) 14 (24) 16 (24) 50(23)
Severe, n (%) 17 (19) 7(12) 13(19) 37(17)

2Hyman BT, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Carrillo MC, et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease. Alzheimer’s & Dementia the Journal of the Alzheimer’s Association: 2012;8:1-13.

bMontine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW, et al. National Institute on Aging-Alzheimer’s Association guidelines for the
neuropathologic assessment of Alzheimer’s disease: a practical approach. Acta neuropathologica. 2012;123:1-11.

“Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA, Arfanakis K, et al. Limbic-predominant age-related TDP-43 encephalopathy (LATE): consensus
working group report. Brain. 2019;142:1503-27.

dAttems J, Toledo JB, Walker L, Gelpi E, Gentleman S, Halliday G, et al. Neuropathological consensus criteria for the evaluation of Lewy pathology in post-
mortem brains: a multi-centre study. Acta neuropathologica. 2021;141:159-72.
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ROC analysis of comorbid non-ADNC positivity prediction in autopsy-confirmed main study cohort of CU elderly individuals,

individuals with MCl, and individuals with dementia due to AD. The full multidisciplinary model used harmonized ICV-adjusted regional volumetric
estimates from automated MUSE parcellation, demographics, number of APOE alleles (¢2 and ¢4 separately), MMSE, CDR, and end-of-life ADNC
status (AB positivity and tau positivity separately) as primary predictor variables. Reference classifiers were constructed to assess the added value
of ADNC biomarkers together with MRI volumetrics. TDP-43 positivity: none versus inclusions in amygdala, hippocampus, entorhinal/inferior
temporal cortex, or neocortex. LBD positivity: none versus amygdala predominant, limbic (transitional), or neocortical (diffuse) LBD pathology.
CAA positivity: none or mild versus moderate or severe CAA in Model 1; none versus mild, moderate, or severe CAA in Model 2.

limits is shown in Supplementary Material Figure S2. The performance
for detecting the presence of TDP-43, LBD, and mild to severe CAA
was stable with varying antemortem intervals, but the performance for
distinguishing moderate to severe CAA pathology from mild CAA or
no CAA was slightly better with longer antemortem intervals, which
might be due to significantly increased sample size rather than the

antemortem time interval per se. Additionally, the estimated ante-

mortem model scores for the prediction of the presence of comorbid
non-ADNC were associated with the stages of the TDP-43, LB, and
CAA defined at neuropathology assessment (Supplementary Material
Figure S3).

According to the 95% confidence intervals of the coefficient esti-
mates for the model variables, the presence of TDP-43 at autopsy was

associated with relatively greater atrophy in the limbic system and
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(A) TDP-43 positivity signature

(B) Lewy body positivity signature
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FIGURE 2 Antemortem MRI volumetric signatures associated with the presence of (A) TDP-43, (B) LBD, and (C) CAA pathology at autopsy. A
detailed list of anatomical regions is provided in the Supplementary Material. Color map illustrates the coefficient estimates of the statistically
significant (based on 95% confidence intervals) regional volumetric variables in predicting the presence of the corresponding comorbid non-AD

pathology.

functionally connected regions of the salience and language networks,
together with relatively lower levels of atrophy in key default mode
network regions as illustrated in Figure 2A and detailed in Supple-
mentary Material. The antemortem MRI volumetric signature for the
presence of LBD at autopsy included relatively greater atrophy in parts
of the limbic system, basal ganglia, and precuneus but relatively lower
atrophy in the brain stem, primary visual cortex, and dorsolateral pre-
frontal cortex (Figure 2B; Supplementary Material). Similarly, relatively
greater antemortem atrophy estimates predominantly in the limbic
system, salience and sensorimotor network brain regions, together
with relatively lower atrophy in the ventromedial prefrontal, primary
visual, and parts of the sensorimotor and executive control network
cortices (Figure 2C; Supplementary Material), were associated with the

presence of CAA at autopsy.

3.3 | Predicted presence of comorbid non-AD
pathologies in clinically diagnosed ADNI participants

The target cross-sectional ADNI study cohort of N =872 included 298
individuals who were CU, 376 individuals with MCI, and 198 individu-
als with a dementia diagnosis at the time of MRI used for imputation
of the presence of non-ADNC (Table 2). According to biomarker evi-
dence from AB PET (florbetapir) and CSF p-tau181, 24% of the CU
participants, 43% of the MCI participants, and 80% of the dementia
participants had biomarker evidence for the presence of both AS and
p-tau pathologies.

The multilabel non-AD pathology classifier identified 12% of the CU
participants as having TDP-43, 4% as having LBD, 25% as having mod-
erate to severe CAA, and 77% as having mild to severe CAA (Figure 3).
The estimated TDP-43 positivity rates were 2.5 to 3.9 times higher in
participants with a clinical diagnosis of MCI (30%) and dementia (47%),
respectively. The estimated LBD positivity rates were 3.8 to 9.2 times
higher in participants with a clinical diagnosis of MCI (15%) and demen-

tia (37%), respectively. While the estimated moderate to severe and

mild to severe CAA positivity rates within MCI (28% and 84%) were
similar to those of CU participants, the estimated CAA positivity rates
were 1.25 to 1.36 times greater within dementia (34% moderate to
severe CAA and 95% mild to severe CAA) compared to those of CU
participants.

Among participants with biomarker evidence of PET A and CSF
p-tau181 (A+T+), that is, suggesting intermediate to high ADNC,
regardless of clinical diagnosis, TDP-43 was imputed to be positive in
49% of participants, LBD pathology in 24%, moderate or severe CAA
in 32%, and mild, moderate, or severe CAA in 98% (Figure 3). These
rates of non-AD pathologies imputed within A+T+ ADNI participants
are in line with the previous clinicopathology literature. Specifically,
17% to 45% of ADNC cases at autopsy are accompanied by neo-
cortical LBD.>%10-124142 The comorbidity rate for TDP-43 (including
limbic-predominant age-related TDP-43 encephalopathy neuropatho-
logic change, or LATE-NC) is 35% to 58% based on multiple studies.*344
Moreover, in carefully characterized samples, CAA has been found to
affect between 43% and 86% of individuals with ADNC,>¢ with esti-
mates of 85% to 95% of AD cases having at least some degree of CAA.#°
In this cohort, only N = 35 participants were A—T+, of which 17% were
classified as LBD+, 17% TDP-43+, 3% moderate or severe CAA+, and
40% mild, moderate, or severe CAA+. However, due to the limited sam-
ple size, the estimated rates of non-ADNC positivity within different
age groups are inconclusive (Figure 3).

3.4 | Contribution of ADNC and non-ADNC to
cognitive and clinical decline

Within the target clinical cohort of ADNI participants, demographic
factors (age, sex, years of education), AD risk factors (APOE ¢4 car-
rier status and cerebrovascular white matter lesion burden), CSF
biomarker of AD-related p-tau181, and PET AgB burden, together with
imputed scores for the presence of non-ADNC (i.e.,, LBD, TDP-43,
and CAA), explained 50% to 61% of the variation in cognitive and
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TABLE 2 Demographic, clinical, and neuropathologic characteristics of the ADNI participants without neuropathology confirmation.

Characteristics

N

Age at MR, years (SD)

Female, n (%)

MMSE at MRI, mean (SD)

Clinical dementia rating at MRI, mean (SD)
At least one copy of APOE ¢4 allele, n (%)
At least one copy of APOE ¢2 allele, n (%)

White matter hyperintensity lesion burden
(% ICV), mean (SD)

Modified Hachinski score* n (%)
0
1
2
3
4

Biomarker evidence for AD pathology
AB PET SUVR, mean (SD)
PET AB+,n (%)
CSF p-tau181, mean (SD)
CSF p-tau181+,n (%)

Presence of TDP-43

Cognitively unimpaired

298
73.4(6.7)
166 (56)
28.9(1.4)
0.1(0.2)
86(29)
40(14)
0.46 (0.76)

158(53)
126 (42)
10(3)
4(1)
0(0)

1.1(0.2)
100 (34)
21.5(9.2)
91(31)

MCI Dementia
376 198
72.2(7.6) 74.2(7.9)
178 (44) 74 (39)
27.2(2.9) 23.0(3.8)
0.5(0.2) 0.9(0.6)
175 (44) 131 (70)
33(8) 11(6)
0.62(0.80) 0.62(0.70)
166 (44) 97 (49)
186 (49) 91(46)
10(3) 6(3)
11(3) 3(2)
3(1) 1(<1)
12(0.2) 1.4(0.2)
210(52) 166 (88)
25.8(14.1) 36.4(15.5)
169 (42) 156 (83)

Presence of TDP-43
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FIGURE 3 Estimated rates of TDP-43, LB, and CAA positivity within clinical diagnostic groups and within PET AS (A) and CSF p-tau181 (T)
biomarker-positive groups in target ADNI cohort without gold standard neuropathology assessments.
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FIGURE 4 Required treatment effect sizes are plotted against sample sizes in two 18-month early-AD clinical trial schemes, screened for
evidence of AS pathology only in black and for evidence of both AB and p-tau pathology in red. The plotted curves show the combinations of the
required treatment effect and sample size to achieve 80% power for ADAS-Cog13 outcome measures based on overall estimates of decline in
outcome measures after accounting for age at baseline in solid lines and after accounting for the contributions of the presence of non-ADNC

co-pathologies at the subject level in dashed lines.

clinical decline measured by mPACC, ADAS-Cogl3, and CDR-SB
(Table 3). While CSF biomarker of AD-related p-tau181 and PET
AB burden explained 26% to 36% of the variation in cognitive and
clinical decline after accounting for demographic factors, non-ADNC
explained an additional 24% to 25%, largely driven by LBD pathol-
ogy. In isolation, demographic factors explained only 8% to 12%
of the variation in decline in these cognitive and clinical outcome

measures.

3.5 | Early-AD clinical trial scenarios: Required
sample size and screen fails

Figure 4 show the effect sizes needed to achieve 80% power with
varying sample sizes for 18-month early-AD clinical trials. Overall,
taking into account the presence of co-pathologies at the individual
level enhances statistical power and reduces the necessary sample
sizes required to detect a slowing in the increase in ADAS-Cog13
at any required effect size. Specifically, in an 18-month placebo-
controlled trial, a sample size of 293 A3+ participants per group
is required to detect a 30% slowing in overall increase in ADAS-
Cog13 with 80% power. However, when accounting for contributions

of non-ADNC, the sample size decreases to 212 AB+ participants

per group to detect a 30% slowing in increase in ADAS-Cog13. This
equates to a 28% reduction in the required sample size. Similarly, to
detect a 30% slowing in overall increase in ADAS-Cog13 in a study
of participants positive for both AB and p-tau ADNC, the required
sample size per group decreases by 24%, from 228 per group to 174,
after accounting for contributions of non-ADNC co-pathologies at the
subject level.

Table 4 summarizes the results of modeling various scenarios for
the biomarker-based enrichment of non-ADNC pathology for an 18-
month placebo-controlled trial involving an early-AD population with
biomarker-confirmed AD AB+ and p-tau+ pathologies. The reference
scenario (scenario 0) involved participants with varying comorbid non-
ADNC but with no selection for it. The ADNC-driven contribution to
the slowing rate, estimated based on an overall 30% slowing in the
increase in ADAS-Cog13in scenario 0, was 51%, assuming the imputed
presence of non-ADNC within this reference population. This esti-
mated rate was then used to determine the required overall slowing
rate for scenarios 1 to 3, where participants were selectively screened
out based on the presence of comorbid non-ADNC and their com-
binations, also based on the imputed presence of non-ADNC within
the corresponding population. Accordingly, the required overall rate
of slowing for scenario 1, wherein participants with any comorbid

non-ADNC were screened out, was 51%. The required overall rate of
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TABLE 3 Between-subject variances in decline in clinical and cognitive outcome measures explained by demographics (age, sex, years of education, APOE ¢4 carrier status, and cerebrovascular

white matter lesion burden), AD pathologies (PET AB and CSF p-tau181 levels), and non-AD pathologies (model estimated scores for presence of TDP-43, LBD, and CAA).

Percentage additional variance

explained relative to demographics
+ AD biomarkers model

mPACC

Percentage total variance explained

mPACC

Reduction
mPACC

Total variance
mPACC
2.

CDR-SB

ADAS-Cog 13

CDR-SB

ADAS-Cog 13

CDR-SB

ADAS-Cog 13

CDR-SB
0.48
0.42
0.35

ADAS-Cog 13

5.87
521
3.75

Predictor

52

Reference model

12%
26%

11%
36%

8%

0.05
0.12

0.66
211

0.21
0.81

231
1.71

Demographics

32%

Demographics +

ADNC

24%

25%

25%

50%

57% 61%

0.24

1.43 3.57

0.24

2.30

1.09

Demographics +

ADNC + LBD +
TDP43 + CAA

21%

20% 21%

47%

57%

52%

0.22

1.31 3.37

0.25

249

1.21

Demographics +

ADNC + LBD

26%

31% 35%

0.12

0.79 2.05

0.35

3.82

1.73

Demographics +

ADNC + TDP-43

2% 1%

26%

34% 37%

0.13

0.84 2.15

0.35

3.72

1.67

Demographics +

ADNC + CAA
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slowingfor scenario 2, wherein participants with more than one comor-
bid non-ADNC were screened out, was 33%. The required overall rate
of slowing for scenario 3, wherein participants with comorbid LBD
pathology were screened out regardless of the presence or absence of
comorbid TDP-43 or CAA, was 46%. While screening out participants
with any comorbid non-ADNC led to a high additional screen fail rate
of 78%, the required sample size in this scenario was only 39% of that
required in the reference scenario. In contrast, a scenario of screen-
ing out only the participants with more than one comorbid non-ADNC
and the scenario of screening out only the participants with comorbid
LBD pathology both involved a smaller additional screen fail rate of
18% to 19%, but with gains in the relative sample size of 15% and 38%,

respectively.

4 | DISCUSSION

Co-pathologies such as LBD, TDP-43, and CAA are frequently
observed in older individuals with AD, even in those with confirmed
Ap and tau pathology, and significantly contribute to cognitive and clin-
ical decline. Treatments targeting just one pathology will thus have
variable and reduced overall measurable efficacy when applied to
such populations compared with an assumed population with ADNC
and no co-pathologies. We identified imaging signatures of these
co-pathologies, which cannot currently be measured with biomark-
ers, and used these signatures to determine the extent to which
these co-pathologies account for the variance in cognitive decline. We
demonstrated that when these signatures are used as covariates in
a clinical trial design, power is increased, resulting in a reduction of
the required sample size. Tools to identify individuals with comorbid
non-ADNC would be enabling technologies for a precision medicine
approach to clinical trials in sporadic AD and may reduce sample
sizes through use as covariates in statistical analysis or as additional
screening criteria.

This study used cross-sectional structural MRI, demographics, clin-
ical measures, number of APOE alleles (c2 and €4 separately), and AD
ApB and p-tau pathology to accurately identify individuals with comor-
bid pathological changes (accuracy: 76% to 92%; PPV: 75% to 94%;
NPV: 77% to 84%). The model outperformed the reference models,
which only used demographics, clinical measures, number of APOE
alleles, and (separately or jointly) AD pathology information, with-
out MRI volumetric variables, with a 0.08- to 0.22-unit improvement
in AUC. Without in vivo biomarkers to measure the presence and
severity of these co-pathologies, at present, TDP-43 pathology can
only be accurately predicted in individuals with C9orf72 and GRN
gene mutations or with neuropathological verification for individu-
als without a family history. Fluid biomarker studies have reported
the association of elevated CSF TDP-43 levels with amyotrophic lat-
eral sclerosis and rapid progression of frontotemporal dementia.*
However, since TDP-43 has a low concentration in CSF and mainly
originates from blood, its correlation with pathological accumulation
and neurodegeneration in the brain remains controversial.*’ Simi-

larly, a-synuclein markers in CSF, detected using assays based on
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TABLE 4 Scenarios of biomarker-based enrichment for comorbid pathology in placebo-controlled 18-month trial on early-AD population with

biomarker-confirmed AD Ag and p-tau pathologies.

Overall rate of ADNC-attributed

Scenarios slowing rate of slowing
No selection for 30% 51%
comorbid non-ADNC
Screen out patients with 51% 51%
any non-ADNC
Screen out patients 33% 51%
with > 1 non-ADNC
Screen out patients 46% 51%

positive for LBD

Additional screen Annual rate Sample size Relative

failure rate (%) of decline (n/group) sample size
0% 2.39 +2.64 226 100%

78% 217 +2.61 88 39%

19% 224+282 191 85%

18% 1.89 +2.69 139 62%

Note. The reference cohort (scenario 0) participants had variable comorbid non-ADNC (no selection for comorbid non-ADNC). Within the reference cohort,
each participant’s imputed presence of non-ADNC was accounted for to estimate rate of slowing in ADAS-Cog13 progression that would be attributed to
ADNC, given a 30% slowing in the overall ADAS-Cog13 progression. The estimated ADNC-attributed slowing rate was then used to estimate the required
overall slowing rate for scenarios 1 to 3, wherein some participants were selectively excluded based on the presence of one or more comorbid non-ADNC
pathologies as specified. Sample size to detect the required rate of slowing in overall rate of ADAS-Cog13 progression with 80% power along with the
estimated relative sample size compared to reference scenario, additional screen failure rate, and annual overall rate of decline are reported.

seeded aggregation of recombinant a-synuclein, have shown promis-
ing results as indicative biomarkers for LBD*® and the presence of
a-synuclein pathology in patients with Parkinson’s disease.*? Plans are
under way for ADNI CSF samples to be analyzed by this assay, and
the results will be used to further validate our approach to detect the
presence of LBD. Other indicative biomarkers, such as reduced basal
ganglia dopamine transporter uptake by PET or single-photon emission
CT, and supportive imaging biomarkers, such as relative preserva-
tion of medial temporal lobe structures, reduced occipital activity,
and posterior cingulate island glucose metabolism sign,’° support the
diagnosis of LBD. Although these biomarkers may have prognostic
implications, they do not inform the presence of underlying pathology.
Similarly, the Boston criteria are a diagnostic tool for probable-CAA
based on clinical and MRI information.°! The Boston criteria have
high diagnostic accuracy (74.5% sensitivity; 95.0% specificity; AUC
0.85) but have not been validated for use in asymptomatic individu-
als or individuals with a full range of neurodegenerative pathologies.
Our proposed computational approach for detecting CAA showed
superior performance to the Boston criteria (AUC 0.95 vs 0.85) with
greater sensitivity (97.7% vs 74.5%) but lower specificity (76.2% vs
95.0%). The poor specificity may be due to the fact that the major-
ity of the study cohort was identified with mild to severe CAA at
autopsy. When the class sizes are very different, classification algo-
rithms may favor the majority class, resulting in poor accuracy in
minority class prediction. Despite the trade-off between sensitivity and
specificity compared to the Boston criteria, which rely on ratings of
multiple MRI modalities to identify cerebrovascular imaging changes
visually, the proposed computational model for CAA may be useful
as an automated and scalable screening tool for comorbid CAA in
dementia studies.

We found that incorporating MRI volumetric information improved
classification performance compared to the models using only non-
imaging variables separately or jointly with AD biomarker variables.

The implications of ADNC in the context of predicting non-ADNC
are still incompletely understood, so our results suggesting ADNC
biomarkers do not improve the predictive value of non-imaging mod-
els require further investigation. For example, AB-PET scans reveal
A brain deposition in over 50% of LBD cases, reducing its ability to
distinguish between ADNC or LBD as the etiologic process underly-
ing an individual’s dementia.>2 However, some reports suggest that
TDP-43 may be driven by neuritic Ag plaques, meaning more neu-
ritic plaques may lead to greater likelihood of TDP-43 proteinopathy.?’
Since PET and CSF biomarkers were not widely available in our
autopsy-confirmed study cohort, we used binary A3 and p-tau posi-
tivity status as predictive variables in our models. Future studies are
needed to determine whether severity and burden of AB and p-tau
pathologies beyond positivity status can further predict the presence
of non-ADNC.

In the proposed computational models, the brain tissue volumetric
variations influencing the predicted score for the presence of non-
ADNC were dominated by limbic brain regions and cortical networks.
There is emerging literature investigating neuropathology-related
brain changes using antemortem structural MRI, describing associa-
tions between end-of-life presence of TDP-43 pathological changes

53-55 53,5556 3nd

in AD with smaller hippocampus, smaller amygdala,

faster rates of hippocampal atrophy;>’ LBD with normal hippocam-

58-60 58-60

pal volume, smaller

58,59,61

smaller dorsal mesopontine gray matter,
amygdala and occipital hypoperfusion;®* and CAA with tissue
loss pronounced in the occipital, temporal, posterior parietal, and
medial frontal regions independent of AD pathology.62¢° It is impor-
tant to note that our study does not explain the mechanisms behind
the detected non-ADNC-related structural variations. One possible
interpretation is that the MRI volumetric signatures are due in part
to the direct toxicity of the non-ADNC. There is considerable evi-
dence from animal and in vitro studies demonstrating that TDP-43,
LBD, and CAA have adverse effects on neuronal function. The second
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possible interpretation, not mutually exclusive, comes from pathology
studies showing that MRI volumetric changes represent cumulative
neurodegeneration from all etiologies, that is, they are not specific
for any single pathological process but rather reflect the complex
interactions of different etiologies.

Clinical trials aimed at treating AB accumulation in individuals
with MCI and mild to moderate AD clinical diagnoses have shown
that removing AB only partially slows downstream effects on tau
phosphorylation, neurodegeneration, and cognitive decline.®*-¢ Con-
sistent with this observation, our study and previous clinicopathologic
reports?>18 suggest that ADNC is the primary contributor to observed
cognitive and clinical decline. However, our results further suggest
that only a portion of the cognitive decline in these individuals can be
attributed to AB and p-tau, with non-ADNC accounting for up to 25%
of the variance in decline. Of the non-ADNC studied, LBD was found to
have the greatest impact on clinical decline compared to TDP-43 and
CAA.

In a hypothetical clinical trial scenario involving Ap+ early-AD
participants, accounting for cognitive decline caused by non-ADNC
decreased the sample size required to detect an effect on clinical
decline by up to 25%. This highlights how the heterogeneity of fac-
tors contributing to clinical outcome measures at the cohort level can
impact the design of AD clinical trials. It is worth noting that inter-
ventions targeting ADNC may also result in a reduction of non-ADNC
burden, as some evidence suggests that ADNC may facilitate non-
ADNC pathologies, perhaps through mechanisms like cross-seeding.¢”
Based on our findings, biomarker-based screening for comorbid non-
ADNC in an early-AD population could reduce sample size up to 61%
but comes with a higher additional screen fail rate of 78%. However,
selectively screening out participants with comorbid LBD regardless
of the presence or absence of comorbid TDP-43 or CAA could lead
to a smaller additional screen fail rate of 18% and a greater relative
sample size gain of 38%. Alternative enrichment strategies, wherein
AD biomarkers are personalized based on presence or absence of co-
pathologies, may have great potential for direct application in AD trials
and will require further investigation through future modeling studies
that incorporate multipathology and clinical symptom analysis.

This study has some limitations. Even though its data originated
from three different observational studies, these observational stud-
ies involved convenience cohorts, and the predictive performance of
our final classifier model was assessed using cross-validation. Thus,
the degree to which our findings apply to the general population is
unknown. We acknowledge the potential selection bias in autopsy-
confirmed cohorts and their differences from populations typically
targeted in early-AD clinical trials. While our study does not exclu-
sively focus on trial enrichment, it provides valuable insights into
the presence and characteristics of non-ADNC pathologies in older
individuals, regardless of their eligibility for clinical trials. Addition-
ally, the set of candidate independent non-ADNC predictor variables
considered in this study is not exhaustive. Most notably, the predic-
tion model did not incorporate cerebrovascular white matter lesion
burden as a predictor variable, because a substantial proportion of
the study cohort lacked the necessary FLAIR MRI. Another limita-

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

tion of the current study is the relatively small sample size due to
the limited availability of imaging and pathology data on the same
elderly individuals, especially with autopsy assessment of TDP-43.
This constrained our modeling to global binary classification, rather
than regionally specific staging. This limitation is especially relevant
for LBD and TDP-43, as previous research identified region-specific
associations between these pathologies, AD pathology, and cognitive

decline®”’.
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