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A B S T R A C T

Background: Having multiple comorbid neuropathologic features may confound the results of interventional trials 
that were designed to target a specific pathophysiologic mechanism in Alzheimer’s disease (AD) and or related 
dementias (ADRD). However, it is unknown what percentage of individuals undergoing AD/ADRD interventional 
studies have mixed pathologies.
Objective: To characterize the spectrum of coexisting neuropathologies in brains of AD/ADRD clinical trial par-
ticipants to inform trial design and therapeutic strategies
Methods: Autopsied participants from the University of Kentucky Alzheimer Disease Research Center (UK-ADRC) 
community-based cohort who died between January 2005, and February 2024 were included and queried 
retrospectively for participation in therapeutic interventional trials. Of a total of 614 autopsied cases, 67had been 
enrolled in one of the following types of clinical trials: cognitively normal participants in prevention trials for 
AD/ADRD (designated group P; n = 21); interventions for mild cognitive impairment or early dementia (MCI/D; 
n = 26); and, interventions for vascular cognitive impairment (V; n = 20). The trial-engaged groups were 
compared to the trial-naïve group in terms of their demographic, clinical, and genetic characteristics. Patho-
logical features (amyloid-β, tau, α-synuclein, TDP-43, and cerebrovascular disease) were assessed using 
consensus-based neuropathologic methods.
Results: All interventions were designed to target only a single pathologic feature. The trial-engaged group did 
not differ significantly from those who were trial-naïve with respect to demographic, genetic (APOE), or clinical 
characteristics, except for a marginally higher level of education among trial participants (p = 0.04). Pure on-
target pathology (i.e., only one isolated pathology was found at autopsy that was the signature pathology tar-
geted by the intervention) was only seen in 10, 23, and 29 % of the engaged participants of V, MCI/D and P trials 
respectively. Comorbid pathologies were common in all three groups. On average, the trial-engaged groups 
altogether had a mean of 2.54 pathologic features/person, whereas the MCI/D trial-engaged group had a mean of 
3.2 pathologic features/person.
Conclusion: Multi-etiology dementia was the norm rather than the exception for AD/ADRD trial participants. 
Recognizing the heterogeneity of multiple pathologies in clinical trial participants may enable the development 
of improved inclusion/exclusion criteria, as well as the rational use of antemortem biomarkers to stratify the 
likelihood of mixed comorbid pathologies that may be undesirable for single-target interventional studies. 
Further, multitargeted treatment strategies may be required in future trials of disease-modifying agents.
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1. Introduction

Over the past three decades, significant progress has been made in 
developing treatment options for Alzheimer’s disease (AD)-type de-
mentia, resulting in both symptomatic and disease-modifying drugs. 
Notably, two drugs that target amyloid plaques received full FDA 
approval in 2023 and 2024 [1–3]. These disease-modifying agents slow 

global cognitive decline by 22 to 40 % over 18 months, but have no 
documented evidence of a higher degree of clinical efficacy despite 
robust clearing of amyloid plaques from the brain [4–6]. The evolving 
landscape of AD drug development, 164 ongoing clinical trials assessing 
127 unique drugs for AD treatment- including 32 drugs in Phase 3, 81 in 
Phase 2, and 25 in Phase 1 [3], underscores the urgency of improving 
therapeutic outcomes.

The large and still growing investment in research and development 
for drugs designed to prevent amnestic dementia highlights the need to 
critically evaluate current therapeutic strategies and their effectiveness. 
Key questions arise: Are these therapies targeting the appropriate 
mechanisms, or might alternative pathways offer greater efficacy and 
improved safety? Are the current interventions being administered too 
late in the disease progression to yield meaningful benefits? And 
importantly, are comorbid pathologies that are left unaddressed by these 
treatments, undermining their effectiveness despite the drugs success-
fully engaging their intended biological targets? Addressing these 
challenges is crucial for advancing the field and achieving better 
outcomes.

Clinical studies and epidemiologic research have revealed that mixed 
pathology is common in (AD-type) amnestic dementia [7–9]. The 
co-occurrence of multiple brain pathologies in later life, such as cere-
brovascular disease (CVD), Lewy body disease (LBD), or TDP-43 pro-
teinopathies, alongside amyloid-β and tau pathologies, is the norm 

rather than the exception [10]. This complexity may include even 
clinical trial participants who are carefully selected based on strict in-
clusion and exclusion criteria to minimize the effects of comorbid con-
ditions that may also contribute to cognitive decline and dementia. If 
comorbid neuropathologies are prevalent in research participants 
enrolled in clinical trials testing the safety and efficacy of 
disease-modifying agents that target a single proteinopathy and/or 
mechanism, it is expected that the beneficial effects, should they exist, 
would be blunted or even undetectable despite the biological efficacy of 
the trial drug [11]. Investigating the prevalence of mixed pathologic 
features in clinical trial participants is thus an important step forward for 
advancing therapeutic strategies.

To date, systematic investigations of the frequency and implications 
of comorbid neuropathologies among ADRD trial participants have been 
limited to small autopsy case series drawn from single clinical trials 
[12–17]. To better characterize the neuropathologic substrates and 
frequency of multi-etiology dementia that may contribute to therapeutic 
failures, and to better inform future research and clinical trial design, we 
retrospectively analyzed neuropathologies of clinical trial volunteers 
who were enrolled in the community-based autopsy cohort at the Uni-
versity of Kentucky Alzheimer’s Disease Research Center (UK-ADRC).

2. Methods

2.1. Study sample

The UK-ADRC enrolls research volunteers in a community-based 
longitudinal cohort that actively recruits adults aged 70 and older 
from the Central Kentucky region and has been described previously 
along with recruitment details [18,19]. Briefly, volunteers agree to be 
followed approximately annually for cognitive, physical, and neuro-
logical examination and to brain donation and autopsy at death. Specific 
exclusion criteria—including Parkinsonism, active substance use disor-
der, and severe neuropsychiatric disorder (e.g., bipolar disorder or 
schizophrenia)—were applied before recruitment, but participants who

developed these conditions while in the study remained in the cohort. 
All UK-ADRC study activities are approved by the University of Ken-
tucky Institutional Review Board, and participants provide written 
informed consent.

The UK-ADRC cohort includes 1033 participants who passed away 
from September 1st, 1990, to January 1st, 2024 and underwent autopsy. 
Because participation in ADRD clinical trials within this cohort began in 
2005, we standardized our dataset by including only individuals (both 
trial participants and trial-naive participants) who died from 2005, to 
January 1st, 2024. Participants were initially categorized into two 
groups: those who engaged in ADRD clinical trials (n = 67) and those 
who were trial-naive (n = 546). We assessed whether the clinical trial 
cohort was representative of the total autopsied sample by comparing 
the demographics, genetic, and clinical measures, including age at 
death, sex, years of education, participants from underrepresented racial 
and ethnic groups, and the last study visit prior to death scores of MMSE 
CDR global (CDR-G) and CDR sum of boxes (CDR-SB) in addition to 
APOE genotype (any ε4 vs. no ε4).

We subdivided the 67 trial-engaged participants into three groups 
based on the types of clinical trials they participated in. The AD pre-
vention trial (P) category included interventions for the majority of the 
study subjects were cognitively intact at the time of enrollment and 
participated in interventions aimed at preventing the future develop-
ment of dementia (n = 21). The vascular trial (V) category included 
participants with vascular risk factors (e.g., hypertension, hyperlipid-
emia, DM, CVA, etc.), either subjective memory complaints, mild 
cognitive impairment (MCI), or mild dementia consistent with a diag-
nosis of VCID (n = 20). Though non-pharmacological trials, these V 
trials were included because the aims were focused on characterizing 
biomarkers of CVD. Lastly, the MCI/Dementia trial with presumed eti-
ology of AD (MCI/D) category included participants diagnosed with MCI 
or Dementia at the time of enrollment in the clinical trials listed in 
Table 1 (n = 26).

2.2. Neuropathologic classification

Autopsies included the neuropathological assessments specified in 
the National Alzheimer’s Coordinating Center (NACC) Neuropathology 
Data Set protocol [20]. The present analysis focused on amyloid-β, tau, 
α-synuclein, TDP-43 status, and CVD using consensus-based semi-
quantitative rating scales [21]. For analysis, we dichotomized the Con-
sortium to Establish a Registry for Alzheimer's Disease (CERAD) neuritic 
amyloid plaques scores as 0 (CERAD None and CERAD Possible AD) and 
1 (CERAD Probable AD and CERAD Definite AD). Similarly, Braak 
neurofibrillary tangle (NFT) stages were dichotomized as 0 (Braak NFT 
stages 0 - II) and 1 (Braak NFT stages III-VI). TDP-43 pathology for 
limbic-predominant age-related TDP-43 encephalopathy neuropatho-
logic change (LATE-NC) [22] was classified as present (LATE score 1 and 
above) or absent (yes = 1/no = 0). Alpha-synuclein staining for Lewy 
body pathologies [23] was also scored as present and absent (yes = 1/no
= 0). CERAD neuritic plaque scores were used as the primary measure of 
amyloid-β pathology, as neurotic plaques reflect active 
amyloid-associated neuronal injury most directly relevant to the disease 
mechanisms targeted by the interventions studied. CVD pathologic 
scores included multiple vascular pathologies, namely: 1. Any infarcts 
scored as 0 for no infarcts, 1 for a single infarct and 2 for ≥ 2 infarcts, to 
account for the greater contribution of multiple infarcts to overall VCID 

pathology burden. 2. Atherosclerosis scored as 0 (none or mild), and 1 
(moderate or severe); 3. Global cerebral amyloid angiopathy (CAA) 
scored as 0 (none or mild CAA), and 1 (moderate or severe); and 4. 
Global brain arteriolosclerosis scored as 0 (none or mild), and 1 (mod-
erate or severe). CAA has known links to Aβ biology but was classified as 
a vascular small-vessel pathology per NIA–AA/NACC conventions [7,20, 
24,25] The classification of significant CVD was applied to any cases that 
have two or more out of 4 CVD pathologic features described above 
(maximum possible score = 5).

E.P. Coskun et al. The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100669 

2 



The on-target/off-target classification used in this study was based 
on autopsy confirmed neuropathology relative to the intended biolog-
ical target of each clinical trial intervention rather than biomarker 
eligibility criteria or whether the participant met the original preventive 
objective of the trial. On-target pathology was defined as the presence of 
only those pathologic features inherent in the disease state targeted by 
the intervention in each clinical trial. This included amyloid-β, with or 
without tau for MCI/D trials; either no pathology or amyloid-β, with or 
without tau pathology for P trials, and only CVD pathology meeting 
significant criteria for the V trials. Alpha-synuclein and TDP-43 pa-
thology were not considered part of on-target pathology, as no in-
terventions in the included trials were designed to target these 
proteinopathies. Off-target pathologies were defined as neuropathologic 
features outside the intended biological target of the intervention.

2.3. Statistical analysis

Standard descriptive statistics, including means, standard deviations, 
and frequencies, are presented. Comparative statistics included the 
Welch t-test significant for between group analyses. All trial-engaged 
participants were further compared on demographic variables and 
ApoE4 status between cases that had only on-target vs. those with co-
morbid or exclusive off-target pathologies. The effects of time lag be-
tween clinical trial engagement and eventual death were tested with a 
Spearman correlating study. The p-value for statistical significance was 
set at <0.05 for this exploratory study. Few data points were missing on 
demographics. Those data points were not included in the analysis.

3. Results

Demographic, genetic, and clinical characteristics are presented in 
Table 2. Trial-engaged participants did not differ significantly from the 
trial-naïve group for demographic, genetic, and clinical characteristics 
with the exception of education which was marginally higher in the 
trial-engaged group (p < 0.05).

Given the variable time lag between clinical trial engagement and 
eventual death, we examined whether the duration of time from clinical

trial participation to eventual death and autopsy influenced the number 
of pathologic features seen. Spearman correlation analysis revealed no 
significant association (ρ = 0.172, p = 0.16), suggesting that the dura-
tion between trial engagement and death does not significantly impact 
the extent of pathology accumulation. As none of the interventions used 
in this cohort are known to modify AD pathology, treatment exposure 
was not considered to influence these autopsy findings.

The proportion of cases exhibiting only on-target pathology was 10
% in V, and 23.1 % in MCI/D groups (Fig. 1). Cases that exhibited only 
on-target pathology for the P group were seen at a much higher fre-
quency of 28.6 %. Although on-target pathology was defined for P group 
as the presence of either no pathology or amyloid-β, with or without tau 
pathology, all these 28.6 % of participants had no detectable pathology 
at autopsy. Notably, there were no participants in the P group who 
exhibited only amyloid-β, with or without tau pathology (Fig. 1). This 
finding can be interpreted in two ways: either the intervention agents

Table 1
Clinical trials represented in the autopsy cohort, including trial acronym, proposed mechanism, target population, and number of participants contributed by each 
trial.

Acronym Brief Description N Proposed Mechanism Population
Targeted

NCT #

AWARE ABBV-8E12 in Early AD 1 Tau-Targeting MCI/Dementia NCT02880956
CONNECT Azeliragon (TTP488) therapy in Mild AD 6 RAGE inhibitor MCI/Dementia NCT02167256
IGIV IGIV 10 % Treatment for Mild-to-Moderate AD 5 Immunomodulation MCI/Dementia NCT00818662
SNIFF Nasal Insulin in the Dementia 3 Insulin signaling MCI/Dementia NCT01767909
ELAN AN1792 active immunotherapy for AD 1 Immunomodulation MCI/Dementia NCT00088673
SUVEN-502 SUVN-502 +Donepezil + Memantine in Moderate AD 2 5-HT6 antagonist MCI/Dementia NCT02580305
TCAD (US202) T-817MA in Mild to Moderate AD 5 Neuroprotection MCI/Dementia NCT02079909
STEADFAST Azeliragon (TTP488) in Patients with Mild AD 1 RAGE inhibitor MCI/Dementia NCT02080364
DHA DHA supplementation in Mild AD 1 Neuroprotection MCI/Dementia NCT00440050
T2 Protect AD BHV-4157 in mild to moderate AD 1 Glutamate modulation MCI/Dementia NCT03605667
A4 # Solanezumab for Older Individuals Who May be at Risk for Memory Loss 2 Amyloid clearing Prevention (2 ◦ ) NCT02008357
Alpha Phase-

1*
The Antioxidant AT-001 for Reducing Brain Oxidative Stress 3 Antioxidant Prevention (1 ◦ ) NCT01731093

Alpha Phase-
2* 

AT-001 for Long-term Preservation of Brain Health in Alzheimer’s disease 1 Antioxidant Prevention (1 ◦ ) NCT03062384

Gemfib* Gemfibrozil in Predementia AD 8 MiRNA modulation Prevention (1 ◦ − 2 ◦ ) NCT02045056
INCREASE Cognitive Reserve Enhancement in Delaying AD onset 4 Cognitive reserve Prevention (1 ◦ ) NCT02849639
VPA Valproic Acid intervention for Intact Cognition 3 Neuroprotection Prevention (1 ◦ ) NCT01729598
MCI-CVD Early Detection and Prevention of Mild Cognitive Impairment Due to

Cerebrovascular Disease
18 CVD biomarker

characterization 
VCID NCT01924312

MARK-VCID Biomarkers for Vascular Contributions to Cognitive Impairment and Dementia 
Consortium

2 CVD biomarker 
characterization

VCID NCT06284213

*Indicates the trials targeted by the majority of the normal population and few MCIs. # indicates A4 trial is the only trial requiring AD biomarkers (Amyloid positivity) 
for inclusion/exclusion. 1 ◦ , Primary, 2 ◦ Secondary prevention. Abbreviations: AD, Alzheimer’s disease; Aβ, amyloid-beta; MCI, mild cognitive impairment; VCID, 
vascular cognitive impairment and dementia; RAGE, receptor for advanced glycation end products; DHA, docosahexaenoic acid; miRNA, microRNA; CVD, cerebro-
vascular disease; APOE, apolipoprotein E; IGIV, intravenous immunoglobulin; VPA, valproic acid, NCT Clinicaltrials.gov identifier.

Table 2
Demographic, clinical, and genetic (APOE ε4 carrier status) characteristics of 
trial and non-trial participants in the UK autopsy cohort.

Trial 
Participants (N)

Non-trial 
Participants (N)

Age at death years 81.9 ± 9.7 (67) 84.2 ± 9.8 (546)
Education years* 16.3 ± 3.2 (67) 15.4 ± 3 (505)
Male Sex (%) 52 % (67) 52 % (546)
Participants from underrepresented

racial/ethnic groups, n (%) 
4.5 % (67) 3.1 % (509)

MMSE total score (mean ± SD) 20.4 ± 8.8 (63) 20.0 ± 9.5 (489)
CDR global score (mean ±SD) 1.1 ± 1.1 (67) 1.3 ± 1.2 (488)
CDR sum of boxes (mean ± SD) 6.3 ± 6.4 (67) 7.30 ± 7.012 (488)
Apo ε4 carrier, n (%) 46.8 % (62) 39.6 % (497)

Data are presented as mean ± standard deviation (SD) or percentage, as 
appropriate. Continuous variables were compared using Welch's two-sample t-
test. Only available data were included in each analysis; therefore, sample sizes 
vary across variables and are indicated in parentheses. Abbreviations: MMSE, 
Folstein Mini-Mental State Examination; CDR, Clinical Dementia Rating Scale; 
ApoE4, apolipoprotein E4 allele.

* p < 0.05.
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were effective in preventing the development of AD pathology in this 
group, or these individuals may never have been predisposed to develop 
AD pathology, regardless of the intervention. Because none of the 
prevention-trial interventions have been shown to clear amyloid or 
prevent AD pathology, the absence of pathology at autopsy cannot be 
interpreted as a treatment effect and may simply reflect underlying 
biological predisposition.

The frequency of cases that did not exhibit any on-target pathology, 
but only off-target pathologic features, was 23.8 % for P, 40 % for V, and 
7.7 % for MCI/D trial participants (Fig. 1). These cases only included off-
target pathological features such as α- Synuclein, TDP-43/LATE-NC, and 
CVD pathologies where applicable.

The frequency of off-target pathologic features for participants 
without on-target pathology was 71.4 % for P, 90 % for V, and 76.9 % for 
MCI/D trials, respectively, which included cases irrespective of presence 
or absence of on-target pathology (Gray & Black bars in Fig. 1).

The frequency of comorbid pathologic features by trial type is sum-
marized in Fig. 2A, which displays the percentages of participants with 
0, 1, 2, 3, 4, or 5 pathologic features in each trial type. In the P and V 
trials, 28.6 % and 15.0 % of participants, respectively, had 0 features 
that met our operationalization threshold. In contrast, there were no 
participants in the MCI/D trial group without at least one of the studied 
pathologic features. Comorbid pathologic features were common, with 3 
or more pathologic features seen in 52.3 % of P, 45 % of V, and 69.4 % of 
MCI/D trial participants. The average number of pathologic features per 
person across all trial participants was 2.54. When analyzed by group, 
the mean number of pathologic features per person was 2.1 in the P 
group, 2.54 in the V group, and 3.19 in the MCI/D trial-engaged group. 

Fig. 2B highlights amyloid-β and tau pathologies in the MCI/D trial 
participants (92 % and 96 %, respectively) as expected but were also 
seen at high frequencies in the P (48 % and 52 %, respectively), and V 
trial participants (35 % and 65 %, respectively). Comorbid α-synuclein 
pathology was present in 14 %, 35 %, and 38 % of P, V, and MCI/D trial 
participants, respectively. Comorbid TDP-43 pathology was also com-
mon at 29 %, 25 %, and 46 % in P, V, and MCI/D trial participants, 
respectively. Vascular pathology was the most common comorbid pa-
thology in the P as 62 %. Vascular and TDP were equivalently seen most

common off-target pathologies (46 %) seen in MCI/D trial participants. 
In an exploratory study (given the small sample sizes), we investi-

gated whether demographic characteristics and APOE status could help 
refine inclusion/exclusion (I/E) criteria to minimize the confounding 
effects of comorbid or exclusively off-target pathologies (Table 3). Par-
ticipants with on-target pathology alone were younger at death than 
those with mixed neuropathology (77.9 vs. 83.4 years, p = 0.027), 
whereas education, APOE genotype, and the remaining clinical char-
acteristics did not differ significantly between groups.

4. Discussion

In this retrospective study, the frequencies of comorbid pathologies 
across clinical trial types demonstrate a high prevalence of comorbid 
pathologies. This data demonstrates that mixed pathology, representing 
multi-etiology dementia, is the norm rather than the exception in ADRD 

clinical trials. TDP-43, α-synuclein, and a moderate to severe degree of 
vascular pathology were frequently seen across clinical trial types. These 
findings demonstrate that clinical trial participants demonstrate similar 
profiles of mixed comorbid pathologic features compared to those seen 
in broader observational and cohort study populations investigating 
AD/ADRD [7,26,27], and further highlight the need to account for these 
complexities in therapeutic development and trial design.

While rigorous clinical trial I/E criteria are designed to enhance 
safety and efficacy, maximize interpretation of study results, and limit 
confounds that may interfere with safety and efficacy outcomes, the 
present study indicates that these measures are challenged by the fre-
quency of comorbid pathologies in the community. Given the limited 
success with recent disease-modifying drug trials demonstrating only a 
22–40 % slowing of clinical outcomes with complete or marked removal 
of amyloid pathology from the brain, the field is struggling to explain the 
disconnect between biological versus clinical efficacy [28]. Several ex-
planations have been proposed, including the confound of mixed path-
ologic features, which the present manuscript highlights [11,29]. Many 
participants already have substantial tau pathology by the time symp-
tomatic anti-amyloid trials begin, and tau burden is strongly linked to 
cognitive decline. Thus, even effective amyloid reduction may have

Fig. 1. Frequency of On-target/mixed/off-target pathologic features in each trial type. Trial type classification of participants based on having only the trial-
targeted pathology vs. additional co-morbid off-target pathologic features (mixed) vs. those with only off-target pathologic features demonstrates a high prevalence 
of off-target comorbid pathologic features that may confound targeted disease modifying therapy trials. Abbreviations: MCI, mild cognitive impairment; D, dementia 
of the Alzheimer-type; path, pathologic feature(s).
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limited clinical impact once tau pathology is established, interacting 
with, rather than replacing, the effects of non-AD comorbidities. 

Mixed pathologic features probably reflect distinct neurodegenera-
tive or CVD processes, which may be unrelated to the various study 
interventions in targeting and abrogating any one distinct pathologic 
process. With the potential and in-progress development of new bio-
markers for common comorbid pathological features, such as TDP-43, 
α-synuclein, and CVD [30–33], I/E criteria might focus on not just 
confirming a targeted biological process, but also on excluding comorbid 
neurodegenerative processes responsible for multi-etiology dementia. 
Simply excluding participants based on clinical labels like Parkinsonian 
syndromes or CVD has proven insufficient in eliminating underlying 
comorbid pathologies that may drive current or future cognitive decline, 
regardless of the primary clinical diagnosis or the on-target efficacy of 
the investigational drug.

In our exploratory analysis, participants with mixed neuropathology 
were older at death than those with on-target pathology alone, whereas 
education, APOE genotype, and other clinical characteristics did not 
differ significantly. One possible explanation is that individuals surviv-
ing to older ages have greater opportunity to accumulate additional age-
related neuropathologies, including cerebrovascular disease, α-synu-
clein, and TDP-43 pathology, resulting in a mixed neuropathologic

phenotype. Alternatively, individuals with relatively pure AD pathology 
may develop symptomatic disease earlier, leaving less time for the 
accumulation of additional age-related neuropathologies. Because of the 
limited sample size, these findings should be considered hypothesis-
generating and require confirmation in larger autopsy cohorts.

The present data also highlights that parameters such as de-
mographics and APOE genotype may not prove to be of much help in 
refining I/E criteria to eliminate the confounds inherent in common 
comorbid mixed pathologic features. Indeed, limiting I/E criteria for this 
purpose based on demographics and/or genetics may only serve to limit 
the generalizability of the data gathered in any particular trial. Refining 
I/E criteria must strike a balance between achieving a more homoge-
neous trial population and maintaining the generalizability of the trial 
results. Overly restrictive criteria could exclude many real-world pa-
tients who might otherwise benefit from such therapies, limiting the 
external validity of the findings. These data drive home the point that 
the confounding influence of mixed comorbid pathological features is an 
important, if not critical, concern, and further suggest that such study 
design challenges may be ameliorated through proactive clinical trial 
design improvements, such as refinement of I/E criteria. Although APOE 
did not aid in distinguishing mixed neuropathologies in this cohort, it 
remains important for risk stratification, trial safety considerations

Fig. 2. Participant autopsy findings illustrate the number (Panel A) and complexity (Panel B) of comorbid pathologies seen in participants by discrete trial types. 
Panel A demonstrates clinical trial participants have more than one pathologic feature, highlighting the need for either improved screening measures or outcome 
measures and data analysis plans that take this complexity into account. The mean number of pathologic features per participant across study groups was calculated. 
The overall average pathology count was 2.54 features per person. Group-specific means were 2.05 in the P group, 2.54 in the V group, and 3.19 in the MCI/D trial-
engaged group. Panel B demonstrates that comorbid Lewy Body disease, and TDP-43 proteinopathy confound both Alzheimer prevention and early-stage Alzheimer 
treatment trials. This data further demonstrates that Alzheimer pathology confounds clinical studies of cerebrovascular disease and vice-versa. Abbreviations: MCI, 
mild cognitive impairment; D, dementia of the Alzheimer-type; Aβ, β-amyloid plaques; Tau, Braak stage; α-Syn, Alpha-Synuclein for Lewy body pathology; TDP, Tar-
DNA binding protein 43.
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(particularly ARIA risk in anti-amyloid trials), and interpretation of 
biomarker and disease-progression patterns.The present data also il-
lustrates the importance of considering antemortem biomarker status in 
developing I/E criteria; only 7.7 % of participants in MCI/D trials lacked 
the targeted pathology. This frequency was larger prior to the devel-
opment of accurate antemortem biomarkers for detecting disease pa-
thology that is the target for trial intervention. Indeed, in comparison to 
most current amyloid-oriented clinical trials, the early solanezumab 
studies (that did not require amyloid-β positivity by PET for inclusion) 
had a much higher frequency of participants lacking the amyloid-β pa-
thology [34]. Most, but not all the participants included in the present 
study were in studies that required antemortem biomarker positivity for 
inclusion. This likely contributed to the low frequency of participants for 
whom the intervention was unlikely to be effective based on their un-
derlying pathology. Correspondingly, our data strongly argue for the 
inclusion of antemortem biomarkers to identify on-target pathology

when available. Prevention trials were grouped together as compared to 
other trial groups because individual trials in each group lacked 
biomarker confirmation and had very small autopsy samples, making 
further subdivision underpowered.

The present data demonstrating the high prevalence of comorbid 
pathologies for participants in clinical trials reinforces the idea that 
neurodegenerative disease states are complex and heterogeneous [12, 
35]. While many AD/ADRD clinical trials incorporated antemortem 

biomarkers such as amyloid and tau PET imaging or CSF-based markers 
to identify on-target pathology, few included comprehensive screening 
for other common co-pathologies, such as VCID, LATE-NC, and α-syn-
ucleinopathies [36,37]. Of course, there are challenges for each of these: 
we do not yet have an antemortem biomarker for TDP-43 pathology 
[38], whereas α-synuclein biomarkers are in the earliest stages of clin-
ical development and use [39], and antemortem biomarkers of CVD 

pathology while available, largely through MRI measures of white 
matter hyperintensities [40], have not yet been thoroughly vetted and 
established cut points have not been agreed upon. The absence of 
standardized biomarker-based inclusion criteria for such (often 
co-morbid) pathologic features has likely influenced the results of many 
past trials, leading to variable treatment responses and overall negative 
trial conclusions, even for some interventions that might have proven 
successful otherwise. Moving forward, a more comprehensive, practical 
biomarker framework is needed to improve participant selection and 
trial stratification.

Developing a full armament of antemortem biomarkers for the 
common pathologic comorbidities seen in ADRD trials will also enhance 
our ability to begin designing a precision-medicine approach to clinical 
trials in ADRD [41,42]. Such approaches may consider multi-targeted 
interventions and/or combination therapies to address common co-
morbid pathologic disease states. The development and implementation 
of combination therapy approaches could offer a promising solution for 
tackling multiple disease mechanisms. Recent advancements [43] in 
fluid biomarkers and neuroimaging, and approved therapies that reduce 
amyloid pathology, offer promising approaches [4,6], which would 
facilitate the development of such precision-medicine approaches 
involving combination therapeutic approaches for improved ADRD trial 
success.

Fig. 2. (continued).

Table 3
Demographic, clinical, and genetic characteristics of participants with on-target 
versus mixed neuropathology.

Variable On-Target 
Pathology (N)

Mixed 
Pathology (N)

Age at death, years * 77.7 ± 8.68(18) 83.4 ± 9.62 
(49)

Education, years 15.9 ± 2. (618) 
(11)

16.4 ± 3.4 (49)

Male Sex (%) 61.1 % (18) 49.0 % (49)
Participants from underrepresented

racial/ethnic groups, n (%) 
1.7 % (18) 34.1 % (49)

Apo ε4 carrier, n (%) 52.9 % (17) 44.4 % (45)

On-target pathology included no pathology or amyloid-β, with or without tau 
pathology for prevention trials, amyloid-β with or without tau pathology for 
MCI/AD trials, and only vascular pathology for vascular trials. Mixed pathology 
includes on-target pathology together with one or more off-target neuropa-
thologies. Data are presented as mean ± standard deviation (SD) or percentage, 
as appropriate. Only available data were included in each analysis; therefore, 
sample sizes vary by variable and are indicated in parentheses.

* p < 0.05.
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This study has limitations that should be considered when inter-
preting the results. Firstly, the participant cohort largely consisted of 
Caucasian individuals with higher educational levels that were willing 
to undergo autopsy, reflecting a selection bias that limits the general-
izability of the present findings [44,45]. Conversely, such discovery 
could not be achieved if such a select group of individuals did not agree 
to engage in all aspects of research from observational studies to clinical 
trials, to eventual autopsy. The small sample size is also a weakness of 
the present study. Overcoming barriers to engagement through educa-
tional initiatives and reinforcing the need for eventual autopsy confir-
mation is in its infancy in the setting of clinical trial research [46–48]. 
The NIH-funded Alzheimer Clinical Trial Consortium (ACTC) has 
embraced this imperative with an active autopsy registry program spe-
cifically targeting clinical trial participants. The present data argue for 
more widespread engagement in such long-term programs across clin-
ical trial sponsors including not just Federal, but also non-profit and 
Pharma sponsors [38,49,50]. Ultimately, further research and invest-
ment are needed to tackle the challenges inherent in ADRD clinical 
interventional research.

In conclusion, we found that multiple dementia-associated neuro-
pathologies were the norm in participants who had been recruited for 
AD/ADRD clinical trials. Future work needs to focus not only on speci-
ficity for inclusion’s sake, but also considerations should be made for 
stratifying based on risk for off-targeted pathologies. Furthermore, our 
study provides added evidence about the possible future utility of 
multiple therapeutic interventions in individual patients. The field needs 
to continue to focus on additional biomarker development and trial 
design innovations, and post-mortem tissue collection programs to 
further advance the present findings. Fortunately, such work is well 
underway across the globe as we move into a new era of precision 
medicine in ADRD clinical trial design, implementation, and therapeutic 
development.
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