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Abstract

INTRODUCTION: Early risk stratification for clinical dementia could lead to pre-

ventive therapies. We identified and validated a magnetic resonance imaging (MRI)

signature for Alzheimer’s disease (AD) and related dementias (ARDR).

METHODS: An MRI ADRD signature was derived from cortical thickness maps in

Framingham Heart Study (FHS) participants with AD dementia and matched controls.

The signature was related to the risk of ADRD and cognitive function in FHS. Results

were replicated in the University of California Davis Alzheimer’s Disease Research

Center (UCD-ADRC) cohort.

RESULTS: Participants in the bottom quartile of the signature had more than three

times increased risk for ADRD compared to those in the upper three quartiles

(P < 0.001). Greater thickness in the signature was related to better general cognition

(P< 0.01) and episodic memory (P= 0.01). Results replicated in UCD-ADRC.

DISCUSSION:Weidentified a robust neuroimagingbiomarker for persons at increased

risk of ADRD. Other cohorts will further test the validity of this biomarker.

KEYWORDS
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1 BACKGROUND

An increasing segment of the population in the United States is

becoming older and more diverse,1–4 demanding precision medicine

approaches to reduce the impending public health burden of late-onset

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2023 The Authors. Alzheimer’s & Dementia published byWiley Periodicals LLC on behalf of Alzheimer’s Association.

dementia. Our understanding of the multiple life-course contributing

risk factors to dementia,5–7 even dementia clinically attributable to

Alzheimer’s disease (AD), is evolving to recognize mixed underlying

pathologies, particularly among community-based samples8–11 and

across diverse races/ethnicities.12,13 Furthermore, systematic analyses
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of various pathologies suggest an even more complex relationship

between any specific pathology and future cognitive decline.11,14

Brain magnetic resonance imaging (MRI)–derived measures are

suitable, non-invasive biomarkers associated with various degenera-

tive neuropathologies15,16 that can be applied to large at-risk pop-

ulations. Several previous attempts have been made at creating a

structural imaging signature to identify persons at risk of clinical AD.

Early approaches used a guided selection of specifically vulnerable

regions that differed betweenADand cognitively normal individuals.17

Such a “signature approach” encompasses exploratory, data-driven

methods for selecting brain features most strongly associated with

the outcome of interest that generally differentiates cognitively nor-

mal from demented individuals. These methods vary from the use of

brain voxel locations or regions of interest.18 Feature selection tech-

niques include machine learning,18 voxel aggregation into signature

regions,17 and systematic testing and selection from a list of regions of

interest.19 Efforts of these methods differ from classification into dis-

crete categories to predicting continuous outcomes. A recent review

of deep learning methods finds excellent discrimination between cog-

nitively normal andADcohorts.20 Most of these studies, however, have

used highly selected clinical samples, emphasizing the detection of AD

pathology as the primary driver of dementia. Such an approach will

not necessarily generalize to the diverse US population, which is more

likely to have multiple pathologies contributing to dementia,8 particu-

larly for non-White individuals for whom non-AD pathologies may be

more common.12,13

In this work, we aimed to identify and validate a brain MRI AD and

related dementias (ADRD) signature that can predict the development

of clinical dementia, including the AD phenotype, in the community

based on data from the Framingham Heart Study (FHS). We further

replicate our results in a diverse community-based sample21 from the

University of California Davis Alzheimer’s Disease Research Center

(UCD-ADRC).

2 METHODS

2.1 Study design

A flowchart of the study design is presented in Figure 1. Our devel-

opment and testing samples were derived from FHS. Briefly, the FHS

is an ongoing population-based, longitudinal cohort study initiated

in 1948 to prospectively investigate the risk factors associated with

cardiovascular disease. It gathers data on a comprehensive range of

biological and lifestyle risk factors and cardiovascular, neurological,

and other disease outcomes across three generations of participants.

The original cohort enrolled 5209 women and men from Framing-

ham, Massachusetts, and participants have been under continuous

surveillance through biennial examinations assessing medical, physi-

cal, and laboratory measures.22 In 1971, 5214 children of the original

cohort and their spouseswere enrolled in the study. Theseparticipants,

referred as the offspring cohort, have undergone similar examinations

to the original cohort, every 4 to 6 years.23 We included participants

RESEARCH INCONTEXT

1. Systematic review: The literature review included tradi-

tional sources (e.g., PubMed). Brain magnetic resonance

imaging–derived biomarkers are suitable for the identi-

fication of persons at risk of dementia. However, most

current approaches have used selected clinical samples

and are unlikely to generalize to diverse populations as

they present with multiple pathologies contributing to

dementia. Relevant references are cited.

2. Interpretation: Our work led to the identification of

a cortical signature biomarker strongly associated with

incident all-cause and Alzheimer’s disease (AD) dementia

in a well-characterized community cohort. Results were

replicated in an independent andmore diverse cohort.

3. Future directions: The present work developed a robust

neuroimaging marker of AD and related dementias for

stratification of persons at risk of dementia, which will be

important to assess in other populations. Additional work

is warranted to identify risk and protective factors asso-

ciated with differences in the cortical thickness of this

region.

from the original and offspring cohorts who completed an MRI at the

26th and 7th examination cycles, respectively.

Our replication sample included participants from the UCD-

ADRC.21 The UCD-ADRC cohort was initiated in 2000 to enroll

participants aged ≥ 60 years from diverse race/ethnic backgrounds in

the East Bay and Sacramento areas of Northern California, with the

aim of maximizing sample heterogeneity in education and cognitive

function to better understand the risk factors that influence onset and

trajectories of cognitive impairment.21 This cohort has been evaluated

an average of 5.6± 3.32–16 times over 5.6± 4.01–17 years with clinical,

neuroimaging, and cognitive assessments. All participants signed an

informed consent. For this study, we included participants who under-

went brain MRI examination at their initial visit with an average time

between visit and MRI of 0.09 ± 0.11 years. The study is overseen by

the institutional review board of the UCD.

2.2 Neuroimaging examination

2.2.1 FHS

Themethods for brainMRI examination have been described before.24

Participants underwent neuroimaging by a variety of MRI machines

varying in field strength, from 1T to 1.5T. Imaging data were trans-

ferred to a central location for processing and analyzed by operators

whowere blinded to clinical characteristics at the Imaging ofDementia

and Aging Laboratory directed by Dr. DeCarli at the UCD.
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F IGURE 1 Study design flowchart. FHS, FraminghamHeart Study;MRI, magnetic resonance imaging; UCD-ADRC, University of California
Davis Alzheimer’s Disease Research Center.

2.2.2 UCD-ADRC

All the participants in the UCD-ADRC longitudinal diversity cohort

were scanned using a harmonized sequence that included high-

resolution3DT1and fluid-attenuated inversion recovery (FLAIR) imag-

ing. Most participants (56%) were scanned on a GE 1.5T system

followedbyaSiemens3Tsystem.Aminority of participants (17%)were

scanned on the Philips 1.5T platform.

2.3 Dementia ascertainment

2.3.1 FHS

Dementia surveillance in the FHS has been consistent throughout time

in all cohorts.25 In the original cohort, cognitive status has been moni-

tored since 1975 with a comprehensive neuropsychological battery.26

Participants were flagged if they scored below predefined scores on

the general battery or, since 1982, education-basedMini-Mental State

Examination (MMSE) cutoffs, experiencing a 3-point decline since the

most recent examination, or a 5-point overall decline compared to any

previous examination. Participants identified as having possible mild

cognitive impairment (MCI) or being at risk for developing dementia

were invited to undergo additional neurological and neuropsycholog-

ical examination every year onward until either the development of

dementia, or if two consecutive evaluations showed normal status, in

which case they returned to baseline tracking. Additional examina-

tion was also pursued whenever memory loss symptoms were self-

or family-reported, upon referral by a physician or an FHS investiga-

tor, or through annual health status updates.27 The offspring cohort

followed similar monitoring to the original cohort since 1991.28 In

addition to this tracking, a subjective memory question assessed since

1979 was used for retrospective ascertainment of cognitive status

in the offspring cohort. A dementia panel including at least one neu-

rologist and one neuropsychologist reviewed in detail each case of

possible dementia. The diagnosis of dementia was made according

to the Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition,29 criteria, and that of AD was based on the National Institute

ofNeurological andCommunicativeDisorders andStroke–Alzheimer’s

Disease and Related Disorders Association criteria.30 Participants

were required to survive for at least 6 months after the onset of

symptoms.

2.3.2 UCD-ADRC

Dementia diagnosis followed standard criteria established by the

National Institute on Aging Alzheimer’s Disease Research Centers,31

which is based on a clinical assessment of the presence or absence

of dementia and, when present, its severity using the Clinical Demen-

tia Rating Scale. More recently, clinical diagnosis also incorporates

the 2011 National Institute on Aging–Alzheimer’s Association (NIA-

AA) criteria for AD, which stipulates an etiology for both MCI and

dementia.32 Although none of the UCD-ADRC participants enrolled

in the study were demented at first observation, 180 (35%) were

diagnosedwithMCI.
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2.4 MRI post-processing pipeline

All MRIs were processed in the IDeA laboratory using an in-house

pipeline. Briefly, a convolutional neural network was used to remove

non-brain elements on MRI and derive total cerebral intracranial vol-

ume (TCV).33 Intensity non-homogeneities were removed34 and the

3DT1 imageswere segmented into graymatter,whitematter, and cere-

brospinal fluid tissuesusing aBayesianprobabilisticmethod.35 Cortical

thickness was determined using the three-tissue segmented images

using theDiReCTmethod.36 FLAIR imageswereprocessed through lin-

ear co-registration to 3DT1, followed by skull removal and segmenta-

tion ofwhitematter hyperintensities (WMH).37 B-spline registration38

with an age-appropriate template structural brain image39 was per-

formed for use in voxel-wise analysis, as reported previously.40 To

derive Dickerson’s signature,17 we used FreeSurfer v 6.0 to generate a

gray matter thickness region based on previous work41,42 aggregating

eight brain regions:medial temporal gyrus, temporal pole, inferior tem-

poral gyrus, supramarginal gyrus, superior parietal lobule, precuneus,

middle frontal gyrus, and superior frontal gyrus.

2.5 ADRD signature

For the development sample, we selected the most recent MRI (up to

2018) from 210 FHS participants in the original and offspring cohorts,

70 who had prevalent AD dementia at the time of MRI and 140 age-

and sex-matched participants who were dementia free at the time

of MRI. Quantification of cortical thickness for each image was per-

formed using the DiReCT diffeomorphism-based application36 applied

to the segmented gray matter mantle in an image native space. Tissue

segmentation input to the DiReCT application was generated by our

in-house pipeline as described above. Native space graymatter density

maps were then deformed to template space via B-spline parameters

previously computed in our pipeline.

Non-parametric t value cluster significance computations43 were

used to generate an “unbiased” statistical region of interest (sROI),

correcting for multiple comparisons over many image voxels while

simultaneously aggregating voxel between-group comparisons into

significant clusters. The t value significant clusters are computed from

tests of the null hypothesis of no relation between outcome and

individual voxel brain measures. If the null hypothesis is true, then

permuting the association between brain image and clinical diagnosis

should generate maximal associated cluster sizes of voxels of similar

volume to those of the actual regressions when aggregated over the

image.43 To compute these significant clusters, we performed 10,000

iterations, randomly permuting clinical diagnosis under the assumption

of a null association.We retained clusters from the original regressions

whose size was in the top fifth percentile of the size distribution. We

performed this analysis at separate t thresholds in the range from 3.0

to 6.5 with increments of 0.5. This is useful for delineating the regions

of significant association at variable association strengths.42 These lev-

els are displayed in Figure 2. For simplicity in the analyses of group

differences, however, our sROI consisted of all clusters at t≥ 3.0.44

The computed ADRD signature ROI was then applied to compute

gray matter mean densities in stroke- and dementia-free participants

from the FHS (testing sample, non-overlapping with the development

sample) and UCD-ADRC (replication sample) cohorts.

2.6 Cognitive assessments

2.6.1 FHS

A comprehensive neuropsychological battery was administered by

trained staff. We considered a range of cognitive tests assessing

several cognitive domains, including delayed episodic memory (Logi-

cal Memory—delayed), abstract reasoning (Similarities), and executive

function (Trail Making Test Part B-Part A, TMT B-A). For interpre-

tation purposes, TMT scores were re-signed such that higher values

indicate a faster time of completion, similar to other cognitive tasks.

We also derived a measure of general cognitive function using princi-

pal component analysis from distinct cognitive domains as previously

described.45

2.6.2 UCD-ADRC

This cohort follows the Spanish–English Neuropsychological Assess-

ment Scales (SENAS) battery,46 administered in English or Spanish.

Psychometrically matched measures across scales and language ver-

sions were derived from item response theory to create scores rep-

resenting the domains of executive function (i.e., Category Fluency,

Phonemic/Letter Fluency, Digit Span Backward, Visual Span Back-

ward, List Sorting—1 list, List Sorting—2 list) and episodic memory (i.e.,

Word List Learning—1, Word List Learning—2, Spatial Configuration

Learning).47

2.7 Statistical analysis

Analyses were performed in the testing sample from FHS and replica-

tion sample fromUCD-ADRC using identical methods (Figure 1).

In our primary analysis, we used Cox proportional hazard mod-

els to assess the association between thickness in the cortical ADRD

signature and incidence of all-cause and AD dementia up to 10-year

follow-up in participants aged ≥ 60 years. The ADRD signature was

modeled as a continuousmeasure (multiplied by 10 units) and by quar-

tile categories, which compared each of the upper three quartiles to

the bottom quartile (referent category) and the bottom versus upper

three quartiles (referent category) to explore threshold effects. In per-

sonswith incident dementia, the follow-up timewasmeasured in years

from theMRI examination used to derive theADRDsignature and until

disease onset. Persons who did not develop dementia within 10 years

after the MRI examination were censored at the last date when they

were known to be cognitively normal up to 10 years after their MRI

or at death. Primary models were adjusted for age and sex. Secondary

models were additionally adjusted for other brain MRI markers of
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F IGURE 2 Strengths of significant association (regression t values) for graymatter thickness in Alzheimer’s disease (AD) dementia cases
versus cognitively healthy controls after accounting for multiple comparisons. Cluster masks significantly associated with AD versus normal
cognition were computed separately for thresholds of t values from 3 to 6.5, in increments of 0.5. This highlights areas of differing but significant
association strengths. However, graymatter density means over the t≥ 3 cluster were used for the analyses.

dementia, including total brain volume, hippocampal volume, andwhite

matter hyperintensities, all expressed as the percentage of intracranial

volume. Analyses were repeated with clinically consistent AD demen-

tia as the outcome. Additional analyses examined the cross-sectional

association between the ADRD signature and cognitive function in

dementia-free participants using linear regressionmodels adjusting for

age, sex, and education, without age restrictions.

To further compare the performance of our ADRD signature with

existing neuroimaging predictors of dementia, we performed a head-

to-head comparison with Dickerson’s cortical signature,17 cortical

thickness, and hippocampal volume. Cox proportional hazard models

were used to assess the association between neuroimaging predictors

and risk of all-cause or AD dementia in the FHS sample using the same

analytical strategy as described above. The C statistic was also derived

to quantify the predictive discrimination of neuroimaging predictors.

Finally, we performed additional exploratory analyses to contextu-

alize our results. First, we analyzed a subsample of the UCD-ADRC

sample to explore the utility of the cortical ADRD signature in pre-

dicting conversion to all-cause and AD dementia among participants

withMCI. Second,weperformedstratified analysesby race/ethnicity in

UCD-ADRC to assess generalizability. Third, we related apolipoprotein

E (APOE) genotype (presence of at least one ε4 allele vs. none) to the

ADRC signature to determine potential genetic predisposition to atro-

phy patterns characteristic of our ADRD signature. Fourth, we tested

for interactions between the ADRD signature and sex on dementia and

cognitive outcomes, and further performed sex-stratified analyses. Sig-

nificant interactions were set at P < 0.1. Significant results for other

analyses were set at P< 0.05.

3 RESULTS

3.1 Participants’ characteristics

Table 1 describes the samples included at each stage in the study. At

baseline, the FHS testing sample included 1146 participants (mean

age 70.1 ± 7.2 years, 53% women); the UCD-ADRC replication sam-

ple included 513 participants (mean age 74.7 ± 6.8 years, 61% were

women).

3.2 Validation and replication of the ADRD
signature in independent samples

Table 2 presents association results between the ADRD signature and

incident all-cause and AD dementia. In our primary analysis adjusting

for age and sex, every 10th of a point increase in thickness in the AD

dementia ROI signature was significantly associated with a 20% and

21% reduced risk of all-cause and AD dementia, respectively, in FHS

(all-cause dementia hazard ratio [HR] = 0.80 [95% confidence interval

(CI) 0.75–0.85],P<0.001; ADdementiaHR=0.79 [95%CI 0.73–0.85],

P < 0.001). Results were consistently replicated in UCD-ADRC (all-

cause dementiaHR=0.74 [95%CI 0.70–0.78],P<0.001; ADdementia

HR = 0.73 [95% CI 0.68–0.77], P < 0.001). Modeled as a categorical

variable,weobservedanoverall lower risk for all-cause andADdemen-

tia in each of the upper quartiles of the ADRD signature compared to

the bottomquartile. These results were significant in both samples and

slightly stronger inUCD-ADRC.Finally,weobserved>3-fold increased

risk of all-cause (HR = 3.38 [95% CI 2.21–5.16], P < 0.001) and AD

dementia (HR = 3.35 [95% CI 2.04–5.50], P < 0.001) in FHS partici-

pantswithin the lowest ADRD signature quartile, compared to those in

the upper three quartiles. Replication results were slightly stronger in

UCD-ADRC, with > 5-fold increased risk of all-cause (HR = 5.09 [95%

CI 3.52–7.37], P < 0.001) and AD dementia (HR = 5.89 [95% CI 3.92–

8.85], P< 0.001). Kaplan–Meier curves further show incident rates for

all-cause and AD dementia for participants in the bottom versus upper

three quartiles of the ADRD signature (Figure 3).

In secondary models, additional adjustment by hippocampal and

WMH volumes decreased the magnitude of the HRs, but associations

remained largely significant, indicating the ADRD signature ROI’s pre-

dictive power for all-cause and AD dementia goes beyond these classic

MRImarkers.
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TABLE 1 Participants’ characteristics.

FHS

Development

sample

Dementia

sample (testing)

Cognition

sample (testing)

UCD-ADRC

(replication)

All-dementia/AD/Na 70/70/210 95/69/1146 0/0/2161 130/108/513

Age atMRI, mean (± SD) 82.4 (± 7.7) 70.1 (± 7.2) 62.5 (± 10.2) 74.7+ 6.8

Women, n (%) 126 (60.0%) 612 (53.4%) 1172 (54.2%) 311(61%)

APOE ε4 (≥1 ε4 allele), n (%) 52 (25.2%) 224 (20.3%) 435 (21.0%) 188 (38.5%)

Education, n (%)

Less than high school 33 (15.7%) 65 (5.7%) 80 (3.7%) 87(17%)

High school 77 (36.7%) 377 (32.9%) 612 (28.3%) 99(19%)

Some college 51 (24.3%) 342 (29.8%) 639 (29.5%) 109(21%)

College 49 (23.3%) 362 (31.6%) 832 (38.5%) 218(42%)

Race, n (%)

White 100% 100% 100% 248(48%)

Black 0% 0% 0% 119(23%)

Other 0% 0% 0% 29 (5.7%)

Hispanic ethnicity, n (%) 1 (0.5%) 5 (0.4%) 7 (0.3%) 117 (22.8%)

MRImarkers

ADRD signature ROI, cm2 1.82± 0.38 2.20± 0.26 2.25± 0.25 2.18+0.33

Dickerson’s signature, cm2 1.55± 0.19 1.57± 0.17 1.47+ 0.22

Cortical thickness, cm2 1.50± 0.17 1.53± 0.17 1.49± 0.21

Hippocampal volume, cm3 6.52± 0.73 6.63± 0.74 6.1± 0.79

Total brain volume, cm3 944.71± 99.11 970.02± 103.67 896.08± 92.31

WMHvolume, cm3 0.92 [0.47–2.00] 0.68 [0.32–1.20] 6.23 [2.60–13.61]

Cognitivemeasuresb

Executive function 0.33 [−0.06, 0.62] −0.03± 0.64

Episodic memory 0.14± 0.89 −0.16± 0.90

General cognition 0.18± 0.85

Abbreviations: ADRD, Alzheimer’s disease and related dementias; APOE, apolipoprotein E; FHS, Framingham Heart Study; MRI, magnetic resonance imag-

ing; ROI, region of interest; SD, standard deviation; UCD-ADRC, University of California Davis Alzheimer’s Disease Research Center; WMH, white matter

hyperintensity.
aDevelopment sample reflects prevalent cases, testing, and replication samples incident cases.
bRepresents standardized values in each cohort.

3.3 Associations between the ADRD signature
and cognitive function

In linewith the results described above,weobserved significant associ-

ations between the ADRD signature and cognitive function in primary

models adjusted for age, sex, and education in a younger sample from

FHS (Table 3). Greater thickness in the ADRD signature ROI was

cross-sectionally associated with better measures of episodic memory

(Beta ± standard error, 0.02 ± 0.01, P = 0.011) and general cognitive

function (0.02 ± 0.01, P = 0.009). In the older UCD-ADRC cohort, we

observed significant associations for greater thickness in the ADRD

signatureROIwithbetter episodicmemory (0.08±0.01,P<0.001) and

executive function (0.03 ± 0.01, P < 0.001). Modeled as a categorical

variable, having a cortical thickness in the bottomquartile of theADRD

signature was associated with poorer episodic memory and executive

function in UCD-ADRC, and poorer general cognitive function in FHS,

compared to those in the upper three quartiles. Additional adjustment

forMRImarkers in secondarymodels led to similar results.

3.4 Head-to-head comparison of dementia
neuroimaging markers

When modeled continuously, higher values for all the neuroimag-

ing markers were significantly associated with a decreased risk of

all-cause and AD dementia (risk reduction ranging from 8% to 21%

and 11% to 22%, respectively) independent of age and sex (Table 4).

More striking differences in effect estimates were observed when
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TABLE 2 Association between the cortical AD signature and 10-year risk of all-cause and AD dementia.

FHS validation sample UCD-ADRC replication sample

Cases/N HR [95%CI] P value Cases/N HR [95%CI] P value

All-cause dementia

Model 1

ADRD signature/10 94/1146 0.80 [0.75–0.85] <0.001 130/513 0.74 [0.70–0.78] <0.001

ADRD signature, quartiles

Q1 (referent) 56/286 1.0 69/128 1.0

Q2 17/287 0.38 [0.22–0.66] <0.001 31/128 0.33 [0.22–0.51] <0.001

Q3 10/287 0.25 [0.12–0.49] <0.001 21/129 0.21 [0.12–0.35] <0.001

Q4 11/286 0.25 [0.13–0.49] <0.001 9/128 0.07 [0.03–0.14] <0.001

Q2–4 (referent) 38/860 1.0 61/385 1.0

Q1 56/286 3.38 [2.21–5.16] <0.001 69/128 5.09 [3.52–7.37] <0.001

Model 2

ADRD signature/10 93/1122 0.89 [0.83–0.96] 0.002 130/512 0.78 [0.73–0.83] <0.001

ADRD signature, quartiles

Q1 (referent) 55/275 1.0 1.0

Q2 17/279 0.55 [0.31–0.98] 0.042 69/128 0.46 [0.29–0.72] <0.001

Q3 10/284 0.40 [0.20–0.81] 0.011 31/128 0.30 [0.18–0.52] <0.001

Q4 11/284 0.46 [0.23–0.92] 0.028 21/129 0.10 [0.05–0.20] <0.001

Q2–4 (referent) 38/847 1.0 9/128 1.0

Q1 55/275 2.09 [1.33–3.29] 0.002 61/385 3.48 [2.33–5.21] <0.001

Alzheimer’s disease dementia

Model 1

ADRD signature/10 69/1146 0.79 [0.73–0.85] <0.001 108/513 0.73 [0.68–0.77] <0.001

ADRD signature, quartiles

Q1 (referent) 42/286 1.0 61/128 1.0

Q2 11/287 0.35 [0.18–0.68] 0.002 22/128 0.27 [0.16–0.44] <0.001

Q3 9/287 0.32 [0.15–0.66] 0.002 18/129 0.20 [0.12–0.35] <0.001

Q4 7/286 0.23 [0.10–0.51] <0.001 7/128 0.06 [0.03–0.14] <0.001

Q2–4 (referent) 27/860 1.0 47/385 1.0

Q1 42/286 3.35 [2.04–5.50] <0.001 61/128 5.89 [3.92–8.85] <0.001

Model 2

ADRD signature/10 69/1122 0.89 [0.81–0.97] 0.006 108/512 0.77 [0.71–0.82] <0.001

ADRD signature, quartiles

Q1 (referent) 42/275 1.0 61/128 1.0

Q2 11/279 0.52 [0.26–1.05] 0.066 22/128 0.37 [0.22–0.62] <0.001

Q3 9/284 0.52 [0.25–1.11] 0.093 18/129 0.29 [0.16–0.52] <0.001

Q4 7/284 0.43 [0.19–1.01] 0.054 7/128 0.09 [0.04–0.20] <0.001

Q2–4 (referent) 27/847 1.0 47/385 1.0

Q1 42/275 2.01 [1.18–3.43] 0.010 61/128 4.06 [2.60–6.34] <0.001

Abbreviations:AD,Alzheimer’s disease;ADRD,Alzheimer’s disease and relateddementias;CI, confidence interval; FHS, FraminghamHeart Study;HR, hazard

ratio; MRI, magnetic resonance imaging; UCD-ADRC, University of California Davis Alzheimer’s Disease Research Center.

Model 1: Adjusted for age and sex.

Model 2:Adjusted for age, sex, andMRImarkers (i.e., total brain volume, hippocampal volume, andwhitematter hyperintensities) expressedas thepercentage

of intracranial volume.
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F IGURE 3 Kaplan–Meier curves showing rates for AD dementia and all-cause dementia by ADRD signature classification (Q1 vs. Q2-Q4). AD,
Alzheimer’s disease; ADRD, Alzheimer’s disease and related dementias; FHS, FraminghamHeart Study; UCD-ADRC, University of California Davis
Alzheimer’s Disease Research Center

neuroimaging markers were modeled categorically. Participants in

the bottom quartile of Dickerson’s signature, cortical thickness, and

hippocampal volume were almost twice as likely to develop all-

cause dementia compared to those in the upper three quartiles,

whereas the same classification based on our ADRD signature pre-

dicted a > 3-fold risk. Similar results were observed for AD dementia.

Secondary models additionally accounting for other MRI measures

revealed that only associations for the ADRD signature remained sig-

nificant. Finally, the ADRD signature showed higher or equivalent

C statistic values (but not lower) compared to other neuroimaging

predictors.

3.5 Exploratory analyses

A subanalysis among UCD-ADRC participants with MCI revealed that

every 10th of a point increase in thickness in the AD dementia ROI

signature was significantly associated with a 13% reduced risk of

conversion to all-cause dementia (HR = 0.87 [95% CI 0.81–0.93],

P < 0.001) and 16% reduced risk of conversion to AD dementia

(HR= 0.84 [95%CI 0.78–0.90], P< 0.001) independent of age and sex.

Further, participants in the lowest ADRD signature quartilewere twice

as likely to convert to all-cause dementia (HR = 2.0 [95% CI 1.3–3.0],

P < 0.001) and more than twice as likely to convert to AD demen-

tia (HR = 2.5 [95% CI 1.6–3.9], P < 0.001), compared to those in the

upper three quartiles. Results were significant although decreased in

magnitude after additional adjustment for MRI markers (Table S1 in

supporting information).

Stratified analyses by race/ethnicity in the UCD-ADRC sample

showed overall similar effect estimates between non-Hispanic White

and Black participants for the primary models, especially for AD

dementia (Table S2 in supporting information). Observed associations

between theADRDsignature and all-cause orADdementia risk among

Black participants were significant. Although following the same direc-

tion, the effect estimates observed in Hispanic participants tended to

be weaker and most were borderline significant, likely because this

group contributed the smaller number of cases (14 all-cause, 9 AD

dementia).

Additionally, we observed no significant associations between the

presence of at least one APOE ε4 allele and the ADRD signature in

either the FHS or the UCD-ADRC cohorts (Table S3 in supporting

information).

Finally, we found significant interactions between the ADRD sig-

nature and sex on incident all-cause dementia and cognitive function,

although these were not consistent across cohorts. For instance, men

in the bottomquartile of theADRD signature had a> 5-fold increase in

all-cause dementia risk, versus a 2-fold risk among women, but only in

FHS. Further, being in the bottom quartile of the ADRD signature was

related to poorer episodic memory amongwomen in FHS, whereas the

ADRD signature was related to poorer executive function among men

in UCD-ARDC. Sex-specific differences are presented in Tables S4 and

S5 in supporting information.
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TABLE 3 Cross-sectional association between the cortical ADRD signature and cognitive function.

FHS validation sample UCD-ADRC replication sample

Cognitive outcomesa N Beta± SE P value N Beta± SE P value

Episodicmemory

Model 1

ADRD signature/10 2157 0.02 ± 0.01 0.011 512 0.08 ± 0.01 <0.001

ADRD signature, Q1 vs. Q2–4 2157 −0.06 ± 0.04 0.147 512 −0.66 ± 0.08 <0.001

Model 2

ADRD signature/10 2126 0.02 ± 0.01 0.013 511 0.05 ± 0.01 <0.001

ADRD signature, Q1 vs.

Q2–4

2126 −0.06 ± 0.04 0.159 511 −0.45 ± 0.08 <0.001

Executive function

Model 1

ADRD signature/10 2135 0.00 ± 0.01 0.895 512 0.03 ± 0.01 <0.001

ADRD signature, Q1 vs. Q2–4 2135 −0.04 ± 0.03 0.297 512 −0.26 ± 0.06 <0.001

Model 2

ADRD signature/10 2105 −0.01 ± 0.01 0.136 511 0.03 ± 0.01 <0.001

ADRD signature, Q1 vs. Q2–4 2105 0.01 ± 0.03 0.743 511 −0.23 ± 0.06 <0.001

General cognitive function

Model 1

ADRD signature/10 2124 0.02 ± 0.01 0.009

ADRD signature, Q1 vs. Q2-4 2124 −0.12 ± 0.03 <0.001

Model 2

ADRD signature/10 2095 0.01 ± 0.01 0.304

ADRD signature, Q1 vs. Q2–4 2095 −0.08 ± 0.04 0.023

Model 1: adjusted for age, sex, and educational attainment.

Model 2: adjusted for age, sex, educational attainment, and MRI markers (i.e., total brain volume, hippocampal volume, and white matter hyperintensities)

expressed as the percentage of intracranial volume.
aCognitive outcomesweremodeled as standardized values.

Abbreviations: ADRD, Alzheimer’s disease and related dementias; FHS, Framingham Heart Study; MRI, magnetic resonance imaging; SE, standard error;

UCD-ADRC, University of California Davis Alzheimer’s Disease Research Center.

4 DISCUSSION

In the community-based study that included predominantly non-

Hispanic White participants, we identified a neuroimaging biomarker

strongly associated with incident all-cause and AD dementia. The

signature was obtained through the application of a voxel-based per-

mutationmethoddesigned to identify significant differences in cortical

thickness from a subgroup of participants with AD dementia com-

pared to age- and sex-matched individuals known to remain cognitively

normal for at least 10 years after theirMRI.

Subsequent validation and replicationof thisADRDsignature in two

community-based cohorts proved strong associationswith incident all-

cause and AD dementia. When mean thickness in the ADRD signature

was considered continuously, greater thickness was related to lower

dementia incidence with close effect sizes in both samples. These con-

firmatory results further strengthen the general applicability of this

finding as an MRI risk measure for incident dementia. Most associa-

tions remained despite adjustment for other MRI measures such as

total brain, hippocampal, and WMH volumes in secondary analyses,

supporting the unique contributions of this anatomical region to iden-

tifying individuals at risk for future dementia. Analysis of the ADRD

signature by quartiles of distribution further suggested results con-

sistent with threshold effects. We also show that the 10-year risk for

dementia among individuals in the lowest quartile of the ADRD sig-

nature was increased greater than three times for the FHS cohort

and nearly six times for the UCD-ADRC cohort. A higher risk in the

UCD-ADRC cohort likely reflects the inclusion of participants with

MCI. Individuals in the lowest ADRD signature quartile were also sig-

nificantly more likely to be adjudicated a clinical dementia diagnosis

compared to individuals in thehigher quartiles in both cohorts. Survival

estimates from parametric survival in the UCD-ADRC cohort found

a 5%, 9%, 20%, and 50% likelihood of dementia incidence at 2, 3, 5,

and 10 years, respectively, based on estimates for a cognitively nor-

mal, non-Hispanic White female 74.7 years of age. In summary, this

“unbiased” ADRD signature is associated with both all-cause and clin-

ical AD dementia in a large cohort of non-Hispanic White individuals,

as well as a diverse cohort including Black and Hispanic adults. Strat-

ified analyses by race/ethnicity show overall good generalizability to
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TABLE 4 Head-to-head comparison of neuroimaging dementia markers in the FHS validation sample.

Neuroimaging signatures

ADRD signature Dickerson’s Cortical thickness Hippocampal volume

All-cause dementia

Model 1 94/1146 94/1146 94/1146 94/1146

Continuous

HR [95%CI] 0.80 [0.75–0.85] 0.85 [0.77–0.94] 0.79 [0.71–0.88] 0.92 [0.89–0.96]

P value <0.001 0.001 <0.001 <0.001

C stat [SE] 0.84 [0.02] 0.81 [0.02] 0.82 [0.02] 0.81 [0.02]

Q1 vs. Q2–4

HR [95%CI] 3.38 [2.21–5.16] 1.83 [1.20–2.77] 1.97 [1.31–2.97] 1.57 [1.01–2.43]

P value <0.001 0.005 0.001 0.044

C stat [SE] 0.84 [0.02] 0.81 [0.02] 0.82 [0.02] 0.81 [0.02]

Model 2 93/1122 93/1122 93/1122 93/1122

Continuous

HR [95%CI] 0.89 [0.83–0.96] 0.93 [0.85–1.02] 0.90 [0.80–1.00] 0.98 [0.93–1.02]

P value 0.002 0.142 0.055 0.250

C stat [SE] 0.87 [0.02] 0.87 [0.02] 0.87 [0.02] 0.86 [0.02]

Q1 vs. Q2–4

HR [95%CI] 2.09 [1.33–3.29] 1.41 [0.91–2.19] 1.48 [0.97–2.28] 0.86 [0.52–1.42]

P value 0.002 0.120 0.072 0.554

C stat [SE] 0.87 [0.02] 0.87 [0.02] 0.87 [0.02] 0.86 [0.02]

ADdementia

Model 1 69/1146 69/1146 69/1146 69/1146

Continuous

HR [95%CI] 0.79 [0.73–0.85] 0.84 [0.75–0.94] 0.78 [0.68–0.89] 0.89 [0.86–0.93]

P value <0.001 0.003 <0.001 <0.001

C stat [SE] 0.87 [0.02] 0.85 [0.02] 0.85 [0.02] 0.87 [0.02]

Q1 vs. Q2–4

HR [95%CI] 3.35 [2.04–5.50] 1.76 [1.08–2.86] 2.13 [1.32–3.42] 2.13 [1.28–3.54]

P value <0.001 0.024 0.002 0.004

C stat [SE] 0.86 [0.02] 0.85 [0.02] 0.85 [0.02] 0.86 [0.02]

Model 2 69/1122 69/1122 69/1122 69/1122

Continuous

HR [95%CI] 0.89 [0.81–0.97] 0.93 [0.83–1.04] 0.89 [0.78–1.01] 0.96 [0.91–1.01]

P value 0.006 0.180 0.079 0.098

C stat [SE] 0.91 [0.01] 0.90 [0.01] 0.90 [0.01] 0.90 [0.01]

Q1 vs. Q2–4

HR [95%CI] 2.01 [1.18–3.43] 1.33 [0.80–2.21] 1.60 [0.97–2.63] 0.99 [0.56–1.75]

P value 0.010 0.269 0.065 0.969

C stat [SE] 0.91 [0.01] 0.90 [0.01] 0.91 [0.01] 0.90 [0.01]

Abbreviations:AD,Alzheimer’s disease;ADRD,Alzheimer’s disease and relateddementias;CI, confidence interval; FHS, FraminghamHeart Study;HR, hazard

ratio; MRI, magnetic resonance imaging; SE, standard error.

Model 1: adjusted for age and sex.

Model 2: adjusted for age, sex, and MRI markers (i.e., total brain volume, hippocampal volume [except hippocampal signature], and white matter

hyperintensities) expressed as the percentage of intracranial volume.
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Black and Hispanic older adults, although larger studies need to con-

firm these findings due to the smaller samples included in this work,

especially for Hispanics. Associations were also independent of other

common AD-related measures such as age, sex, and education. It is

interesting to note that no associations were observed between the

APOE ε4 genotype and the ADRD signature, suggesting little genetic

predisposition to AD contributes to this phenotype. Further analyses

exploring sex interactions highlighted differences betweenwomen and

men, particularly whenmodeling the bottom quartile of the ADRD sig-

nature. However, these findings were inconsistent across cohorts, and

more research on sex-specific differences is needed to confirm these

findings.

A subsequenthead-to-head comparisonof neuroimagingmarkersof

ADdementia showedoverall stronger associations betweenourADRD

signature and dementia risk independent of age and sex, particularly

comparing the bottom to the upper three quartiles of distribution.

These associations remained significant after the inclusion of addi-

tional neuroimaging measures only for our ADRD signature, providing

additional evidence of the robustness of this marker above and beyond

other existing neuroimagingmarkers.

The anatomical distribution of the ADRD ROI is strikingly similar

to that reported by Fjell et al.48 from a longitudinal study of cogni-

tively normal individuals that incorporated medial temporal as well

as cingulate and inferior frontal regions. Although Fjell et al. believed

the frontal regions reflect normal aging, distinct from AD, our data

suggest that they are areas of similar vulnerability to dementia that

may occur with AD or other dementia pathologies. The notion of brain

structures specifically vulnerable to certain diseases has been previ-

ously reported16,49,50 as has the notion that differences in cortical

thickness could be used to distinguish AD from normal aging.17 More

recent work further suggests that this approach can be used to iden-

tify relationships between brain structure and cognitive performance

within specific domains.42 The unique aspect of this work is the a priori

application to less select community-based and diverse study cohorts.

Givenour increasing understanding of themultiple and complex patho-

logical processes that lead to dementia in community-based8,10,11,14

and diverse populations,12,13 we did not assess correlations between

the ADRD signature and AD pathology (i.e., markers of amyloid and

tau deposition). Such an “unbiased” ADRD signature likely identi-

fies brain regions of common susceptibility to dementia independent

of pathology,50 and consequently, may be of greater general use to

identify individuals at risk of ADRD that can be targeted for early

treatments or preventive strategies.

There are multiple strengths to this study. First, participants were

recruited from the community. Second, the ADRD signature was

developed on a select group of participants with highly probable AD

dementia compared to a select group at very low risk for demen-

tia. Third, the resulting ROI was applied at a single time point to

predict incident dementia in two non-overlapping cohorts of diverse

participants. The result showed excellent predictability in both cohorts

indicating that this approach could stratify persons at increased risk

of ADRD in the community. This study, however, is not without some

limitations. First, the FHS sample received less frequent dementia

evaluations, leading to potential issues regarding interval censoring.

Second, the pathological specificity of the ROI cannot be determined

from this study. Future work will be required to evaluate risk and

protective factors that may be associated with differences in cortical

thickness of this region. Third, because of a lack of specificity, these

results do not immediately translate into preventative or therapeutic

targets. Further work is necessary to clarify the conditions by which

this particularly vulnerable brain region is affected.

Despite these limitations, this study clearly demonstrates the util-

ity of identifying a brain region of specific vulnerability and testing the

association with incident dementia among a diverse group of individu-

als recruited from the community. Future work is needed to replicate

these findings in other larger diverse community-based studies as well

asmore clearly identify potential risk factors for future therapeutic and

preventive interventions.
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