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Abstract

Objective: Motoric cognitive risk (MCR) syndrome, a predementia syndrome characterized by 

slow gait and subjective cognitive concerns, is associated with multiple age-related risk factors. 

We hypothesized that MCR is associated with biological age acceleration. We examined the 

associations of biological age acceleration with MCR, and mortality risk in MCR cases.

Methods: Biological age was determined using proteomic and epigenetic clocks in participants 

aged 65 years and older in the LonGenity study (N = 700, females = 57.9%) and Health and 

Retirement Study (HRS; N = 1,043, females = 57.1%) cohorts. Age acceleration (AgeAccel) was 

operationally defined as the residual from regressing predicted biological age (from both clocks 

separately) on chronological age. Association of AgeAccel with incident MCR in the overall 

sample as well as with mortality risk in MCR cases was examined using Cox models and reported 

as hazard ratios (HRs).

Results: AgeAccel scores derived from a proteomic clock were associated with prevalent MCR 

(odds ratio adjusted for age, gender, education years, and chronic illnesses [aOR] = 1.36, 95% 

confidence interval [CI] = 1.09–1.71) as well as predicted incident MCR (HR = 1.19, 95% CI 

= 1.00–1.41) in the LonGenity cohort. In HRS, the association of AgeAccel using an epigenetic 

clock with prevalent MCR was confirmed (aOR = 1.47, 95% CI = 1.16–1.85). Participants with 

MCR and accelerated aging (positive AgeAccel score) were at the highest risk for mortality in 

both LonGenity (HR = 3.38, 95% CI = 2.01–5.69) and HRS (HR = 2.47, 95% CI = 1.20–5.10).

Interpretation: Accelerated aging predicts risk for MCR, and is associated with higher mortality 

in MCR patients.
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Introduction

Motoric cognitive risk (MCR) syndrome is a predementia syndrome characterized by the 

presence of slow gait and subjective cognitive complaints.1,2 A multicountry study, which 

included ~27,000 participants, reported the prevalence of MCR to be 9.7%. Individuals with 

MCR are at high risk to transition to both Alzheimer disease (AD) and vascular dementia.1,2 

MCR has better predictive validity for dementia compared to its individual components of 

slow gait or cognitive complaints.1,2 The MCR concept is based on extensive research that 

demonstrates that gait is impaired early in dementias.3 Although described only a decade 

ago, the high clinical utility has led to MCR garnering great clinical and research interest, 

especially in resource poor and low middle income country settings.4 MCR epidemiology 

has been independently described in more than a dozen countries.5 The predictive validity 

of MCR for both AD and vascular dementia was demonstrated in multiple cohorts.4,5 MCR 

is strongly associated with established dementia risk factors such as age, low education, low 

physical activity, depressive symptoms, and cardiovascular disease in multiple cohorts.4,5 

MCR was associated with polygenic risk scores for obesity as well as AD in the Health and 

Retirement Study (HRS).6 MCR has been linked to multiple dementia-related pathologies. 

Presence of antemortem MCR was highly correlated with postmortem Alzheimer and Lewy 

body pathology.7 Other studies have shown that MCR was correlated with small vessel 

disease on imaging studies in different populations.4 Although much has been learned about 

the epidemiology of MCR, the underlying biology is still being elucidated.6,8

Aging is the biggest risk factor for dementia, and is described in either chronological or 

biological dimensions.9 Chronological aging (number of years a person has been alive) 

increases at the same rate for everyone, whereas biological aging (decline in function due 

to physiological and disease-related changes) does not.10 But chronological age by itself 

fails to explain the heterogeneity in health outcomes observed in individuals. For instance, 

individuals within the same chronological age range can be either functionally independent 

or frail with multiple chronic diseases. Biological age reflects an individual’s accumulated 

physiological condition.10 Changes at the epigenetic (DNA methylation [DNAm])11 as well 

as proteomic levels (protein expression)12 have been used to quantify biological aging. 

Individuals who were biologically older on epigenetic and proteomic biological aging 

biomarkers (accelerated aging) were reported to perform worse on cognitive and physical 

tests.12,13 Age acceleration (AgeAccel) is operationally defined as the residual that results 

from regressing predicted biological age on chronological age. A positive value indicates 

an individual’s biological age is greater than their chronological age (accelerated aging), 

whereas a negative value indicates that the individual is biologically younger than their 

chronological age (slower aging).14

The incidence of MCR increases with chronological age.13,15 Moreover, there is a higher 

prevalence of age-associated diseases like diabetes, hypertension, stroke, and heart disease 

in MCR cases.2,6,15 But the role of biological aging in the pathogenesis of MCR is not 

yet established. Hence, we studied the contribution of biological aging to MCR using 2 

biological aging biomarkers (a.k.a. clocks) in 2 independent cohorts. We used a proteomic 

clock in the community-based LonGenity study, and then replicated our findings using a 

second-generation epigenetic clock in the nationally representative HRS cohort.6,12,16,17 
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We hypothesized that age acceleration (faster aging phenotype) would be over-represented 

in individuals with MCR. To establish the clinical relevance of this concept, we also 

examined whether age acceleration would increase mortality risk in MCR.18,19 Establishing 

the validity of biological age acceleration in MCR patients might open up opportunities to 

target biological aging pathways to slow down the incidence of dementia.

Subjects and Methods

Participants

LonGenity Cohort.—The LonGenity study is a prospective study that aims to discover 

genotypes that confer longevity and successful aging in a relatively homogenous cohort. The 

study, which was established in 2007 at Albert Einstein College of Medicine, New York, 

recruits Ashkenazi Jewish participants, aged 65 years and older, who were either offspring 

of parents with exceptional longevity (OPEL; defined by having at least one parent who 

lived to age 95 years or older) or offspring of parents with usual survival (OPUS; defined 

by having neither parent survive to age 95 years). Participants were recruited using public 

records such as voter registration lists or through contacts at community organizations, 

synagogues, and advertisements in Jewish newspapers in New York City and surrounding 

counties. Potential participants were first contacted by telephone to assess interest and 

eligibility. Exclusion criteria include the following: major cognitive impairment (determined 

using established dementia cutoff scores of >2 on the AD8 or >8 on the Blessed Information 

Memory Concentration test) at the initial screening interview, having a sibling in the study, 

or severe visual impairment.20,21 Participants who were potentially eligible on the telephone 

interview were invited to our research center for further evaluation. Participants received 

detailed medical history evaluation, cognitive testing, and functional evaluation at baseline 

as well as at annual follow-up visits. All participants signed written informed consent for 

study assessment and genetic testing prior to enrollment. The Einstein institutional review 

board (IRB) approved the parent study protocol as well as this investigation.

LonGenity participants were provided telephone reminders prior to their annual follow-up 

visits. We also did follow-up telephone calls every 3 months. If participants did not respond 

for an interview, we contacted a previously identified significant other. Also, a reminder 

letter was sent via post. Several outreach strategies approved by the local IRB are in place 

to optimize retention. Each subject is assigned a primary staff contact. At each visit, study 

aims and the beneficial nature of participation were reviewed. If participants could not attend 

visits at our center, we sent a packet with survey questions to fill out to their homes. We 

engaged participants and families in several other ways in between visits, including quarterly 

newsletters, sharing articles about new study findings, and holding periodic appreciation 

symposiums. Study personnel were available to answer any queries or concerns from 

participants or their families. These activities have resulted in high retention; 86% and 93% 

of participants returned for follow-up visits at Waves 2 and 3, respectively.

Health and Retirement Study.—Our findings were replicated in the HRS, a nationally 

representative USA-based cohort study of sociodemographic, economic, and psychosocial 

measures in individuals aged 50 years and older since 1992. For the present analysis, 
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participants aged 65 years and older were included. The HRS is supported by the National 

Institute on Aging (NIA U01AG009740) and Social Security Administration, and is 

conducted at the University of Michigan. In 2016, as part of the HRS venous blood study,22 

DNA methylation assays were done on a nonrandom sample of 4,018 individuals. We have 

previously reported the epidemiology of MCR in HRS.6,18,23 Racial distribution of HRS 

includes 82.0% Caucasian, 12.6% African American, and 5.4% others.

Ethical approval for the HRS was obtained from the University of Michigan IRB. The 

Einstein IRB approved this analysis.

MCR Syndrome

MCR syndrome was diagnosed based on criteria proposed by Verghese et al1,2,15 as the 

presence of subjective cognitive complaints and slow gait in older individuals without 

dementia or mobility disability. There is no requirement to do cognitive tests to define 

MCR.1,2,15 MCR diagnosis has been applied to both LonGenity and HRS cohorts at each 

study wave in our previous studies.2,6,8,15,18

In LonGenity, subjective cognitive complaints were based on responses by participants to 

standardized questions about memory as a part of the Health Self-Assessment Questionnaire 

and from the Geriatric Depression Scale.24 Subjective cognitive complaints were classified 

based on a positive response by the participant to any of the following 5 questions: (1) In the 

past year, how often did you have trouble remembering things: frequently, sometimes, rarely, 

or never? “Frequently” and “sometimes” responses were coded as positive. (2) Compared 

with 1 year ago, do you have trouble remembering things more often, less often, or about 

the same?” “More often” was coded as positive. (3) Compared with 10 years ago, do 

you have trouble remembering things more often, less often, or about the same? “More 

often” was coded as positive. (4) Has your memory change caused you any serious health 

problems (eg, forgetting to turn off the stove, getting lost, misplacing valuables)? “Yes” was 

coded as positive. (5) Do you feel that you have more problems with memory than most? 

“Yes” was coded as positive. Gait speed at normal pace was measured using an 8.5m-long 

computerized walkway with embedded pressure sensors (GAITRite; CIR Systems, Franklin, 

NJ). The GAITRite system is widely used in clinical and research settings, and excellent 

reliability has been reported in our and other centers.25,26 Slow gait was defined as walking 

speed 1 standard deviation (SD) or more below age and sex-specific means as described in 

previous MCR studies in the LonGenity cohort. Age- and sex-adjusted slow gait cut scores 

(m/s) were as follows: men <75 years old = 1.02, men ≥75 years old = 0.85, women <75 

years old = 0.97, and women ≥75 years old = 0.77. Dementia was diagnosed at consensus 

case conferences using established Diagnostic and Statistical Manual of Mental Disorders, 

4th edition criteria after reviewing all available clinical, neuropsychological, and medical 

information by study clinicians and a licensed neuropsychologist.27 Only 728 of 1,098 

participants with baseline gait and subjective cognitive data were included in this study.

In HRS, subjective cognitive complaints were classified based on a positive response by 

the participant to either of the following 2 questions on the core HRS interview: (1) “How 

would you rate your memory at the present time? Would you say it is excellent, very good, 

good, fair, or poor?” “Fair” and “poor” responses were coded as positive. (2) “Compared 
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with the previous interview, would you say your memory is better now, about the same, or 

worse now than it was then?” A response of “worse” was coded as positive.6 Participants 

aged 65 years and older were timed while walking at normal pace over a 98.5-inch (8 feet) 

course with start and stop points marked on the floor. The mean of 2 trials was calculated. 

Walking times were converted to gait speed (m/s). Slow gait was defined as gait speed 1 SD 

or more below age- and sex-specific means.28 Age- and sex-adjusted slow gait cut scores 

(m/s) were as follows: men <75 years old, 0.61; men ≥ 75 years old, 0.48; women <75 

years old, 0.54; and women ≥ 75 years old, 0.42. In HRS, self-reported or proxy-reported 

physician diagnosis of AD or dementia was used.6 Only 1,074 of 4,018 participants with 

baseline gait and subjective cognitive data were included in this study.

Biological Clocks

Chronological age was calculated as the difference between date of birth and assessment 

date, up to 3 decimal places. We used a proteomic clock in LonGenity and DNAm GrimAge 

clock in HRS to quantify biological aging. Proteomic clocks are based on the expression 

level of a selected subset of proteins, facilitated by the advent of highly multiplexed 

platforms like Somascan assay that can measure thousands of proteins simultaneously.12,17 

Epigenetic clocks, on other hand, are more established, and have successfully captured 

chronological age and age-associated phenotypes.11,29-32 AgeAccel is defined as the residual 

resulting from regressing predicted age (proteomic or DNAm GrimAge) on chronological 

age. A positive AgeAccel value indicates faster aging, and a negative value suggests slower 

aging.

Proteomic Prediction of Chronological Age in LonGenity.—LonGenity used the 

5 k SomaScan Assay V4, which includes 5,209 SOMAmer reagents targeting human 

proteins. We have reported proteomic profiles of aging and frailty using the same data 

in LonGenity.16,17 SomaScan data standardization done by SomaLogic has been previously 

described.33 After implementing quality checks, 960 sequences that failed checks were 

removed. After exclusion of non-human proteins, deprecated markers, and noncleavable, 

non-biotin, as well as spuriomers, 4,265 SOMAmer reagents were available for proteomic 

analysis in 1025 participants (age = 65–95 years).17 Relative fluorescence unit values 

observed after data normalization procedure for each SOMAmer reagent were natural log 

transformed.

A proteomic chronological age predictor was constructed with elastic net regression using 

the glmnet R package.34 We selected 325 participants in the training set. The participants 

in the training set were individuals who were not part of MCR characterization in the 

cohort. Using the cv-glmnet function, the optimal lambda value to minimize cross-validation 

prediction error rate was selected based on 10-fold cross-validation using the training set. 

The program set an alpha value of 0.5 for elastic net regression. The age was predicted in the 

validation set consisting of 700 participants.

Epigenetic Prediction of Chronological Age in HRS.—DNAm GrimAge is a 

second-generation epigenetic clock developed by regressing time to all-cause mortality 

using DNAm surrogated for 7 biomarkers, methylation surrogate for pack years of smoking, 
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gender, and age at the time of blood draw.29 The linear combination of the covariate 

values was linearly transformed into an age estimate (DNAm GrimAge).29 GrimAge has 

been shown to outperform other epigenetic clocks for predicting many health and cognitive 

outcomes as well as mortality.29,35

Epigenetic clocks were defined in 4,018 participants in the 2016 HRS venous blood 

substudy.31 GrimAge was developed based on the 7 DNAm surrogates of plasma proteins 

(adrenomedullin levels, beta-2 micro-globulin, cystatin C, growth differentiation factor 15, 

leptin, plasminogen activation inhibitor 1, tissue inhibitor metalloproteinase 1) and smoking 

pack-years in a 2-stage procedure.29 DNAm GrimAge is based on methylation level at 1,030 

CpG sites. Further details on epigenetic clock construction in HRS can be accessed from the 

HRS website (https://hrsdata.isr.umich.edu/data-products/epigenetic-clocks).

Frequent interactions with participants and family made it possible to track life events 

well in the LonGenity cohort. In LonGenity, death of participants was ascertained from 

designated contacts, and supplemented by obituary and National Death Index (NDI) 

searches by our staff in participants who were lost to follow-up.36 In HRS, death date 

was obtained from the decedent’s spouse, family member, or friend during an exit interview. 

Reported death dates were then confirmed through the Social Security Death Index and 

Insight databases, and linked to the NDI. The HRS Tracker File (trk2018v2a) was used to 

obtain mortality data for this analysis.

Covariates

Age, sex, and education (years) data were based on self-report on standardized 

questionnaires administered by research assistants in both cohorts. Presence or absence 

of self-report of physician diagnoses of depression, diabetes, heart failure, hypertension, 

myocardial infarction, strokes, Parkinson disease (PD), chronic obstructive lung disease, and 

arthritis were summed to calculate a global health score (GHS; range = 0–9) as previously 

described.24,37 In HRS, PD diagnosis was not present, and the GHS range was 0 to 8.

Statistical Analysis

Proteomic Clock.—In LonGenity, we created a proteomic clock using elastic net 

regression. We first did a sensitivity analysis to check the association of proteomic age 

and AgeAccel measures with incident mortality in the overall sample in the validation set 

(regardless of MCR status). Cox proportional hazard models were used to compute hazard 

ratios (HRs) with 95% confidence intervals (CIs) to predict incident all-cause mortality 

based on proteomic age (predicted) and AgeAccel. All models were adjusted for age, 

gender, cohort status (OPUS or OPEL), education (years), and GHS. Time scale was follow-

up time in years from baseline to date of death or final contact, whichever came first. 

Proportional hazard assumptions of all models were tested graphically and analytically and 

were adequately met.

Association Analysis with MCR.—Logistic regression analysis was used to test 

the association between the AgeAccel measure and prevalent MCR in LonGenity. Cox 

proportional hazard models were used to compute HRs with 95% CIs to predict incident 
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MCR based on AgeAccel. Models were adjusted for age, gender, and education (years) in 

the LonGenity cohort. Models were further adjusted for GHS. Eleven participants developed 

dementia during follow-up, 4 of whom had MCR at baseline or at a study wave prior to 

incident dementia diagnosis. Participants who met criteria for incident dementia (n = 7) 

without an intermediary MCR stage were not counted as incident MCR. To graphically 

depict results using Kaplan–Meier survival analysis, we characterized individuals with 

positive AgeAccel values as fast agers and those with negative AgeAccel values as slow 

agers.

In HRS, we checked the association of the epigenetic age acceleration measure only with 

prevalent MCR, as there were no subsequent waves with gait data (to define incident MCR). 

All analysis were adjusted for age, gender, education years, and HRS sampling weights.31

Age Acceleration and Mortality in MCR.—In both cohorts, participants were divided 

into 4 groups based on MCR and AgeAccel status: (1) slow ager/no MCR, (2) slow ager/

MCR, (3) fast ager/no MCR, and (4) fast ager/MCR. Cox proportional hazard models were 

used to compute HRs with 95% CIs to predict death based on the AgeAccel/MCR status at 

baseline in LonGenity and 2016 (baseline year of epigenetic/MCR assessment) in HRS. In 

HRS, median follow-up was 2 years, as we used death dates based on 2018 core data.

All statistical analyses were conducted using SPSS software (version 24; IBM, Armonk, 

NY) and R.

Sensitivity Analysis

We assessed the potential effect of unmeasured confounding by E-value methodology.38 

E-Value summarizes the minimum strength of association that the unmeasured confounder 

would need to have with both the exposure and outcome to negate the observational result. 

We calculated E-value for estimates of MCR as well as mortality as outcome, and the 

corresponding lower limit of the 95% CI was also reported. The calculation of E-value was 

implemented using the E-value calculator.39

To address the association between frailty and biological aging, we repeated the MCR 

incidence analysis in the LonGenity cohort excluding individuals who met physical frailty40 

criteria at baseline.

Results

Study Population

LonGenity Cohort.—Of the 728 participants (of a total sample of 1,098) without 

dementia at baseline who completed gait assessments and subjective cognitive complaint 

questionnaires, 700 participants had proteomic data available. There were 84 prevalent cases 

of MCR (12%), 135 cases of incident MCR, and 481 participants who remained free from 

MCR over follow-up (median = 4.03 years). In the overall sample, mean age was 74.88 

years (SD = 6.39), 57.90% of participants were female, and mean years of education was 

17.66 (SD = 2.82). Demographic and clinical characteristics by MCR status are summarized 

in Table 1. Among the chronic illnesses examined, hypertension, diabetes, and stroke were 
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more prevalent in participants who had MCR than those who remained MCR free (see 

Table 1). There were no significant differences in age, sex, slow gait, and MCR prevalence 

between the 28 cases without proteomic data and the 700 with proteomic data.

Proteomic Clock in LonGenity Cohort

Elastic net regression selected 139 from 4,265 proteins to model the proteomic clock (Table 

S1). The correlation between proteomic age predicted by our model and chronological 

age was r = 0.75 (p < 2.2E−16; Fig 1A). We checked power of the clock by predicting 

mortality using the AgeAccel measure in the overall sample. The predicted proteomic age 

was associated with mortality even after adjustment for chronological age, gender, cohort, 

education years, and GHS (HR = 1.16, 95% CI = 1.10–1.24, p = 6.72E−07). Higher 

AgeAccel measure was also associated with incident mortality (HR = 1.56, 95% CI = 1.31–

1.87, p = 6.72E−07). The E-value for this analysis was 2.49 for the point estimate and 

1.95 for the lower 95% CIs. The observed HR of 1.56 may be explained by an unmeasured 

confounder that was associated with both the AgeAccel measure and MCR by a HR of 2.49 

each, above and beyond the measured confounders, but a weaker confounding effect could 

not do so.

Figure 1B shows that the 341 fast agers with positive AgeAccel measures at baseline had 

significantly reduced survival compared to the 359 slow agers with negative AgeAccel 

measure at baseline (log-rank test chi-squared = 21.927, p < 0.0001). There were 76 deaths 

in the 341 fast ager group (22.3%), whereas only 38 deaths were reported in the 359 slow 

agers (10.6%). Positive AgeAccel scores predicted mortality even after adjusting for age, 

gender, education status, cohort (OPEL or OPUS), and GHS (HR = 2.51, 95% CI = 1.68–

3.76, p = 8.00E−06, E-value [CI] = 4.46 [2.75]).

Prevalent and Incident MCR: LonCenity

The AgeAccel measure was associated with prevalent MCR, with higher rate of age 

acceleration in MCR compared to non-MCR LonCenity participants at baseline (odds ratio 

[OR] = 1.36, 95% CI = 1.09–1.71, E-value [CI] = 2.06 [1.40]).

Of the 616 MCR-free LonGenity participants at baseline, 135 (21.9%) developed incident 

MCR. The median follow-up time was similar in non-MCR (4.10 years, SD = 3.56) and 

MCR cases (3.73 years, SD = 2.58). The baseline AgeAccel was 0.027 (SD = 0.988) in 

incident MCR cases and −0.07 (SD = 0.949) in non-MCR cases. Baseline AgeAccel was 

associated with increased risk of developing MCR (HR = 1.22, 95% CI = 1.03–1.46, p = 

0.024, E-value [CI] = 1.74 [1.21]) adjusted for chronological age, gender, and education 

years. Further adjustment for GHS attenuated the association (HR = 1.19, 95% CI = 1.00–

1.41, p = 0.049, E-value [CI] = 1.67 [1.00]). Participants with positive AgeAccel (fast agers) 

at baseline had higher risk of incident MCR (HR = 1.55, 95% CI = 1.10–2.19, p = 0.012, 

E-value [CI] = 2.47 [1.43]) compared to participants with negative AgeAccel measure (slow 

agers). Even after further adjustment for GHS, the association of fast agers with incident 

MCR remained (HR = 1.51, 95% CI = 1.07–2.13, p = 0.019, E-value [CI] = 2.39 [1.34]).

Figure 2 shows that the 289 fast agers with positive AgeAccel at baseline had higher risk of 

developing incident MCR compared to the 327 slow agers with negative AgeAccel measure 
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at baseline (log-rank test chi-squared = 4.3944, p = 0.036). Of the 289 fast agers, 67 

developed incident MCR (23.2%). Of the 327 slow agers (20.7%), 68 developed incident 

MCR.

Of the 341 fast agers, 78 (22.9%) met criteria for physical frailty40 as well as 50 (13.9%) 

of 359 slow agers (p = 0.002). After excluding 128 participants with physical frailty at 

baseline, fast ager (AgeAccel+) was still associated with incident MCR (HR adjusted for 

age, gender, education years, and CHS = 1.57, 95% CI = 1.07–2.29, p = 0.019, E-value [CI] 

= 2.52 [1.34]).

MCR: Health and Retirement Study

Demographic and clinical characteristics by MCR status in the HRS sample are summarized 

in Table 2. There were 83 prevalent MCR cases (7.73%) in the 1,074 HRS participants. 

Thirty-one participants had dementia at baseline and were excluded from the analysis. 

Hypertension, diabetes, and stroke were more common in MCR participants compared to 

participants without MCR (see Table 2).

The epigenetic biological aging biomarker (DNAm GrimAge AgeAccel) was associated 

with prevalent MCR (OR = 1.47, 95% CI = 1.16–1.85, p = 0.001, E-value [CI] = 2.30 

[1.59]) when adjusted for chronological age, gender, and education years. The association 

remained after further adjustment for GHS (OR = 1.30, 95% CI = 1.02–1.66, p = 0.031, 

E-value [CI] = 1.92 [1.16]). There were 460 participants who were fast agers and 583 slow 

agers. Of the 83 MCR cases, 49 were fast agers (OR = 1.76, 95% CI = 1.08–2.87, p = 0.023, 

E-value [CI] = 1.98 [1.24]).

Mortality: LonGenity

Prevalent MCR predicted mortality (HR = 2.00, 95% CI = 1.26–3.18, p = 3.47E−03) in 

LonGenity. Of the 84 LonGenity participants with prevalent MCR, 52 (61.9%) were fast 

agers (AgeAccel+/MCR+) and 20 (38.4%) in this subgroup died during follow-up. Mortality 

rates in the other groups were as follows: 56 deaths in 289 (19.4%) participants who were 

fast agers without MCR (AgeAccel+/MCR−), 4 deaths in 32 participants (12.5%) in the 

MCR slow ager subgroup (AgeAccel−/MCR+), and 34 deaths in 327(10.4%) non-MCR 

slow ager subgroup (AgeAccel−/MCR−). Figure 3 shows that the 52 participants who had 

MCR and were fast agers at baseline had shorter survival compared to the other groups (HR 

= 3.38, 95% CI = 2.01–5.69, p = 4.00E−06, E-value [CI] = 6.22 [3.43]).

Mortality: Health and Retirement Study

A subset of 970 participants who participated in the 2018 interview of HRS had mortality 

data: 418 fast agers and 552 slow agers. There were 54 deaths reported over a median 

follow-up of 2.00 years: 41 in fast agers (GrimAge AgeAccel > 0; 76%) and 13 (24%) 

in slow agers. Both DNAm GrimAge AgeAccel (HR = 2.08, 95% CI = 1.56–2.78, p = 

5.53E−07, E-value [CI] = 3.58 [2.49]) and MCR (HR = 2.07, 95% CI = 1.01–4.26, p = 

0.047, E-value [CI] = 3.56 [1.11]) were associated with mortality adjusted for age, gender, 

education years, and HRS sampling weight. In the 46 MCR participants who were fast agers 

(MCR+/AgeAccel+), 9 deaths were reported (19.6%). Only 1 death occurred among the 31 
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participants (3.2%) in the MCR and slow ager subgroup (MCR+/AgeAccel−). Thirty-two 

deaths were reported in the 372 participants (8.6%) who were faster agers with no MCR 

(MCR−/AgeAccel+), whereas only 12 deaths were reported in 521 participants who were 

MCR−/AgeAccel− (2.3%). Figure 4 shows that the 55 MCR and fast agers at baseline had 

increased risk of death compared to the other groups (HR = 2.47, 95% CI = 1.20–5.10, p = 

0.014, E-value [CI] = 4.38 [1.69]).

Discussion

This study showed that accelerated biological aging, characterized using both proteomic 

and epigenetic clocks, was associated with prevalence and incidence of MCR in community-

residing older adults from 2 independent cohorts. We identified a subgroup of MCR 

participants with faster aging phenotype who had a >2-fold increased risk for mortality 

in both cohorts compared to older adults without this phenotype. This study, to our 

knowledge, is the first to address the relationship of biological age acceleration to MCR. 

Our observations point toward an effect of age acceleration on influencing the initiation as 

well as progression of dementia in individuals.

The relationship between biological aging and MCR may result from shared biological 

mechanisms.41 Aging and dementia phenotypes, for example, have common biological 

derangements such as abnormal neuronal network activity, inflammation, oxidative damage, 

decreased proteasome activity, cellular senescence, reduced DNA repair, impaired molecular 

waste disposal, stem cell exhaustion, neuronal calcium dysregulation, mitochondrial 

dysfunction, gut microbiota alterations, and impaired adaptive stress response.42 Aging and 

MCR phenotypes also overlap with clinical disorders such as frailty, which in turn is linked 

to risk of dementia.24 In the LonGenity cohort, frailty status at baseline predicted incident 

MCR.24 Individuals without frailty or with low frailty were reported to better tolerate 

Alzheimer pathology compared to those with higher frailty.43 Although there was minor 

clinical overlap between frailty and faster biological aging phenotypes in the LonGenity 

cohort, our findings suggest that each condition makes independent contributions to risk of 

MCR. Furthermore, the majority of individuals with the fast aging phenotype did not meet 

frailty criteria. The biological derangements mapping to faster aging may, hence, precede the 

clinical onset of physical frailty, and in turn, MCR. In both cohorts, some chronic illnesses 

were over-represented in individuals with prevalent MCR as well as at baseline in those who 

went on to develop MCR. The pathways leading to MCR may be differentially influenced by 

chronic illness profiles in high-risk individuals. Epidemiological studies have shown MCR 

to be associated with higher mortality.18,19 Many of the abnormal biological and clinical 

pathways cited above have also been implicated in mortality, and may explain the lower 

survival in individuals who met criteria for MCR as well as accelerated aging in both our 

cohorts.44

Biological clocks are associated with complex traits such as angina, diabetes, frailty, and 

depression that were also associated with MCR in our epidemiological studies.15,45,46 

DNAm age acceleration has been linked to mortality,14 frailty,46 physical limitations,30 

self-rated health,30 and complex diseases in older adults.13 In 5,100 participants in 

the Generation Scotland study, an association was reported between an epigenetic age 
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acceleration measure and body mass index, total cholesterol/high-density lipoprotein ratio, 

socioeconomic status, high blood pressure, and smoking behavior.47 Age acceleration was 

not associated with genetic risk (AD polygenic score and apolipoprotein E status) and AD 

family history in the same study.47 There is a paucity of studies that have directly examined 

the association of DNAm clocks with dementia.48,49 One study reported an association 

between methylation age and dementia risk in 52 participants.50 In a prospective study 

with up to 15 years of follow-up, accelerated GrimAge at baseline was associated with 

greater declines on multiple cognitive domains.51 But other investigators have found no 

association of DNAm age acceleration with either incident dementia48,49 or mild cognitive 

impairment.52 These mixed results may be due to smaller sample sizes in prior studies as 

well as the variation in age range and gender representation across cohorts. Another factor 

influencing results might be the varied and evolving forms of methylation clocks. Most 

studies to date have focussed on epigenetic clocks, but the present study is the first one to 

explore association of a proteomic age acceleration measure with a dementia-associated 

trait. Our findings point toward a role for age acceleration as a catalyst in dementia 

pathogenesis via the MCR pathway.

The current study has many strengths, including using established operational definitions of 

MCR in both LonGenity and HRS cohorts.6,18,24 Despite slight differences in the individual 

operational criterion for MCR, the converging findings regarding the role of accelerated 

aging with MCR in 2 independent cohorts using both proteomic and epigenetic clocks is 

another strength. Our proteomic clock derived from >4,000 proteins was developed in the 

well-characterized racially homogenous LonGenity cohort. There is considerable variability 

in how cognitive and motor function decline with aging, with individuals appearing younger 

or older than their chronological age. Biological clocks offer a more objective method of 

molecularly quantifying how well an individual is aging beyond their chronological age. 

DNAm GrimAge is one the most successful biological clocks. It outperforms chronological 

age as well as other epigenetic clocks in the prediction of age-related clinical phenotypes 

such as coronary heart disease, cancer, diabetes, comorbidity count, and physical functioning 

as well as all-cause mortality.29 Higher DNAm GrimAge was also associated with brain 

vascular lesions and lower cognitive ability in older age, independent of early life cognitive 

ability.53 LonGenity was among the first cohorts to establish a proteomic aging clock.12,17 

These studies using the proteomic clock to define biological aging showed that individuals 

who were biologically younger than their chronological age performed better on cognitive 

and physical tests, whereas age acceleration predicted mortality.12,17 In the present study, 

we used the same biological age prediction strategy to understand the relationship of a 

proteomic clock with MCR.

Limitations

Limitations include the absence of longitudinal analysis of MCR in HRS. Expanding the 

number of proteins in proteomic assays might further improve the prediction model for 

biological age. The limited follow-up period in HRS may have underestimated mortality 

effects. The lower bound of the chronological age limit in both cohorts was set by the 

parent studies (no upper bound in both cohorts). The effect of biological age acceleration 

on MCR needs to be studied in younger chronological ages to better understand the 
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early pathological stages of MCR. Discrepancies in self-report of age, especially reporting 

younger age than actual, may lead to underestimating the association of biological age with 

MCR. Loss of participants due to death is inevitable. The relatively high retention in the 

LonGenity cohort minimizes but does not exclude the effect of attrition on the observed 

findings. Frequent interactions with participants and family made it possible to track life 

events well in this cohort. Residual or unmeasured confounding is a possibility with any 

observational study. E-values are a relatively new statistical method to address the issue 

of unmeasured confounding.38,39 The high E-values for the different analyses indicates 

that our observations are robust and less likely to be effected by unmeasured confounding. 

The association of biological aging with incident MCR needs to be replicated in other 

independent samples using the same as well as new biological clocks. In the meantime, 

replicating the association of biological aging with prevalent MCR in an independent cohort 

after accounting for major dementia risk factors and with a completely different biological 

aging clock is a reassuring first step.

In conclusion, accelerated aging is a hallmark of MCR. Older individuals with MCR and 

accelerated aging are at highest risk of mortality. Biological age acceleration may be an 

important modifiable dementia risk factor. Our analyses show that accelerated aging has 

incremental value over several established dementia risk factors such as chronological age, 

gender, education, and chronic medical illnesses as well as frailty in predicting MCR. 

This novel finding opens the possibility of discovering specific accelerated biological aging 

pathways (independent of established dementia risk factors) that may lead to dementia via 

MCR. Accelerated biological aging might also be investigated as a target of intervention, 

although more research is needed in this area. Lifestyle changes such as physical exercise 

and healthy dietary intervention including caloric restriction show promise in preliminary 

studies in staving off the effects of accelerated aging on health outcomes.
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FIGURE 1: : 
(A) Correlation of chronological age and predicted age using proteomic data. Age prediction 

was carried out using an elastic net regression method in 700 participants in the validation 

set. Correlation of predicted age using proteomic markers and chronological age was ~0.75. 

(B) Kaplan–Meier survival curves for time to death for participants who are slow (grey) and 

fast (black) agers based on age acceleration (AgeAccel).
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FIGURE 2: : 
Kaplan–Meier survival curves for time to motoric cognitive risk syndrome for participants 

who are slow (grey) and fast (black) agers based on age acceleration (AgeAccel).
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FIGURE 3: : 
Kaplan–Meier survival curves for time to death for LonGenity participants based on motoric 

cognitive risk syndrome (MCR) and age acceleration status.
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FIGURE 4: : 
Kaplan–Meier survival curves for time to death for Health and Retirement Study participants 

based on motoric cognitive risk syndrome (MCR) and age acceleration status.
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TABLE 2.

Demographic Characteristics of Health and Retirement Study at Baseline by MCR Status

Baseline Characteristic
No MCR,
n = 960a

Prevalent
MCR,
n = 83

Age, mean yr ± SD 75.5 ± 7.0 76.4 ± 8.3

Women, n (%) 564 (57.5) 50 (53.8)

Education, mean yr ± SD 12.99 ± 2.86 11.3 ± 4.19

Medical illnesses, %

 Hypertension 67.9 78.3

 Heart conditionb 31.9 41.5

 Myocardial infarction 2.4 3.8

 Congestive heart failure 5.0 12.7

 Stroke 7.7 19.3

 Cancer 19.5 24.1

 Diabetes 28 47.6

 Lung disease 10.7 13.3

 Arthritis 69.3 81.9

 Depression 19.4 39.8

 Angina 18.9 41.9

a
No MCR: participants who were free from MCR at baseline as well as throughout the study follow-up.

b
Any one of myocardial infarction, coronary heart disease, angina, congestive heart failure, or other heart problems.

Abbreviation: MCR = motoric cognitive risk syndrome; SD = standard deviation.
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