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Summary

Background Cardiometabolic multimorbidity (CMM) and depression are often co-occurring in older adults and
associated with neurodegenerative outcomes. The present study aimed to estimate the independent and joint
associations of CMM and depression on cognitive function in multi-regional cohorts, and to validate the
generalizability of the findings in additional settings, including clinical.

Methods Data harmonization was performed across 14 longitudinal cohort studies within the Cohort Studies of
Memory in an International Consortium (COSMIC) group, spanning North America, South America, Europe,
Africa, Asia, and Australia. Three external validation studies with distinct settings were employed for general-
ization. Participants were eligible for inclusion if they had data for CMM and were free of dementia at baseline.
Baseline CMM was defined as: 1) CMM 5, >2 among hypertension, hyperlipidemia, diabetes, stroke, and heart
disease and 2) CMM 3 (aligned with previous studies), >2 among diabetes, stroke, and heart disease. Baseline
depression was primarily characterized by binary classification of depressive symptom measurements,
employing the Geriatric Depression Scale and the Center for Epidemiological Studies-Depression scale. Global
cognition was standardized as z-scores through harmonizing multiple cognitive measures. Longitudinal
cognition was calculated as changes in global cognitive z-scores. A pooled individual participant data (IPD)
analysis was utilized to estimate the independent and joint associations of CMM and depression on cognitive
outcomes in COSMIC studies, both cross-sectionally and longitudinally. Repeated analyses were performed in
three external validation studies.

Findings Of the 32,931 older adults in the 14 COSMIC cohorts, we included 30,382 participants with complete
data on baseline CMM, depression, and cognitive assessments for cross-sectional analyses. Among them, 22,599
who had at least 1 follow-up cognitive assessment were included in the longitudinal analyses. The three external
studies for validation had 1964 participants from 3 multi-ethnic Asian older adult cohorts in different settings
(community-based, memory clinic, and post-stroke study). In COSMIC studies, each of CMM and depression
was independently associated with cross-sectional and longitudinal cognitive function, without significant
interactions between them (Ps > 0.05). Participants with both CMM and depression had lower cross-sectional
cognitive performance (e.g. f = -0.207, 95% CI = (-0.255, -0.159) for CMM5 (+)/depression (+)) and a faster
rate of cognitive decline (e.g. p = -0.040, 95% CI = (-0.047, —0.034) for CMMS5 (+)/depression (+)), compared
with those without either condition. These associations remained consistent after additional adjustment for
APOE genotype and were robust in two-step random-effects IPD analyses. The findings regarding the joint
association of CMM and depression on cognitive function were reproduced in the three external validation
studies.

Interpretation Our findings highlighted the importance of investigating age-related co-morbidities in a multi-
dimensional perspective. Targeting both cardiometabolic and psychological conditions to prevent cognitive decline
could enhance effectiveness.
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Research in context

Evidence before this study

We searched PubMed, Web of Science, and Google Scholar for
studies in English published from database inception until May
1, 2024, using the following combination of search terms:
(“cognitive impairment” OR “cognitive decline” OR “mild
cognitive impairment” OR “dementia”) AND (“cardiometabolic
multimorbidity” OR “cardiometabolic disease”) AND
(“depression”) AND (“co-occurrence” OR “synergistic effect”
OR “multimorbidity”). To date, evidence has demonstrated
that both cardiometabolic multimorbidity and depression are
individual risk factors for cognitive decline and dementia.
Furthermore, it has been established that cardiometabolic
multimorbidity and depression are interrelated. Recent
pathological evidence suggests that the co-existence of
cardiometabolic multimorbidity and mental disorders may be
associated with brain dysfunction. However, it remains
unknown how the co-occurrence of cardiometabolic
multimorbidity and depression is associated with cognitive
function among older adults. Additionally, considering the
disparities in the prevalence of individual cardiometabolic
diseases and depression across different countries and ethnic
backgrounds, population-level evidence needs to be derived
from data from various ethno-regional groups.

Added value of this study
To the best of our knowledge, no study has investigated the
independent and joint associations of cardiometabolic

Introduction
Dementia is a major global health challenge. Given the
absence of a widely accessible, effective, and safe treat-
ment,' reducing the risk of developing dementia has
become increasingly important.” Individuals with a
heightened susceptibility to dementia frequently exhibit
a confluence of multiple risk factors, chronic conditions,
and medical predispositions prior to the manifestation
of dementia.*” Individual cardiometabolic diseases
(CMDs) are well-established risk factors for cognitive
impairment and dementia.>"? “Multimorbidity”, the
occurrence of two or more chronic conditions within an
individual,® has been associated with heightened risks of
incident mild cognitive impairment and dementia
compared to those with a single chronic condition."**
CMDs are the leading form of morbidity,” and
include a group of interrelated conditions which range
between cardiovascular diseases (such as stroke and
heart disease) and metabolic diseases (hypertension,
hyperlipidemia, obesity and diabetes)."*”  Car-
diometabolic multimorbidity (CMM),** the concurrent
presence of two or more CMDs, has been
growing in prevalence among older adults across the
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multimorbidity and depression on cognitive function across
cohorts from various regions and ethnicities. Using the
individual participant data analysis in multi-regional
community-based cohorts, we found that baseline
cardiometabolic multimorbidity and depression were
independently associated with cross-sectional and
longitudinal cognitive function among older adults. The joint
association of cardiometabolic multimorbidity and depression
was associated with lower cognitive performance and faster
cognitive decline. In our external validation analysis, the joint
association of cardiometabolic multimorbidity and depression
on cognition was cross-sectionally confirmed in one
community-based and two clinic-based studies, and
longitudinally confirmed in two clinic-based studies.
Furthermore, the associations between the comorbidity of
cardiometabolic multimorbidity and depression and
longitudinal cognitive function may vary across different sex
and region groups.

Implications of all the available evidence

Our findings highlighted the importance of investigating age-
related co-morbidities in a multi-dimensional perspective,
including physical and mental conditions, to explore their
independent and joint effects on cognitive function.
Targeting both cardiometabolic and psychological conditions
to prevent cognitive decline could enhance effectiveness.

world."”*> Recent investigations have shown that CMM
conveys an increased rate of global cognitive decline and
a 2-5 fold heightened risk of dementia, compared with
healthy controls.”*” However, CMDs included in pre-
vious literature were primarily diabetes, heart disease,
and stroke. In addition to these, hypertension and
hyperlipidemia are prevalent among older adults and
are individually associated with an increased risk of
cognitive impairment.'** Therefore, incorporating these
two common CMDs is likely to provide more compre-
hensive insights into the impact of CMM on cognitive
decline.”=°

As a well-known risk factor for cognitive decline,’
depression often co-occurs with CMM in older pop-
ulations,’* possibly due to pathophysiological processes,
such as dysregulation of the hypothalamic-pituitary-
adrenal axis and platelet activation, neuro-
inflammation, as well as shared lifestyle risk factors (e.g.
physical inactivity and heavy alcohol consumption).*
Recent studies have shown that not only were in-
dividuals with more severe depressive symptoms at
greater risk of developing CMM,*** but older adults
with CMM were also more likely to develop depression
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in the long term.” While CMM and depression are both
associated with neurodegenerative outcomes,*
mixed results have been observed. In a prior cross-
sectional study among male late-life depression pa-
tients, no significant difference in MMSE scores was
observed between individuals with and without any
CMDs.”" However, in a one-year longitudinal study,
patients with late-life depression exhibited elevated risks
of cognitive decline if also having CMDs.” As there are
disparities in the prevalence of individual CMDs and
depression across different countries and ethnic back-
grounds,”** it is crucial to investigate the association
between CMM, depression, and cognitive decline in
various ethno-regional groups. Moreover, recent patho-
logical evidence suggested that the co-existence of CMM
and mental disorder may be associated with brain
dysfunction.” Therefore, such in-depth comprehension
of these physical-mental multimorbidity cannot only
facilitate the elucidation of pathophysiological mecha-
nisms underpinning dementia development,* but also
pave the way towards developing effective prevention
and management strategies.”’

Our aim in the present study was to assess both in-
dependent and joint associations of CMM and depres-
sion on cognitive function at a population-level. We
performed a pooled individual participant data (IPD)
analysis on a harmonized data set of 14 community-
based longitudinal studies across diverse ethnicities
and regions. To enhance generalizability, we externally
validated and extended our findings using three multi-
ethnic Asian older adults studies of varied settings,
including community and clinic. Finally, we conducted
interaction analyses to explore the association between
the co-occurrence of CMM and depression with cogni-
tive function stratified by different age, sex, education,
APOE genotype, and study region groups.

Methods

Contributing studies and participants

For the IPD analysis we used data from 14 community-
based longitudinal studies of aging, all of whom are
members of The Cohort Studies of Memory in an In-
ternational Consortium (COSMIC).*** The COSMIC
member studies included were those who had collected
sufficient data on CMDs and cognitive function
(Table 1). These cohorts were situated across various
regions, including Africa (2), Asia (1), Europe (6), North
America (3), South and Latin America (1), and
comprised multi-country studies (1). They exhibited
diverse assessment schedules spanning from 2 to 19
waves and follow-up durations ranging from 2 to 19
years (Appendices Figure S1). To determine the gener-
alizability of our results, we used data from three multi-
ethnic Asian older adults studies with different study
settings (Table 1). The inclusion of the post-stroke
cohort was due to the heightened vulnerability of

post-stroke patients to both CMM and cognitive
impairment.”® Specifically, the community-based study
only provided a baseline assessment and therefore did
not contribute to the external validation of longitudinal
findings. An overview of study description, recruitment,
procedures, inclusion and exclusion criteria, and data
collection strategy for all contributing studies is pro-
vided in Appendices Table S2. A total of 32,931 in-
dividuals participated in the COSMIC studies, while
2057 individuals participated in the external validation
studies. Within each study, we included participants
who had complete baseline CMDs, depression, and
cognition data. We excluded participants with baseline
dementia. COSMIC and external validation studies used
different ways to classify baseline dementia, including:
Diagnostic and Statistical Manual of Mental Disease 4th
edition criteria; International Classification of Diseases
10th; Revision criteria, a clinical dementia rating (CDR)
scale score >1, or others (Appendices Table S3). For
longitudinal analyses, we additionally excluded partici-
pants without any follow-up cognitive assessment. This
project was approved by the University of New South
Wales Human Research Ethics committee (HC220222)
and by the Medical Ethics Committee of the Zhejiang
University School of Public Health (ZGL202101-1). All
the contributing studies had prior ethics approvals.
Written informed consent was obtained from all par-
ticipants or their legal representatives in their preferred
language prior to their recruitment into these studies
(Appendices Table S4). The study is reported as per the
Strengthening the Reporting of Observational Studies in
Epidemiology ~ (STROBE) guideline  (Appendices
Table S1), and the prospective analysis plan is given in
Fig. 1.

Procedures and measures
COSMIC members are independent studies with
different ranges and depths of data and different
collection methods (Appendices Table S2). Conse-
quently, we needed to harmonize their data on CMDs,
depression, cognitive function, and other covariates.
Standardized survey questionnaires were conducted by
certified neurologists, trained nurses or physicians,
research staff, or trained interviewers in all COSMIC
studies to collect for demographics, medical history,
medications, and lifestyle factors. Five studies sourced
medical records of diseases and medications from local
hospitals or healthcare centers’ databases. Eleven
studies had between 1 and 3 direct measures of blood
pressure, obtained with participants seated, while 6
studies collected blood samples for biochemical testing
of hyperlipidemia and diabetes. Three studies lacked
available data on hyperlipidemia. The three external
validation studies adhered to similar data collection
procedures, as detailed in Appendices Table S2.

We included 5 baseline CMDs: hypertension,
hyperlipidemia, diabetes, stroke and heart disease.

www.thelancet.com Vol 51 October, 2024
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Study Abbreviation Location Main race/ethnicity Study setting Start date Maximum Length of N1 N2
waves, No. follow-up,
median, y
(IQR)
COSMIC studies Primary analyses using the individual participant data analysis
Bambui Cohort Study of Ageing® Bambui Brazil Brazilian Community-based 1997 16 11 (8) 1387 1323
Einstein Aging Study** EAS USA White, Black Community-based 1993 19 4 (5) 2021 1325
Etude Sante’ Psychologique Pre'valence Risques et ESPRIT France White Community-based 1999 5 10 (11) 1920 1707
Traitement®®
The International Mobility In Aging Study® IMIAS Albania, Canada, No data Community-based 2012 2 4 (0) 1907 1661
Brazil, and Colombia
Invecchiamento Cerebrale in Abbiategrasso®’ Invece.Ab Italy White Community-based 2010 4 8 (4) 1126 998
Monongahela Youghiogheny Healthy Aging Team*® MYHAT USA White, Black Community-based 2006 15 6 (8) 1585 948
Sacramento Area Latino Study on Aging*’ SALSA USA White Community-based 1998 7 7.5 (4) 1642 1401
Singapore Longitudinal Ageing Studies (1)°° SLASI Singapore Chinese Community-based 2003 3 3(2) 2702 2003
Vallecas Project” Vallecas Spain White Community-based 2011 10 5.5 (4) 1169 987
Hellenic Longitudinal Investigation of Aging and Diet” HELIAD Greece White Community-based 2010 2 3(1) 1445 695
Zaragoza Dementia Depression Project ZARADEMP Zaragoza, Spain White Community—based 1994 4 5(9) 4399 2100
Leipzig Longitudinal Study of the Aged LEILA75+ Leipzig, Germany White Community-based 1997 7 5 (4) 1038 811
Ibadan Study of Ageing Ibadan Ibadan, Nigeria Black, African Community-based 2003 7 5 (5.5) 4193 3633
The Indianapolis Ibadan Dementia Project IIDPIN Ibadan, Nigeria and | Black, African Community-based 1992 7 5 (5) 3848 3013
ndianapolis, USA
External validation studies Generalization to different healthcare settings
The Singapore Epidemiology of Eye Diseases study” Community-based Singapore Chinese, Malay, Community-based 2010 NA NA 911 NA
Indian
Singapore memory clinic study>* Memory clinic Singapore Chinese, Malay, Clinic-based 2010 5 4 (3) 422 356
Indian
The COgnition After STroke (COAST) cohort> Post-stroke Singapore Chinese, Malay, Clinic-based 2010 4 5 (5) 318 221

Indian

Note. N1: Sample size for cross-sectional analyses. N2: Sample size for longitudinal and stratification analyses.

Table 1: Contributing studies.
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Study sample and variables

COSMIC member studies

Harmonized dataset of

Generalizabilition into
different settings

External validation studies

Community-based study

14 longitudinal studies across
diverse ethnicities and regions

Memory clinic cohort
Post-stroke cohort

¥

Main outcomes

Main exposures

Independent ) . ]
associaion | CMM3/5 Depression . CMM3/5"Depression
CMM3/5(-) CMM3/5(+)
int B Eel e e ittt
assic;igtion Depression(-) | CMM(-)/depression(-) { CMM(+)/depression(-)

Depression(+) CMM(-)/depression(+) CMM(+)/depression(+)

Analysis1
Cross-sectional

analyses

Analysis3
Interaction

analyses

Analysis2
Longitudinal
analyses

Fig. 1: Study schematic. Schematic diagram showing the study design. CMM: cardiometabolic multimorbidity; CMM(+)/depression (+): both
CMM and depression; CMM(+)/depression (-): CMM but no depression; CMM(-)/depression (+): depression but no CMM; and CMM(-)/
depression (-): neither depression nor CMM; IPD: individual participant data; COSMIC: Cohort Studies of Memory in an International Con-
sortium. In summary, we first conducted IPD meta analyses in each step (from cross-sectional to interaction analyses), and then replicated the

cross-sectional and longitudinal analyses via same analytical procedure using 3 Asian studies for external validation.

Specifically, hypertension was defined by blood pressure
measurement (systolic blood pressure >140 mm Hg
and/or diastolic blood pressure >90 mm Hg), self-
reported hypertension, medical history, and/or any
antihypertensive medication use. Hyperlipidemia was
defined by total cholesterol (>240 mg/dL or >6.2 mmol/
L), triglycerides (>200 mg/dL or >2.3 mmol/L), self-
reported hyperlipidemia, medical history, and/or any
lipid-lowering treatment. Diabetes was defined by fast-
ing blood glucose (>126 mg/dL or >7 mmol/L),
self-reported diabetes, medical history, and/or any
glucose-lowering medication use. Stroke was defined by
medical history of stroke and/or transient ischemic
attack (TIA). Heart disease was classified as medical
history of having any of the following: angina,
arrhythmia, atrial fibrillation, heart failure, myocardial
infarction, or any related treatment. Similar definitions
were used in the external validation studies. Detailed
measures and harmonization protocols for CMDs are
described in the in Appendices Table S5.

Baseline depression was operationalized through
clinical interviews/diagnosis (2 studies) or self-reported
diagnosis (1 study). In studies where clinical interviews
were lacking, we defined depression as scoring above
clinically validated cutoffs on self-report questionnaires
for depressive symptoms, using Geriatric Depression

Scale-15 (GDS >5) or Center for Epidemiological
Studies Depression (CES-D > 16).** Depression status
was assessed by a GDS score >5 in three external vali-
dation studies. Harmonization protocols of depression
are given in Appendices Table S6.

Two definitions of CMM were used in this study. In
our main analyses, CMMS5 was defined as having two or
more from five CMDs including hypertension, hyper-
lipidemia, diabetes, stroke, and heart disease. Consis-
tent with prior studies,***** we used CMM3 an alternate
definition of CMM, defined as having two or more of
diabetes, stroke, and heart disease. Baseline co-
occurrence of CMM and depression was categorized
into one of four groups according to participants’ CMM
and depression status: 1) both CMM and depression
(CMM(+)/depression (+)); 2) CMM but no depression
(CMM(+)/depression (-)); 3) depression but no CMM
(CMM(-)/depression (+)); and 4) neither depression nor
CMM (CMM(-)/depression (-)).

For the IPD analysis, covariates included in the
models were harmonized in accordance with previous
research by COSMIC.” Age, sex, education years, race,
study region, and current smoking and drinking status
were controlled for in the main models using data from
all 14 cohorts. Race was mostly self-reported in the in-
dividual studies and categorized as Asian, Black, White,
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and other (encompassing a range of different groups
that did not fit within the other categories, eg, American
Indian or First Nations Australian). Study region cate-
gorized as high income countries (HICs) and lower
middle income countries (LMICs) according to the
World Bank classification.” The COSMIC studies are
from 10 HICs (EAS, ESPRIT, Invece. Ab, MYHAT,
SALSA, SLASI, Vallecas, HELIAD, ZARADEMP,
LEILA75+) and 4 LMICs (Bambui, IMIAS, Ibadan, and
IIDPIN). Current smoking status was categorized as
either current smoking or non-current smoking, while
current drinking status was defined by current alcohol
consumption, harmonized across various questions in
each study (Appendices Table S7). Factors such as
physical inactivity and obesity were not included due to
limited availability of data from a small number of
studies. We additionally ran models controlling for
APOE genotype using 11 studies with available gene
data. APOE genotype was categorized as having either at
least one €4 allele or none. Covariates in the three
external validation studies mirrored those in the main
models, with the exception of adjustment for race, study
region, and APOE genotype.

Cognitive outcomes

To create comparable cognitive measures across COS-
MIC studies and provide stable estimates in the pooled
analysis, we applied a statistical harmonization on
cognitive data to compute a global cognitive z-score.®!
We assessed global cognitive function within the
COSMIC studies as standardized scores on brief
cognitive screening tests, including the Mini-Mental
State Examination (MMSE), Leganés cognitive test
(LCT), and Community Screening Interview for De-
mentia (CSI-D) (Appendices Table S8). The steps to
obtain the standardized cognitive scores were firstly,
within each study, the transformation of raw cognitive
scores, pooled across all waves, to have a Gaussian (or
normal) distribution, calculated so that the transformed
value has the same percentile value as the value in the
original distribution. Transformed score outliers were
then Winsorized to values plus or minus 3 standard
deviations (SDs) from the mean scores. The scores
were then standardized by converting to z-scores within
each study, using estimated means and SDs of baseline
scores within each study at common values of age, sex,
and education. The common values were the average
values at baseline from data pooled across all studies
(common values: age = 71.8 years, education = 8.7
years, and sex = 0.40, indicating 40% males). SDs used
for the calculation of the z-scores were the estimated
SDs of the residuals (i.e., the standard errors [SEs] of
the estimates) obtained from the regression models for
each study after adjustment for age, sex, and education.
The standardization process for global cognition has
been previously reported elsewhere.*** In this study,
primary outcomes included cognitive performances at
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baseline and longitudinal changes in global cognitive
z-scores.

All participants in the three external validation
studies completed formal neuropsychological assess-
ments at baseline and all subsequent follow-ups. Details
of the administrated neuropsychological tests and
assessed cognitive domains are shown in Appendices
Table S12. Raw scores of the comprehensive neuropsy-
chological tests were standardized into z-scores for all
individual tests using the means and SDs, setting the
baseline measurement as the reference group, as used
previously.®” Global cognition scores (global cognitive
z-scores) were obtained by averaging domain z-scores
and standardizing using the mean and SD of the
reference group.

Statistical analysis

Demographic  characteristics are presented as
mean + SD or number (%). The proportion and reasons
for loss to follow-up for each study were examined. The
baseline characteristics of participants with follow-up
assessments were compared with those who had only
a baseline assessment using x* tests or ANOVA as
appropriate.

A pooled IPD analysis using mixed models with
study as a random effect assessed the independent and
joint associations of CMM and depression with cogni-
tive function, both cross-sectionally and longitudinally.
This approach was warranted given that we included
small studies with low rates for the co-occurrence of
CMM and depression, where interrogation of interac-
tion effects may reduce power in two-step IPD ap-
proaches.** We examined the overall linear effect of time
(vears) (B = —0.048, 95% CI = [0.050, —0.046]) in study
on cognitive function and the quadratic effect of time in
study (B = —0.012, 95% CI = [-0.015 to 0.008]). As the
quadratic time-in-study effect was not significant, we
used a linear effect in all analyses. To test for any syn-
ergistic effects, CMM, depression, and their interaction
terms were entered into the models. Specifically, a two-
way interaction of CMM*depression was tested in cross-
sectional analyses while a three-way interaction of
CMM*depression*time in study was tested in longitu-
dinal analyses. The joint association of CMM and
depression on cognitive function was assessed using
participants without CMM or depression (CMM(-)/
depression (-)) as the reference groups. The main
models included age, sex, education years, race, study
region, and current smoking and drinking status as
covariates. Covariates were defined consistently across
studies. APOE genotype were additionally controlled in
separate models according to data availability. In longi-
tudinal models, a significant interaction between a
predictor and time indicated an association with the
annual rate of cognitive change (change in global
cognitive z-score per year). To examine potential
moderating factors of baseline age (<65 years:
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middle-life vs. >65 years: late-life), sex (female vs. male),
education level (<8 years vs. >8 years), APOE &4 status
(non-carriers vs. carriers), and study region (HICs vs.
LMICs) on the relationship between the co-occurrence
of CMMS5 and depression and cognitive change over
time, we implemented interaction analyses with these
variables in separate models. We conducted stratified
analyses when the interaction term was significant.

To test the robustness of the pooled IPD analysis re-
sults, we additionally used a two-step IPD random-effects
meta-analysis to pool the cohort-wise linear mixed model
results to obtain pooled estimates of effect sizes for the
CMM(+)/depression (+) group, in contrast to the
CMM(-)/depression (-) group, both cross-sectionally and
longitudinally. The heterogeneity and potential bias was
tested by the I” statistic and funnel plots.®**

We performed both cross-sectional and longitudinal
analyses in our validation using data from three Asian
older adults studies. This included simple linear re-
gressions within each study, with CMM, depression, or
their co-occurrence as primary predictors. For the lon-
gitudinal analyses we used linear mixed models in each
study.

Differences in baseline characteristics between the
included and excluded participants in the longitudinal
analyses were assessed. Sensitivity analyses were
conducted using multiple imputation with the Markov
Chain Monte Carlo method to impute missing data for
baseline demographics and covariates,* incorporating
information from auxiliary variables and generating
20 imputed datasets within the pooled dataset. Esti-
mates derived from each imputed dataset were sub-
sequently combined using Rubin’s rules.”” Additional
sensitivity analyses were performed to compare the
major findings when only complete cases (i.e., 0%
missing baseline data) were included. Furthermore,
we conducted a third sensitivity analysis by repeating
our main analyses after excluding participants with
potential undiagnosed dementia, defined as those who
were diagnosed with dementia at the first follow-up
after the baseline assessment. R Studio software
version 4.1.2 was used, with a statistical significance
level set at < 0.05.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report. The content is solely the re-
sponsibility of the authors and does not necessarily
represent the official views of the National Institutes of
Health.

Results

Summary statistics

The study flowchart is shown in Appendices Figure S2.
Participants who had been diagnosed with dementia at

baseline were excluded. Further details regarding the
exclusions of each study are provided in Appendices
Table S9. Of the 32,931 participants in the COSMIC
studies, we included 30,382 participants with complete
data on CMM, depression, and cognitive assessment for
cross-sectional analyses, and with 22,599 of these having
at least one follow-up cognitive assessment included in
our longitudinal analyses. The median follow-up period
was 4.9 years (IQR = 5.0 y). For the external validation
studies, we included 1651 participants for cross-
sectional analyses, and 577 participants (from memory
clinic and post-stroke studies) for longitudinal analyses.
The median follow-up period for each study is shown in
Table 1. In the COSMIC studies, the prevalence of
CMM tripled when hypertension and hyperlipidemia
were included (CMMS5 = 24.6%) in addition to diabetes
mellitus, stroke, and heart disease (CMM3 = 7.9%).
Individuals with CMMS5 tended to be younger and
cognitively healthier than those with CMM3 (data not
shown). We identified that 2056 individuals (6.8%) had
both CMMS5 and depression (CMMS5 (+)/depression (+)),
and 673 individuals (2.2%) had both CMM3 and
depression (CMM3 (+)/depression (+)) in the COSMIC
studies. In three external validation studies, a lower
prevalence of both CMMS5 (+)/depression (+) and
CMM3  (+)/depression (+) was observed in the
community-based study, while a higher prevalence was
observed in the memory clinic and post-stroke studies.
Baseline characteristics are presented in Table 2. Study
profiles for each COSMIC study, including numbers of
missing data, are provided in Appendices Table S10.

Independent associations of CMM and depression
on cognitive outcomes

In cross-sectional analyses, CMM (CMMS5: B, —0.044,
95% CI = [-0.074, —0.014]; CMM3: B, —0.086, 95%
CI = [-0.129, —0.043]; Table 3) and depression (adjusted
for CMMS5: B, -0.166, 95% CI = [-0.200, -0.133];
adjusted for CMM3: B, -0.073, 95% CI = [-0.103, —0.044];
Table 3) were each independently associated with
lower cross-sectional global cognitive z-scores. In
longitudinal analyses, CMM (CMMS5: B, -0.028, 95%
Cl = [-0.032, -0.024 CMM3: B, -0.018, 95%
CI = [-0.025, —0.010]; Table 3) and depression (adjusted
for CMMS: B, ~0.013, 95% CI = [-0.018, —0.008]; adjusted
for CMM3: B, —0.008, 95% CI = [-0.012, —0.003]; Table 3)
were each independently associated with a faster rate of
global cognitive z-score decline. We observed no signifi-
cant interactions of CMM with depression (CMM*de-
pression and CMM*depression*time for cross-sectional
and longitudinal analyses, respectively) on both cross-
sectional and longitudinal cognitive  outcomes
(Ps > 0.05, Table 3). These associations remained
consistent after additionally adjusting for APOE genotype
(Appendices Table S11). In the external validation studies,
cross-sectionally, CMM was independently associated
with cognitive performance in community-based and
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COSMIC® studies

External validation studies

CMMS5 (-)/depression (-)
CMMS (+)/depression (-)
CMM5 (-)/depression (+)
CMM5 (+)/depression (+)
Co-occurrence of CMM3 and depression 14
CMM3 (-)/depression (-)
CMM3 (+)/depression (-)
CMM3 (-)/depression (+)
CMM3 (+)/depression (+)
APOE €4 carrier®, yes 11
Global cognitive z-score 14

E genotype.

595 (65.3%)
240 (26.3%)
58 (6.4%)
18 (2.0%)

129 (30.6%)
233 (55.2%)
16 (3.8%)
38 (9.0%)

9374 (30.9%)
5406 (17.8%)
2298 (7.6%)
2056 (6.8%)

22,488 (74.0%) 780 (85.6%) 308 (73.0%)
1717 (5.7%) 55 (6.0%) 56 (13.3%)
5504 (18.1%) 68 (7.5%) 37 (8.8%)

673 (2.2%) 8 (0.9%) 19 (4.5%)
3728 (12. 3%) NA NA
.1 (1.0 -2.6 2.2) -14 (17)

No. of Overall (N = 30,382) Community-based Memory clinic Post-stroke
contributing (N = 911) (N = 422) (N =318)
studies
Age 14 72.8 (7.3) 69.8 (6.3) 71.6 (7.9) 59.4 (11.1)
Sex, female 14 18,584 (61.2%) 459 (50.4%) 227 (53.8%) 94 (29.6%)
Race 13
White (COSMIC)/Chinese (external) 15,662 (51.6%) 293 (32.2%) 364 (86.3%) 228 (71.7%)
Black (COSMIC)/Malay (external) 8683 (28.6%) 296 (32.5%) 25 (5.9%) 61 (19.2%)
Asian (COSMIC)/Indian (external) 2710 (8.9%) 322 (35.3%) 28 (6.6%) 26 (8.2%)
Others (COSMIC)/Others (external) 1416 (4.7%) 0 5 (1.2%) 3 (0.9%)
Education, years 14 5 (5.5) 7.5 (4.8) 8.1 (5.1) 7.8 3.1)
Smoking, current 14 6957 (22.9%) 257 (28.2%) 34 (8.1%) 85 (26.7%)
Drinking, current 14 9625 (31.7%) 15 (6.4%) 44 (10.4%) 120 (37.7%)
Individual CMD" s
Hypertension 14 16,591 (54.6%) 731 (80.2%) 267 (63.3%) 224 (70.4%)
Hyperlipidemia 11 6137 (20.2%) 692 (76.0%) 295 (69.9%) 243 (76.4%)
Diabetes 14 4895 (16.1%) 335 (36.8%) 115 (27.3%) 125 (39.3%)
Stroke 14 1776 (5.8%) 43 (4.7%) 117 (27.7%) 318 (100.0%)
Heart disease 14 6489 (21.4%) 94 (10.3%) 82 (19.4%) 96 (30.2%)
Depression 14 6177 (20.3%) 76 (8.3%) 56 (13.3%) 103 (32.4%)
CMM5* 11 7462 (24.6%) 258 (28.3%) 272 (64.5%) 294 (92.5%)
(aVIVES 14 2390 (7.9%) 63 (6.9%) 75 (17.8%) 186 (58.5%)
Co-occurrence of CMM5 and depression 11

16 (5.0%)
199 (62.6%)
8 (2.5%)

95 (29.9%)

96 (30.2%)

119 (37.4%)
36 (11.3%)

67 (21.1%)

NA

0.1 (1.0)

2COSMIC: Cohort Studies of Memory in an International Consortium. "CMD: Cardiometabolic disease. <CMMS5: Cardiometabolic multimorbidity, defined as having two or more CMDs including hypertension,
hyperlipidemia, diabetes, stroke, and heart disease. “CMM3: An alternative definition of CMM, defined as having two or more CMDs including diabetes, stroke, and heart disease. “APOE: apolipoprotein

Table 2: Baseline characteristics.

memory clinic studies, but not in the post-stroke study.
Depression was independently associated with lower
cognitive performance in all three studies. However,
regarding the longitudinal analyses, significant associa-
tion was were only observed for CMM3 in the post-stroke
cohort (Table 3).

Joint associations of CMM and depression on
cognitive outcomes
In cross-sectional analyses, participants with both CMM
and depression had lower global cognitive z-scores than
participants without depression or CMM (CMMS5
(+)/depression (+): p, —0.207, 95% CI = [-0.255, —0.159];
CMM3  (+)/depression (+): B, -0.172, 95%
= [-0.251, —0.094]; Table 3). Our two-step IPD
random-effects meta-analysis replicated these findings

www.thelancet.com Vol 51 October, 2024

(Fig. 2), showing an effect size of -0.212 (95%
= [-0.304, —0.119]) for CMMS5 (+)/depression (+),
and —0.192 (95% CI = [-0.346, —0.038]) for CMM3
(+)/depression (+). Heterogeneity was 0.62 for CMM5
(+)/depression (+) and 0.64 for CMM3 (+)/depression
(+). Funnel plots for the cross-sectional analysis are
provided in Appendices Figure S3. In longitudinal an-
alyses, participants in the CMM(+)/depression (+) group
also exhibited a faster rate of global cognitive z-score
decline than participants without depression or CMM
(CMM5  (+)/depression (+): B, -0.040, 95%
[-0.047, —0.034]; CMM3 (+)/depression (+):

B, —0.026, 95% CI = [0.040, 0.012]; Table 3). The two-
step IPD random-effects meta-analysis demonstrated
consistent findings (CMMS5 (+)/depression (+):
B, —0.021, 95% CI = [-0.035, —-0.007); CMM3
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COSMIC studies External validation studies
Community-based Memory clinic Post-stroke

CMM5* cmmz® CMM5 CMM3 CMM5 CMM3 CMMS5 CMM3

B (95% CI) B (95% Cl) B (95% CI) B (95% CI) B (95% Cl) B (95% CI) B (95% Cl) B (95% CI)
Cross-sectional analyses N = 21,303 N = 30,382 N = 911 N = 422 N =318
Independent association
CMM (reference = free of CMM) -0.044 (-0.074, -0.086 -0.363 -0.398 -0.36 -0.458 -0.037 -0.150

-0.014)* (-0.129, -0.043)* (-0.599, -0.127)* (-0.611, -0.186)* (-0.621, -0.099)* (-0.777, -0.139)* (-0.409, 0.335) (-0.354, 0.054)
Depression (reference = free of -0.166 -0.073 -0.393 -0.388 -0.48 -0.457 -0.264 -0.247
depression) (-0.200, -0.133)*  (-0.103, -0.044)*  (-0.775, -0.010)*  (-0.77, -0.007)* (-0726, -0.234)*  (-0702, -0.212)*  (-0.472, -0.055)*  (-0.456, -0.039)*
Interaction between CMM and 0.010 -0.021 0.216 0.086 -0.384 0.265 -0.208 -0.191
depression (-0.055, 0.076) (-0.117, 0.075) (-0.676, 1.108) (-0.676, 0.847) (-0.906, 0.139) (-0.375, 0.906) (-0.966, 0.551) (-0.606, 0.223)
Joint association
CMM(-)/depression (-) Reference Reference Reference Reference Reference Reference Reference Reference
CMM(-)/depression (+) -0.171 -0.071 -0.530 -0.430 -0.225 -0.505 0.058 -0.128

(-0.215, -0.126)*  (-0.102, -0.040)*  (-1.910, 0.850) (-0.960, 0.101) (-0.651, 0.201) (-0.776, -0.234) (-0.452, 0.568) (-0.460, 0.203)
CMM(+)/depression (-) -0.047 -0.080 -0.557 -0.406 -0.205 -0.606 -0.073 -0.077

(-0.081, -0.013)*  (-0.112, -0.048)*  (-1.335, 0.221) (-0.628, -0.184)*  (-0.504, 0.131) (-1.087, -0.126) (-0.801, 0.655) (-0.336, 0.181)
CMM(+)/depression (+) -0.207 -0172 -0.720 -0.750 -0.813 -0.846 -0.222 -0.397

(-0.255, -0.159)* (-0.251, -0.094)* (-1.189, -0.250)* (-1.292, -0.207)* (-1.156, -0.470)* (-1.253, -0.439)* (-0.735, 0.290) (-0.673, -0.121)*
Longitudinal analyses N = 15,142 N = 22,599 N = 356 N =221
Independent association
CMM (reference = free of CMM) -0.028 -0.018 NA NA -0.024 -0.038 -0.008 -0.028

(-0.032, -0.024)*  (-0.025, -0.010)* (-0.067, 0.018) (-0.093, 0.018) (~0.074, 0.058) (-0.054, -0.002)*
Depression (reference = free of -0.013 -0.008 NA NA -0.030 -0.027 -0.025 -0.022
depression) (-0.018, -0.008)*  (-0.012, -0.003)* (-0.072, 0.012) (-0.070, 0.016) (-0.051, 0.001) (-0.048, 0.004)
Interaction between CMM and 0.007 0.011 NA NA -0.107 -0.022 0.034 0.004
depression (~0.003, 0.016) (~0.006, 0.028) (~0.195, 0.019) (-0.133, 0.089) (~0.100, 0.168) (-0.051, 0.058)
Joint association
CMM(-)/depression (-) Reference Reference Reference Reference Reference Reference
CMM(-)/depression (+) -0.013 -0.008 NA NA 0.038 -0.023 -0.057 -0.024

(-0.019, -0.006)*  (-0.012, -0.003)* (-0.033, 0.108) (~0.070, 0.025) (-0.189, 0.074) (~0.068, 0.020)
CMM(+)/depression (-) -0.028 -0.018 NA NA 0.015 -0.025 -0.022 -0.030

(-0.032, -0.023)*  (-0.026, -0.009)* (-0.038, 0.069) (-0.108, 0.058) (-0.108, 0.063) (-0.062, 0.003)
CMM(+)/depression (+) -0.040 -0.026 NA NA -0.058 -0.070 -0.045 -0.050

(-0.047, -0.034)*  (-0.040, -0.012)* (-0.110, -0.001)*  (-0.139, -0.001)*  (-0.132, 0.041) (-0.085, -0.015)*

*p < 0.05. *CMMS: Cardiometabolic multimorbidity, defined as having two or more CMDs including hypertension, hyperlipidemia, diabetes, stroke, and heart disease. "CMM3: An alternative definition of CMM, defined as having two or more CMDs
including diabetes, stroke, and heart disease. Each model was adjusted for age, sex, education years, race, study region, and current smoking and drinking status. In the longitudinal models, effect size describes the change in cognitive function
(global z-scores) per year.

Table 3: Independent and joint associations of CMM and depression, and p for interaction on cognitive function in cross-sectional and longitudinal analyses in COSMIC and external validation studies.
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a CMMS5(+)/depression(+) with cross-sectional cognitive performance

Study Weight B(95%CI)
IMIAS 9.7% — = — -0.427 [-0.579; -0.275]
SALSA 78% —H—— -0.350 [-0.547; -0.153]
Bambui 101% —==— -0.339 [-0.483; -0.195]
Invece.Ab 7.7% —&— -0.295 [-0.495; -0.094]
HELIAD 8.6% — -0.263 [-0.439; -0.086]
ZARADEMP 9.8% —— -0.217 [-0.368; -0.065]
ESPRIT 10.2% -0.147 [-0.290; -0.005]
SLASI 11.2% = -0.119 [-0.241; 0.004]
MYHAT 11.0% — T -0.094 [-0.220; 0.032]
Vallecas 9.3% -0.086 [-0.248; 0.075]
EAS 4.6% 0.102 [-0.202; 0.406]
Overall 100.0% - -0.212 [-0.304; -0.119]
Heterogeneity: 2= 62%, p <0.01 f T !
04 02 0 02 04
Effect size

c CMM5(+)/depression(+) with rate of cognitive change

Study Weight B(95%Cl)
Vallecas 9.6% ——— -0.065 [-0.095; -0.034]
SALSA 1.3% -0.061 [-0.164; 0.042]
SLASI 12.0% e -0.035 [-0.060; -0.009]
MYHAT 16.8% = -0.025 [-0.043; -0.007]
IMIAS 37% —_— -0.020 [-0.078; 0.037]
Bambui 22.7% - -0.018 [-0.028; -0.008]
ESPRIT 17.0% & -0.008 [-0.025; 0.010]
ZARADEMP 6.3% b -0.004 [-0.045; 0.037]
Invece.Ab 6.4% 0.002 [-0.039; 0.043]
EAS 31% 0.018 [-0.046; 0.081]
HELIAD 1.2% 0.034 [-0.072; 0.140]
Overall 1000% &  -0021[-0035-0007]

Heterogeneity: 1% =39%, p=0.09
-0.15-0.1-0.05 0 0.05 0.1 0.15
Effect size

Note. Each model was adjusted for age, sex, education years, and current smoking and drinking status.

b CMM3(+)/depression(+) with cross-sectional cognitive performance

Study Weight B(95%Cl)
IMIAS 82% —=— -0.582 [-0.825; -0.338]
SALSA 56% ——#F—— -0.486 [-0.888; -0.083]
HELIAD 62% —#—— -0.473 [-0.830; -0.117]
Bambui 8.2% e -0.342 [-0.585; -0.098]
SLASI 9.5% = -0.234 [-0.401; -0.067]
EAS 6.9% S -0.200 [-0.515; 0.114]
LEILA75+ 6.4% —_— -0.199 [-0.547; 0.150]
IIDPIN 9.3% e -0.180 [-0.358; -0.001]
MYHAT 8.9% —] -0.179 [-0.382; 0.025]
Invece.Ab 7.1% — -0.173 [-0.476; 0.129]
ZARADEMP 6.2% e -0.166 [-0.522; 0.190]
ESPRIT 5.5% -0.049 [-0.455; 0.358]
Vallecas 5.3% +—=——  0.370[-0.053; 0.792]
Ibadan 6.7% —%——  0407[0081; 0.732]
Overall 100.0% - , -0.192 [-0.346; -0.038]

Heterogeneity: P= 64%, p <0.01
-0.5 0 0.5
Effect size

d CMM3(+)/depression(+) with rate of cognitive change

Study Weight B(95%C1)
Vallecas 8.4% —— -0.085 [-0.095; -0.034]
SALSA 1.0% -0.061 [-0.164; 0.042]
IIDPIN 6.5% — -0.035 [-0.071; 0.001]
SLASI 10.6% — -0.035 [-0.060; -0.009)]
Ibadan 31% -0.028 [-0.085; 0.028]
MYHAT 15.7% e -0.025 [0.043; -0.007]
IMIAS 3.0% —f— -0.020 [-0.078; 0.037]
Bambui 22.6% &= -0.018 [-0.028; -0.008]
ESPRIT 15.9% e -0.008 [-0.025; 0.010]
ZARADEMP 5.3% -0.004 [-0.045; 0.037]
Invece Ab 5.4% 0.002 [-0.039; 0.043]
EAS 25% 0.018 [-0.046; 0.081]
Overall 1000% &l -0.022[0.034;-0010]

Heterogeneity: 1 = 32%, p = 0.14
-0.15-0.1-0.05 0 0.05 0.1 0.15
Effect size

Fig. 2: Forest plots from the 2-step IPD meta-analysis of the joint associations of CMM and depression on cognitive function in COSMIC studies.
Note. Each model was adjusted for age, sex, education years, and current smoking and drinking status. Reference group:CMM(-)/depression (-).

(+)/depression (+): p, —0.022, 95% CI = [-0.034, —0.010];
Fig. 2). Heterogeneity estimates across studies were 0.39
for CMMS5 (+)/depression (+) and 0.32 for CMM3
(+)/depression (+). Funnel plots for the longitudinal
analysis are in Appendices Figure S3. These associa-
tions remained stable after additionally adjusting for
APOE genotype (Appendices Table S11). In the external
validation studies, the co-occurrence of CMM and
depression was associated with lower cognitive perfor-
mance cross-sectionally, except for cases of CMMS5
(+)/depression (+) in the post-stroke study. In longitu-
dinal analyses, we observed consistent associations be-
tween the co-occurrence of CMM and depression and a
faster rate of cognitive decline, except for CMMS5
(+)/depression (+) in the post-stroke cohort (Table 3).

Interaction and sensitivity analysis

Interaction analyses found significant moderation by
baseline sex and study region on the association be-
tween CMMS5 (+)/depression (+) and the rate of global
cognitive z-score change. Females, but not males, who
were CMMS5 (+)/depression (+) at baseline, had faster
decline in global cognitive z-scores (B, —0.038, 95% CI
[-0.045, —0.031] for female; B, —0.011,95% CI [-0.022,
0.001] for male). Compared with LIMCs, participants in
HICs had faster decline in global cognitive z-scores
(B, —0.037, 95% CI [-0.046, —0.27] for HICs; B, —0.021,

www.thelancet.com Vol 51 October, 2024

95% CI [-0.031, 0.011] for LMICs). Results of the
interaction analyses are shown in Table 4.

The proportions of loss to follow-up ranged from
4.7% to 27.8% across the COSMIC and external vali-
dation studies. Participants included in the longitudinal
analyses were younger, more educated, and more likely
to be female. Details of the comparisons of the baseline
characteristics between participants included or
excluded in the longitudinal analyses are shown in
Appendices Table S12. Findings from our main ana-
lyses were replicated in our sensitivity analyses using
multiple imputation with the Markov Chain Monte
Carlo method and complete cases (Appendices
Table S13 & Table S14). We additionally repeated the
main analyses by excluding 568 participants (in COS-
MIC studies) who were diagnosed with dementia at the
first follow-up after the baseline assessment, and similar
results were found (Appendices Table S15).

Discussion

The present study examined the independent and joint
associations of CMM and depression on both cross-
sectional and longitudinal cognitive function at a pop-
ulation level. In the pooled IPD analysis, we found that
both CMM and depression were independently associ-
ated with lower cross-sectional cognitive performance

11
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Interaction term B (95% Cl)

p-value Stratified analyses when the interaction

term is significant, p (95% Cl)

CMMS5 (-)/depression (+)*Age*Time
CMMS5 (+)/depression (-)*Age*Time
CMM5 (+)/depression (+)*Age*Time

CMMS5 (-)/depression (+)*Education*Time

CMMS5 (+)/depression (-)*Education*Time
CMMS5 (+)/depression (+)*Education*Time

CMM5 (-)/depression (+)*Sex*Time
CMMS5 (+)/depression (-)*Sex*Time

CMM5 (+)/depression (+)*Sex*Time

CMMS5 (-)/depression (+)*APOE genotype*Time
CMMS5 (+)/depression (-)*APOE genotype*Time

CMM5 (+)/depression (+)*APOE genotype*Time
CMMS5 (-)/depression (+)*Study region*Time

CMM5 (+)/depression (-)*Study region*Time
CMM5 (+)/depression (+)*Study region*Time

using 11 COSMIC studies and 13,570 participants.

Age interaction: age is classified as middle-life (<65, N = 3158) and late-life (>65, N = 19,441)
-0.005 (-0.020, 0.011)
0.004 (-0.007, 0.014)
0.003 (-0.012, 0.018)
Education interaction: education (years) is classified as low education (<8, N = 10,930) and high education ( > 8, N = 11,616)
0.001 (0.0001, 0.003)

0.001 (-0.001, 0.002)
-0.001 (-0.002, 0.001)
Sex interaction: sex is classified as male (N = 8608) and female (N = 13,991)
0.009 (-0.006, 0.024)
0.014 (0.005, 0.024)

0.029 (0.014, 0.040)

APOE genotype interaction: APOE genotype is classified as €4 non-carriers (N = 12,579) and €4 carriers (N = 3151)
-0.003 (-0.024, 0.017)
-0.013 (-0.026, -0.001)

-0.008 (-0.027, 0.010)
Study region interaction: study region is classified as HICs® (N = 12,969) and LMICs® (N = 9630)
-0.012 (-0.026, 0.002)
0.005 (-0.005, 0.015)
0.017 (0.003, 0.031)

Reference group was CMM5(-)/depression(-). Each model was adjusted for age, sex, education years, race, study region, and current smoking and drinking status (though
not when the stratification variable, e.g. sex was not adjusted in the sex stratification). *CMM5: Cardiometabolic multimorbidity, defined as having two or more CMDs
including hypertension, hyperlipidemia, diabetes, stroke, and heart disease. PHICs: high income countries. “LMICs:lower middle income countries. Effects were estimated

0.496
0.554
0.671

0.029 -0.006 (-0.016, 0.003) for high
-0.025 (-0.032, -0.018) for low

0.077

0.277

0.246

0.002 -0.030 (-0.036, -0.024) for female
-0.017 (-0.024, -0.010) for male

<0.001 -0.038 (-0.045, -0.031) for female

-0.011 (-0.022, 0.001) for male

0.747

0.040 -0.030 (-0.036, -0.024) for e4
non-carriers -0.041 (-0.053, -0.030)
for €4 carriers

0.390

0.332
0.101

0.015 -0.037 (-0.046, -0.270) for HICs

-0.021 (-0.031, -0.011) for LMICs

Table 4: Subgroup differences in the association of the joint associations of CMM5® and depression on longitudinal cognitive function.

and longitudinal cognitive decline. The co-occurrence of
CMM and depression was associated with cognitive
deterioration in comparison to those without both con-
ditions. In our external validation analysis, the joint as-
sociation of CMM and depression on cognition was
cross-sectionally confirmed in one community-based
and two clinic-based studies, and longitudinally
confirmed in two clinic-based studies. Finally, we
identified sex and region differences in the associations
of the comorbidity and CMM and depression with lon-
gitudinal cognitive function.

A recent study using UK Biobank data found a hazard
ratio of 5.39 (95% CI: 3.30-8.82) for incident dementia in
individuals with CMM.* Likewise, a study from the
Swedish Twin Registry, which included 17,913 dementia-
free individuals, found a hazard ratio of 2.10 (95% CI:
1.73-2.57) for incident dementia in individuals with CMM
compared to those without”* Regarding the longitudinal
cognitive trajectory, our findings were consistent with two
recent studies that demonstrated an association between
CMM and a faster rate of global cognitive decline.”*”
However, previous studies did not include middle/late-
life hyperlipidemia and hypertension, which have been
reported as consistently associated with an increased risk

of cognitive impairment.'>** The slightly discrepant results
between CMM3 and CMMS5 may be due to the differential
operational definitions. The additionally included hyper-
tension and hyperlipidemia in CMMS5 could be consid-
ered risk factors for stroke and heart disease. Additionally,
midlife hypertension and hyperlipidemia has been asso-
ciated with an increased risk of dementia in later life.
However, associations between these 2 CMDs and de-
mentia, when assessed in late life, may have been mixed
and sometimes even reversed as compared to midlife as-
sessments. In COSMIC studies, we found that the par-
ticipants with CMMS5 tended to be younger and
cognitively healthier compared with those with CMM3.
The more extensive definition of CMM (CMMS5) demon-
strated a persistent relationship between CMM and
cognition, highlighting the importance of incorporating
more prevalent and early stage chronic conditions such as
hypertension and hyperlipidemia into the strategic plan-
ning for the prevention and health management of
cognitive decline and dementia in the community. How-
ever, due to the small sample size of the co-occurrence of
CMM3 and depression, we did not conduct further
exploration on the difference of the joint association of
CMM and depression defined by CMM3 and CMMS5 (e.g.
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interaction analyses). Further studies should explore the
joint effect between various constellations of CMDs and
psychological conditions on cognition.

Our IPD meta-analysis, using a large and diverse
ethno-regional sample, provided population-based evi-
dence that CMM and depression, independent of each
other, were associated with both cross-sectional and
longitudinal cognitive function. The absence of a sig-
nificant interaction between CMM and depression
implied that no synergistic effect existed between these
variables. In our external validation analysis, these in-
dependent associations were not consistently observed
in two clinic-based cohorts. This discrepancy may be
due to the high prevalence of individuals at higher risk
of different subtypes of dementia, which may have
underestimated the individual effects of CMM or
depression on adverse cognitive outcomes. Therefore,
validation of the independent associations of CMM and
depression on cognition in clinical settings remains
inconclusive; future studies with larger sample size,
longer follow-up, and more in-depth etiological in-
vestigations are warranted.

Our findings highlight the importance of consid-
ering multi-dimensional age-related co-morbidities ie.,
both physical and psychological conditions. Limited ev-
idence exists on the joint associations of CMM and
depression on adverse cognitive outcomes. We found
that the participants with both CMM and depression
have both lower cross-sectional cognitive performance
and a faster rate of cognitive decline, compared with
those without both conditions. We observed consistent
relationships between the co-occurrence of CMM and
depression in the two clinic-based studies, in which
both cross-sectional and longitudinal association were
confirmed. This suggests that the joint associations of
CMM and depression on cognition persists in pop-
ulations potentially with varying pathological statuses:
neurodegeneration (typically associated with ageing)*® in
a memory clinic, and vascular pathology® in a post-
stroke cohort. However, we didn’t include time-variant
exposures in this study. Given that CMM and depres-
sion might fluctuate or progress over time, it is worth-
while to explore long-term variation in CMM and
depression status and cognition in future research.

The comorbidity of CMM and depression may be
linked with cognitive decline via complex mechanisms
involving both cerebrovascular damage and neuro-
degeneration.””” CMM has been associated with lower
total hippocampal and gray matter volumes, as well as
higher white matter hyperintensity volumes. Similarly,
the pathogenesis from depression to cognitive impair-
ment involves impaired white matter integrity and
reduced brain volume. Recent research has revealed a
cross-sectional correlation between the simultaneous
presence of CMM, severe mental disorders, including
depression, and pronounced structural brain abnor-
malities, including diminished gray matter volume and
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increased white matter hyperintensities.”” Another
shared pathological explanation is neuroinflammation.
Disruptions in cerebral blood flow, oxygen supply, and
insulin signaling caused by CMM are associated with
several hallmarks of brain aging, including oxidative
stress and the accumulation of advanced glycation end
products. Simultaneously, depression may activate pro-
inflammatory mediators, which may lead to cerebral
small vessels impairment, with a consequent reduction
in cerebral blood flow, causing cognitive deficits. In the
current study, we did not incorporate any brain imaging
or blood-based inflammatory markers. The sole poten-
tial pathological predictor we examined was the APOE
genotype, which did not influence the correlation be-
tween the co-occurrence of CMM and depression and
cognition. Future research is warranted to offer a more
comprehensive exploration of the pathophysiological
mechanisms that underlie the co-occurrence of CMM
and depression, as well as their impact on cognition.

The prevalence of overall multimorbidity burden has
experienced a rapid escalation, ranging from 30% to
82% across the transition from middle-aged to old-aged
populations.”” Identifying diverse patterns of multi-
morbidity in terms of different combinations of physical
and psychological disorders could provide useful im-
plications for the future management of cognitive
impairment. Moreover, our study adds to the growing
body of evidence that preventing cognitive decline and
dementia may require multiple interventions address-
ing related risk factors rather than focusing solely on
individual factors.” While this has been demonstrated
for CMM comprising hypertension and diabetes,”” our
results suggest that additionally targeting depression
may enhance the effectiveness of interventions.

Our study has several strengths. We harmonized
data from 14 longitudinal cohorts representing different
ethno-racial groups and countries. Our analyses were
well powered for assessing how the co-occurrence of
CMM and depression is associated with cognitive out-
comes. Using an IPD meta-analysis, we controlled for
the same covariates across studies. We conducted both
one-step and two-step [IPD meta-analyses and consistent
results were found between these two methods. We
validated our results in three Asian studies with
different study settings, thus demonstrating that our
results may have generalizability to other populations.

However, there were limitations to our study.
Harmonizing data from multiple studies entailed a loss
of granularity and posed the risk of misclassification.
Self-reported disease diagnoses could underestimate the
measurement of disease prevalence. Simultaneously,
multimorbidity might be influenced by detection biases
(i.e., one disease is detected, prompting testing for
others). Definitions of hypertension, hyperlipidemia,
diabetes, stroke, and heart disease evolve over time and
vary across locations, potentially resulting in differences
in diagnosis. Similarly, the cohort studies we included
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varied in the cognitive instruments and criteria for de-
mentia. Notably, some studies adhered to the diagnostic
criteria of DSM-IV which although still widely applied,
could be outdated. In terms of depression definition,
our analyses primarily relied on self-reported question-
naires for depressive symptoms, potentially leading to
over-estimation of depressive patients. Additionally, the
inconsistent prevalence may also be attributed to the
heterogeneous definition of depression. Moreover, this
study did not include adjustment for additional con-
founding factors, including various socioeconomic and
lifestyle factors, due to data availability constraints,
despite our adjustments for numerous known potential
confounders. More covariates will be needed in our
future investigations. Additionally, the reverse causation
between the co-occurrence of CMM and depression and
cognitive decline remains possible, although we per-
formed sensitivity analysis by excluding potential undi-
agnosed dementia participants to minimize the risk.
The drop-out rate after baseline and the varying number
of participants at each visit may introduce bias through
attrition and data loss. However, we performed sensi-
tivity analyses addressed missing values by multiple
imputation and completed cases, and that results were
consistent with our main findings. In this study, we did
not account for death as a competing risk for cognitive
decline. This may have led to an underestimation of
the coefficients we identified, as older adults with more
severe CMM and depression may be at a higher risk of
death. Furthermore, it may explain the sex and region
differences in the associations between the comorbidity
of CMM and depression and cognitive decline, given the
longer disability-adjusted life years due to CMDs and
depression among females and older adults in HICs.”*”
Therefore, future studies should consider including
death as a competing risk.

In conclusion, our study demonstrated that baseline
CMM and depression were independently associated with
cross-sectional and longitudinal cognitive function among
older adults. The joint association of CMM and depres-
sion was associated with lower cognitive performance and
faster cognitive decline. Our findings highlighted the
importance of investigating age-related co-morbidities in a
multi-dimensional perspective. Targeting both car-
diometabolic and psychological conditions to prevent
cognitive decline could enhance effectiveness.
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