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Abstract

INTRODUCTION:Thepresenceofmultiple cardiometabolic diseases (CMDs)hasbeen

linked to increased dementia risk, but the combined influence of CMDs on cognition

and brain structure across the life course is unclear.

METHODS: In the UK Biobank, 46,562 dementia-free participants completed a cogni-

tive test battery at baseline and a follow-up visit 9 years later, at which point 39,306

also underwent brain magnetic resonance imaging. CMDs (diabetes, heart disease,

and stroke) were ascertained from medical records. Data were analyzed using age-

stratified (middle age [< 60] versus older [≥ 60]) mixed-effects models and linear

regression.

RESULTS: A higher number of CMDs was associated with significantly steeper global

cognitive decline in older (β = –0.008; 95% confidence interval: −0.012, −0.005) but

not middle age. Additionally, the presence of multiple CMDs was related to smaller

total brain volume, graymatter volume,whitematter volume, and hippocampal volume

and larger white matter hyperintensity volume, even inmiddle age.

DISCUSSION: CMDs are associated with cognitive decline in older age and poorer

brain structural health beginning already inmiddle age.

KEYWORDS
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Highlights

∙ We explored the association of CMDs with cognitive decline and brain MRI

measures.

∙ CMDs accelerated cognitive decline in older (≥60y) but not middle (<60) age.

∙ CMDs were associated with poorer brain MRI parameters in both middle and older

age.

∙ Results highlight the connection between CMDs and cognitive/brain aging.
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1 INTRODUCTION

Cardiometabolic diseases (CMDs), a cluster of related conditions

including type 2 diabetes (T2D), heart disease (HD), and stroke,1–3

are well-established individual risk factors for cognitive/brain aging

and dementia.4 Cardiometabolic multimorbidity—the coexistence of

≥ 2 CMDs in the same individual—has risen greatly with population

aging5 and is estimated to affect up to 30% of older adults.6 The 2020

Lancet Commission on Dementia Prevention, Intervention, and Care

has underscored the need for more research on combinations of car-

diovascular and metabolic risk factors in relation to dementia,4 and to

this end recent studies have described a dose-dependent increase in

dementia riskwith one, two, and three co-morbidCMDs.7–10 However,

less is known about the combined influence of CMDs on the subtle

cognitive decline and brain structural changes that can occur in the

decades before dementia diagnosis.

A few studies have highlighted the relationship between car-

diometabolic multimorbidity and accelerated decline in global cogni-

tive function in older age,8,11 and previous cross-sectional research

has associated various constellations of co-morbid CMDs with lower

performance in cognitive domains such as reasoning, information pro-

cessing speed, and memory.12 However, evidence on the association

of cardiometabolic multimorbidity with long-term changes in domain-

specific cognitive function is limited, and it is unclear how early in the

life course such changes could begin.

Brain magnetic resonance imaging (MRI) studies have linked car-

diometabolic multimorbidity10 and unfavorable cardiovascular risk

profiles13–15 to lower volumes of subcortical structures and poorer

white matter microstructural integrity in older age. Moreover, recent

studies suggest that cardiovascular and metabolic risk factors could

be associated with vascular lesions already in middle age.16–19 How-

ever, evidence is lacking on the relationship between cardiometabolic

multimorbidity and brain structure at different stages of life.

In the present study, using longitudinal data frommiddle-aged (< 60

years) and older (≥ 60 years) adults in the UK Biobank, we aimed to

(1) assess the associationbetween cardiometabolicmultimorbidity and

changes in global and domain-specific cognitive function and (2) iden-

tify the brain regions that are possibly associatedwith cardiometabolic

multimorbidity in middle and older age.

2 METHODS

2.1 Study design and population

The UK Biobank is an ongoing prospective longitudinal study

of > 500,000 adults aged 40 to 70 recruited from across the United

Kingdom.20 The baseline examination was conducted between 2006

and 2010 and consisted of a series of questionnaires, cognitive tests,

and assessments of anthropometric measures and physical function.

Peripheral blood samples were collected for genotyping and biochem-

ical assays. Approximately 9 years later (between 2014 and 2020), a

subset of participants underwent a follow-up examination involving,

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using traditional (e.g., PubMed) sources. Cardiometabolic

multimorbidity (the coexistence of ≥ 2 cardiometabolic

diseases [CMDs]) has been related to increased risk of

dementia in several recent studies. However, questions

remain about the relationship between cardiometabolic

multimorbidity and the cognitive decline and brain struc-

tural changes that can occur in the decades before

dementia diagnosis.

2. Interpretation: Over 9 years of follow-up, the presence

of a greater number of CMDs was related to a steeper

decline in processing speed in middle age and a steeper

decline in global cognitive function,workingmemory, ver-

bal/numeric reasoning, and processing speed in older age.

Moreover, cardiometabolicmultimorbiditywas related to

smaller regional brain volumesandagreaterwhitematter

hyperintensity burden already inmiddle age.

3. Future directions: Future research should explore the

mechanisms underlying the relationships among CMDs,

neurodegenerative/vascular brain damage, and cognitive

decline.

among other assessments, a brain MRI scan, and a repeat of the

cognitive test battery.

Of the 52,957 UK Biobank participants (10.5%) who participated

in the follow-up examination, we excluded 5 with prevalent demen-

tia and 20 with type 1 diabetes. We further excluded 6291 people

with no available cognitive test data and 79 with missing information

on baseline CMD status, leaving a study population of 46,562 for the

analysis of changes in cognitive function (Figure S1 in supporting infor-

mation). A total of 39,306 individuals were included in the analysis of

brain structural differences, after excluding 6465who did not undergo

a brain MRI scan and 791 with specific neurological diseases (includ-

ing Parkinson’s disease, brain cancer, encephalitis, head injury, etc.; see

Table S1 in supporting information for more details). Compared to the

overall UK Biobank population, our study sample was younger; bet-

ter educated; had a higher socioeconomic status (SES); and had lower

prevalence of CMDs, obesity, and hypertension (Table S2 in supporting

information).

2.2 Assessment of CMDS

Following previous studies on cardiometabolic multi-

morbidity,1–3,7–10,21 CMDs were defined as T2D, HD, and stroke.

CMDs were assessed at baseline using data from multiple sources.

Participants were classified as having T2D if they had any of the fol-

lowing: hemoglobin A1c≥ 6.5%, fasting plasma glucose≥ 126mg/dL, a
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self-reported history of diabetes, use of glucose-loweringmedications,

or medical record of diabetes. HD (including myocardial infarction,

angina, atrial fibrillation, andheart failure) and strokewere ascertained

based on self-reported medical history and medical records. Codes

used to identify T2D,HD, and stroke are listed in Table S3 in supporting

information.

CMDstatuswasdichotomizedaccording to theabsenceorpresence

of CMDs (i.e., CMD free vs. CMDs). We also categorized participants

according to total number of CMDs (i.e., 0, 1, or ≥ 2); cardiometabolic

multimorbidity was defined as the presence of≥ 2 co-morbid CMDs.

2.3 Assessment of global and domain-specific
cognitive function

At both baseline and the follow-up examination, cognitive function

was evaluated based on five neuropsychological tests administered

through a touchscreen interface. The tests covered five different cog-

nitive domains: working memory (numeric memory test; scored as

the longest numeric string correctly recalled), prospective memory

(prospective memory test; scored as ability to successfully carry out

an instruction after a filled delay), visual memory (pairs matching test;

scored as the number of errors when recalling the positions of pairs

of matching cards), verbal/numeric reasoning (fluid intelligence test;

scored as the number of correct answers to timed logic/reasoning-

type questions), and processing speed (reaction time test; scored as

mean time to correctly match cards with matching symbols). Detailed

descriptions of each test in the cognitive battery have been previously

published.22,23

For tests of working memory, prospective memory, and ver-

bal/numeric reasoning, higher raw scores indicate better performance.

For tests of processing speed and visual memory, higher raw scores

indicate worse performance, so values were reversed for ease of

comprehension. Working memory, prospective memory, and ver-

bal/numeric reasoning scores were Z transformed to enable compari-

son. Processing speed scores were log-transformed given skewed dis-

tribution, and visual memory scores were log(x+1)-transformed given

skewed distribution and zero inflation. Finally, raw scores from each

cognitive test were individually converted to Z scores and averaged to

yield ameasure of global cognition, with higher values reflecting better

overall cognitive function.

2.4 Brain MRI acquisition and pre-processing

Brain MRI image acquisition and processing protocols in the UK

Biobank have been described in detail previously.24,25 Briefly, during

the follow-up examination T1 and T2 fluid-attenuated inversion recov-

ery imaging were performed to provide volumes of brain structures

and white matter lesions.25 In this study, we examined total brain vol-

ume (TBV), gray matter volume (GMV), white matter volume (WMV),

hippocampal volume (HV), and white matter hyperintensity volume

(WMHV), all of which were normalized for intra-cranial volume. TBV,

GMV,WMV, andHVwere converted to Z scores to enable comparison.

WMHVwas log-transformed given its skewed distribution.

2.5 Assessment of covariates

Education (college/university vs. not) was dichotomized based on the

highest level of formal education attained. SES was ascertained using

Townsend Deprivation Indices (TDI), a measure of socioeconomic

deprivation based on neighborhood levels of unemployment, house-

hold overcrowding, car non-ownership, and home non-ownership.26

Self-reported race was dichotomized as White versus non-White.

Height and weight were measured during the baseline examination

after participants removed their shoes and heavy outer clothing. Body

mass index (BMI) was calculated as weight (kg) divided by the square

of height (m2) and classified as underweight (< 20 kg/m2), normal

weight (≥ 20 to < 25 kg/m2), overweight (≥ 25 to < 30 kg/m2),

or obese (≥ 30 kg/m2) according to the recommended BMI cate-

gories for older adults.27 At baseline, two blood pressure readings

were recorded and averaged. Hypertension was defined as systolic

blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg,

self-reported history of hypertension, or the use of antihypertensive

medications. Smoking and drinking habits were categorized as never,

former, or current smoking/drinking according to self-report. Physical

activity was measured using the International Physical Activity Ques-

tionnaire and classified as inactive,moderate, or active. Apolipoprotein

E (APOE) genotyping was performed using blood samples collected at

baseline and dichotomized as carriers versus non-carriers of the ε4
allele.

2.6 Statistical analysis

Baseline characteristics of the study participants by CMDstatus (CMD

free vs. CMDs) were assessed using χ2 tests for categorical variables

and t tests for continuous variables.

First, linear mixed-effects models were used to estimate β coeffi-

cients and 95% confidence intervals (CIs) for the association between

CMD status and changes in global and domain-specific cognitive func-

tion. The fixed effect included baseline CMD status, follow-up time (in

years), and their interaction. The random effect included random inter-

cept and slope, allowing individual differences in cognitive function to

be reflected at baseline and across follow-up. Next, linear regression

models were used to estimate β coefficients and 95% CIs for the asso-

ciation between CMD status at baseline and brain structural measures

among the subsample who underwent brain MRI during follow-up. To

assess the role of cardiometabolic multimorbidity in the associations,

similar analyses were conducted using total number of CMDs (as both

a categorical and a continuous variable) as the exposure. All analyses

were repeated after stratifying by baseline age (middle age [<60 years;

n=31,196]) versus older age [≥60 years; n=15,366]).We additionally
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assessed the interaction betweenCMDstatus and age cohort by incor-

porating the cross-product term of these variables (CMD status × age

cohort) into themodels.

Covariate adjustment strategy is illustrated in Figure S2 in support-

ing information: All models were first adjusted for socio-demographic

factors (age, sex, education, SES, and race) andnext further adjusted for

vascular risk factors (BMI, hypertension, smoking, alcohol consump-

tion, and physical activity) and APOE ε4 carrier status. In analyses of

neuroimaging data, we additionally adjusted for head position in the

MRI scanner (in terms of x-, y-, and z-axis coordinates), scanner table

position, and assessment center. Missing values for covariates (edu-

cation level [n = 152, 0.33%], SES [n = 44, 0.09%], race [n = 111,

0.24%], BMI [n = 66, 0.14%], hypertension [n = 24, 0.05%], smoking

[n = 93, 0.20%], alcohol consumption [n = 12, 0.03%], physical activ-

ity [n= 6868, 14.75%], and APOE ε4 carrier status [n= 7721, 16.58%])

were imputed using fully conditional specification, with estimates

pooled from five iterations.

In sensitivity analyses we repeated the analysis after (1) using

non-imputed data for covariates and (2) excluding participants

who received a dementia diagnosis over follow-up to account

for the possibility of reverse causality related to preclinical

dementia.

All statistical analyses were performed using Stata SE 16.0 (Stata-

Corp). P values< 0.05were considered statistically significant.

3 RESULTS

3.1 Baseline characteristics of the study
population

Characteristics of the 46,562 study participants (mean age 55.1 ± 7.6;

51.4% female) are shown in Table 1. At baseline, 42,828 (92.0%) were

CMD free and 3734 (8.0%) had CMDs, including 3437 (7.4%) with 1

CMD and 297 (0.6%) with ≥ 2 CMDs. Among both the middle-aged

and older cohorts, those with CMDs were more likely to be older,

male, have lower education and SES, have a higher BMI, smoke, abstain

from drinking alcohol, be physically inactive, and have hypertension.

No differences were found in terms of race or APOE ε4 carrier status.

Baseline characteristics were similarly distributed in the neuroimaging

subsample (Table S4 in supporting information).

3.2 Association between CMDs and global and
domain-specific cognitive decline

Over the follow-up (median 9.26 years [interquartile range 7.61–

10.34 years], accounting for 411,045 person-years), the presence of

CMDs was associated with significantly steeper decline in global cog-

nitive function (β = −0.005) as well as several individual cognitive

domains including working memory, visual memory, and processing

speed (Table 2).

After age stratification, in the middle-aged cohort, the presence

of any CMD was associated with a small but statistically significant

decline in processing speed, and the relationship was dose depen-

dent such that processing speed declined faster among people with

a greater number of co-morbid CMDs (β = −0.001). In the older

cohort, CMDs were also dose-dependently related to significantly

faster decline in processing speed (β = −0.001), as well as working

memory (β = −0.019), verbal/numeric reasoning (β = −0.006), and

global cognitive function (β=−0.008; Table 2, Figure 1).

We detected a significant interaction between CMD status and age

cohort for global cognitive function (P=0.004) andverbal/numeric rea-

soning (P = 0.015), such that these associations were stronger in the

older cohort.

3.3 Association between CMDs and brain
structural differences

The presence of CMDs was associated with significantly smaller TBV

(β = −0.15), GMV (β = −0.17), WMV (β = −0.11), and HV (β = −0.14),

and significantly larger WMHV (β = 0.05) at the end of follow-

up (Table 3). These associations were stronger for individuals with

cardiometabolic multimorbidity as opposed to a single CMD. Fur-

thermore, when CMD burden was considered a continuous variable,

therewas a significant dose–response relationship between number of

CMDs and the magnitude of the volume difference for each brain MRI

parameter.

After age stratification, the dose-dependent associations between

CMDs and smaller TBV, GMV, WMV, and HV remained significant in

both the middle-aged and older cohorts, but the association between

CMDs and larger WMHV was present only in the middle-aged cohort

(Table 3, Figure 2). There was a significant interaction between CMD

status and age cohort for TBV (P < 0.001), GMV (P < 0.001), WMV

(P=0.001), andHV (P<0.001) such that theCMDstatus–brain volume

associations were more pronounced in the older cohort. No interac-

tion between CMD status and age cohort was detected for WMHV

(P= 0.125).

In an exploratory analysis, we further examined the association

of different constellations of T2D, HD, and stroke with brain MRI

measures. In both the middle-aged and older cohorts, the strongest

associationswerebetweenT2D, co-morbidT2D/stroke, and co-morbid

T2D/HD and lower TBV, GMV, and HV (all P < 0.05; Figure 3, Table S5

in supporting information).

3.4 Sensitivity analyses

Similar results were obtained when we repeated the analyses using

non-imputed data for covariates (Tables S6-S7 in supporting infor-

mation). Results were also essentially unchanged after we excluded

participants who were diagnosed with dementia over the follow-up

(Tables S8-S9 in supporting information), although this was a relatively
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TABLE 1 Characteristics of the study population by CMD status.

Middle age (< 60 years)

(n= 31,196)

Older age (≥ 60 years)

(n= 15,366)

CMD free

(n= 29,513)

CMDs

(n= 1683) P value
CMD free

(n= 13,315)

CMDs

(n= 2051) P value

Baseline characteristics

Age, years 50.8± 5.5 52.9± 4.9 < 0.001 63.4± 2.7 64.0± 2.8 < 0.001

Sex

Female 16,428 (55.7) 622 (37.0) < 0.001 6292 (47.3) 590 (28.8) < 0.001

Male 13,085 (44.3) 1061 (63.0) 7023 (52.8) 1461 (71.2)

College/university educated 14,628 (49.7) 684 (40.9) < 0.001 5650 (42.7) 789 (38.7) 0.001

White 26,983 (91.6) 1540 (91.7) 0.877 12,584 (94.8) 1932 (94.4) 0.412

TownsendDeprivation Index −

1.8± 2.8

−

1.3± 2.9

< 0.001 −

2.2± 2.5

−

1.9± 2.8

< 0.001

BMI, kg/m2 26.4± 4.3 29.9± 5.7 <0.001 26.5± 3.8 28.5± 4.3 < 0.001

Underweight (< 20) 856 (2.9) 18 (1.1) < 0.001 269 (2.0) 10 (0.5) < 0.001

Normal (20–25) 11,508 (39.1) 298 (17.8) 4717 (35.5) 390 (19.0)

Overweight (25–30) 12,065 (40.9) 640 (38.2) 6226 (46.8) 1012 (49.4)

Obese (≥ 30) 5044 (17.1) 719 (42.9) 2087 (15.7) 637 (31.1)

Smoking

Never 18.945 (64.3) 878 (52.3) < 0.001 7356 (55.4) 943 (46.1) < 0.001

Former 8460 (28.7) 656 (39.1) 5343 (40.2) 989 (48.3)

Current 2.056 (7.0) 146 (8.7) 583 (4.4) 114 (5.6)

Alcohol

Never 697 (2.4) 55 (3.3) < 0.001 350 (2.6) 55 (2.7) 0.039

Former 636 (2.2) 65 (3.9) 251 (1.9) 56 (2.7)

Current 28,176 (95.5) 1560 (92.9) 12,709 (95.5) 1940 (94.6)

Physical activity

Inactive 4894 (19.4) 350 (24.3) < 0.001 1662 (14.8) 360 (20.6) < 0.001

Moderate 10,645 (42.1) 604 (42.0) 4762 (42.4) 731 (41.8)

Active 9726 (38.5) 485 (33.7) 4,817 (42.9) 658 (37.6)

Hypertension 4792 (16.2) 799 (47.6) < 0.001 3699 (27.8) 1162 (57.2) < 0.001

APOE ε4 carrier 7016 (28.5) 380 (28.0) 0.685 2859 (25.7) 460 (27.2) 0.177

Cognitive test scores

Numeric memory test (number of digits recalled)

Baseline 7.0± 1.4 6.9± 1.6 0.619 6.8± 1.4 7.0± 1.4 0.0849

Follow-up 6.8± 1.5 6.5± 1.8 < 0.001 6.4± 1.6 6.1± 1.8 < 0.001

Prospectivememory test (0–2 pts)

Baseline 1.1± 0.3 1.1± 0.4 0.71 1.1± 0.4 1.1± 0.4 0.292

Follow-up 1.1± 0.4 1.1± 0.4 0.929 1.1± 0.5 1.1± 0.5 0.595

Pairs matching test (number of errors)

Baseline 3.6± 2.9 3.7± 3.1 0.059 4.2± 3.3 4.2± 3.4 0.905

Follow-up 3.4± 2.8 3.6± 2.9 0.006 4.2± 3.2 4.3± 3.4 0.079

Fluid intelligence test (number of correct answers)

Baseline 6.8± 2.1 6.4± 2.1 < 0.001 6.6± 2.0 6.6± 2.0 0.375

Follow-up 6.7± 2.1 6.5± 2.1 < 0.001 6.3± 2.0 6.2± 2.1 < 0.001

(Continues)
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TABLE 1 (Continued)

Cognitive test scores

Reaction time test (milliseconds)

Baseline 523± 94 533± 104 < 0.001 566± 106 567± 104 0.740

Follow-up 579± 103 594± 111 < 0.001 632± 116 640± 119 0.006

Volumes of brainMRI parameters (mm3)

Total brain 1175,854± 110,920 1169,969± 111,324 0.055 1131,352± 106,726 1125,960± 103,375 0.107

Graymatter 626,285± 54,138 617,238± 54,994 < 0.001 593,185± 51,983 589,810± 51,736 0.016

Whitematter 549,569± 61,704 552,730± 61,974 0.0639 538,167± 61,483 546,150± 60,083 <0.001

Hippocampus 7,823± 855 7,721± 913 < 0.001 7,368± 855 7,270± 915 <0.001

Whitematter hyperintensities 3,508± 4,448 5,077± 6,203 < 0.001 7,849± 8,584 9,457± 10,545 <0.001

Note: Data are presented asmeans± standard deviations or number (proportion, %).

Missing data: 152 for education level, 111 for race, 44 for Townsend Deprivation Index, 66 for BMI, 93 for smoking status, 12 for alcohol drinking, 6868 for

physical activity level,; 24 for hypertension, 7721 for APOE ε4 carrier status.
Abbreviations: APOE, apolipoprotein E; BMI, bodymass index; CMDs, cardiometabolic diseases; MRI, magnetic resonance imaging.
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F IGURE 1 Changes in global and domain-specific cognitive function inmiddle-aged and older adults, by CMD status. Data were analyzed
usingmixed-effects models adjusted for age, sex, education, SES, race, bodymass index, hypertension, smoking, alcohol consumption, physical
activity level, and APOE ε4 carrier status. APOE, apolipoprotein E; CMD, cardiometabolic disease; SES, socioeconomic status

small number (n = 79) given that the study population was composed

of participants who were healthy and engaged enough to undergo

a follow-up neuropsychological battery. Results from basic and par-

tially adjusted models can be found in Appendix A (Tables S10–S20) in

supporting information.

4 DISCUSSION

In this large-scale community-based follow-up study, we found that

the presence of a greater number of co-morbid CMDs is associated

with: (1) multi-domain cognitive decline, including faster decline in
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TABLE 3 β coefficients and 95% confidence interval (CI) for the association between CMD status and structural brain differences: Results
from linear regressionmodels.

No. of

participants

TBV GMV WMV HV WMHV

CMDs β (95%CI) β (95%CI) β (95%CI) β (95%CI) β (95%CI)

Whole population (n= 39,306)

CMD free 36,339 Reference Reference Reference Reference Reference

CMDs 2967 −0.15 (−0.18,−0.12) −0.17 (−0.20,−0.14) −0.11 (−0.14,−0.08) −0.14 (−0.18,−0.11) 0.05 (0.02, 0.09)

1 CMD 2747 −0.14 (−0.17,−0.11) −0.16 (−0.19,−0.13) −0.11 (−0.14,−0.08) −0.14 (−0.18,−0.10) 0.05 (0.02, 0.08)

≥ 2 CMDs 223 −0.25 (−0.36,−0.15) −0.34 (−0.45,−0.24) −0.15 (−0.26,−0.04) −0.22 (−0.34,−0.10) 0.10 (−0.01, 0.22)

Number of CMDs −0.14 (−0.16,−0.11) −0.16 (−0.19,−0.14) −0.10 (−0.13,−0.07) −0.13 (−0.16,−0.10) 0.05 (0.02, 0.08)

Middle age (< 60) (n= 26,903)

CMD free 25,524 Reference Reference Reference Reference Reference

CMDs 1379 −0.17 (−0.21,−0.12) −0.19 (−0.23,−0.14) −0.13 (−0.18,−0.09) −0.13 (−0.18,−0.08) 0.07 (0.03, 0.12)

1 CMD 1294 −0.16 (−0.21,−0.12) −0.18 (−0.22,−0.13) −0.13 (−0.18,−0.09) −0.13 (−0.18,−0.08) 0.06 (0.02, 0.11)

≥ 2 CMDs 85 −0.22 (−0.40,−0.05) −0.33 (−0.50,−0.16) −0.11 (−0.28, 0.07) −0.16 (−0.35, 0.04) 0.18 (0.00, 0.35)

Number of CMDs −0.15 (−0.19,−0.11) −0.18 (−0.22,−0.13) −0.12 (−0.16,−0.07) −0.12 (−0.17,−0.07) 0.07 (0.03, 0.11)

Older age (≥ 60) (n= 12,403)

CMD free 10,815 Reference Reference Reference Reference Reference

CMDs 1588 −0.14 (−0.18,−0.09) −0.16 (−0.20,−0.11) −0.10 (−0.15,−0.06) −0.12 (−0.17,−0.06) 0.04 (−0.00, 0.09)

1 CMD 1453 −0.12 (−0.17,−0.08) −0.14 (−0.18,−0.10) −0.10 (−0.14,−0.05) −0.11 (−0.16,−0.05) 0.04 (−0.01, 0.09)

≥2 CMDs 138 −0.28 (−0.41,−0.15) −0.34 (−0.48,−0.21) −0.20 (−0.33,−0.06) −0.21 (−0.37,−0.05) 0.08 (−0.07, 0.23)

Number of CMDs −0.13 (−0.17,−0.09) −0.15 (−0.19,−0.11) −0.10 (−0.13,−0.06) −0.11 (−0.15,−0.06) 0.04 (−0.00. 0.08)

Note: All models were adjusted for age, sex, education, SES, race, BMI, hypertension, smoking, alcohol consumption, physical activity level, APOE ε4 carrier

status, head position, scanner table position, and assessment center. See Appendix A in supporting information for results from unadjustedmodels.

Bold text indicates statistical significance (P-value<0.05).
Abbreviations: APOE, apolipoprotein E; BMI, body mass index; CMD, cardiometabolic disease; GMV, gray matter volume; HV, hippocampal volume; SES,

socioeconomic status; TBV, total brain volume;WMV, whitematter volume;WMHV, whitematter hyperintensity volume.

processing speed in middle age and faster declines in global cognitive

function, working memory, verbal/numeric reasoning, and processing

speed in older age; and (2) smaller TBV, GMV, WMV, and HV and

larger WMHV, even in middle age. Our findings highlight the connec-

tion between cardiometabolic multimorbidity and cognitive aging and

suggest that the CMD–cognitive decline association may be related to

both neurodegenerative and vascular pathologies, which could begin

as early as middle age.

An extensive literature has described the detrimental influence

of individual CMDs and various cardiovascular and metabolic risk

factors on cognitive function and brain health,28,29 including in mid-

life.16–19,30–34 However, as the population ages, cardiometabolic

multimorbidity is becoming increasingly prevalent,5 and there is

a need for more studies that consider the combined influence of

multiple CMDs on these outcomes across the life course.4 In the

present investigation, we evaluated 9-year trajectories in global

and domain-specific cognitive function in both middle-aged (< 60)

and older (≥ 60) adults, allowing us to explore the relationship

between burden of co-morbid CMDs and long-term changes in

cognition over different life stages. Interestingly, while differences

in the rate of cognitive change were apparent primarily among the

older cohort, brain structural differences were evident in both the

middle-aged and older cohorts alike. These results may suggest that

cardiometabolic multimorbidity could have a detrimental influence on

the brain as early as mid-life, but it is not until later in life that such

brain changes give way to decrements in cognitive performance. Of

course, additional studies are warranted to validate this conceptual

framework.

Consistent with our findings, cardiometabolic multimorbidity has

been related to a faster rate of global cognitive decline in the Swedish

National Study on Aging and Care, Kungsholmen8 and a recent pooled

analysis of four cohort studies covering the United States, China, and

several European countries.11 The latter study additionally reported

an association between cardiometabolic multimorbidity and decline in

performance on tests ofmemory, numeracy, and orientation.11 Besides

this, the association of cardiometabolic multimorbidity with domain-

specific cognitive decline has not beenwidely examined. Another study

based on UK Biobank data reported associations between various

combinations of CMDs (including T2D, hypertension, and coronary

artery disease) and poor performance in cognitive tests for reason-

ing ability, information processing speed, and memory among people

aged 40 to 70,12 but the temporality of these associations is unclear

given the cross-sectional study design, and potential differences in the

CMD–cognitive function associations among middle-aged and older
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F IGURE 2 Structural brain differences in middle and older age
among people with 1 and≥ 2 CMDs. Data were analyzed using linear
regressionmodels adjusted for age, sex, education, SES, race, body
mass index, hypertension, smoking, alcohol consumption, physical
activity level, APOE ε4 carrier status, head position, scanner table
position, and assessment center. APOE, apolipoprotein E; CMD,
cardiometabolic disease; GMV, graymatter volume; HV, hippocampal
volume; SES, socioeconomic status; TBV, total brain volume;WMV,
white matter volume;WMHV, white matter hyperintensity volume

participantswere not examined in detail. In the present study, a greater

number of CMDs was related to a modest but statistically significant

faster decline in processing speed in middle age, followed by even

steeper declines in verbal/numeric reasoningworkingmemory in older

age. These findings suggest that the potential detrimental influence of

cardiometabolic multimorbidity on cognitive function may begin with

decrements in processing speed, later worsening to include additional

and potentially more severe impairments in verbal/numeric reasoning

andmemory.

Different patterns of cognitive deficitsmaybe indicative of different

underlying brain pathological changes. Abilities like episodic memory

rely on medial temporal brain regions and are typically the domains

most impaired among people with Alzheimer’s disease (AD).35 In con-

trast, fluid abilities like processing speed, attention, and executive

function rely on frontal lobe function and are especially vulnerable to

vascular brain changes.36 Decreased HV and GMV are typical markers

of AD-related neurodegeneration,35 whereas the presence ofWMH is

indicative of microvascular lesions.37

Echoing the wide-ranging cognitive deficits associated with CMDs

in the present investigation and others, previous studies have linked

cardiometabolic multimorbidity10 and unfavorable cardiovascular risk

profiles13–15 to several brain structural differences, including smaller

volumes of subcortical structures and white matter damage in older

age. More recently, evidence has emerged of a connection between

F IGURE 3 Association of individual CMD constellations with
structural brain differences. Data were analyzed using linear
regressionmodels adjusted for age, sex, education, SES, race, body
mass index, hypertension, smoking, alcohol consumption, physical
activity level, APOE ε4 carrier status, head position, scanner table
position, and assessment center. APOE, apolipoprotein E; CMD,
cardiometabolic disease; GMV, graymatter volume; HD, heart disease;
HV, hippocampal volume; S, stroke; SES, socioeconomic status; T2D,
type 2 diabetes; TBV, total brain volume;WMV, white matter volume;
WMHV, white matter hyperintensity volume

cardiometabolic health and brain health in middle age. Previous neu-

roimaging studies have reported an association between cardiovas-

cular and metabolic risk factors and poorer white matter integrity

among middle-aged adults in their 50s,16,17,19 with one study even

showing an association between vascular risk factors (including BMI,

smoking, heavy alcohol use, high blood pressure, high cholesterol,

and hyperglycemia) and poorer white matter integrity among people

aged < 40.18 In our study, the presence of a greater number of CMDs

was associated with markers of not only vascular but also neurode-

generative brain damage—specifically, significantly smaller TBV, GMV,

WMV, and HV in both the middle-aged and older cohorts, and signifi-

cantly larger WMHV in the middle-aged cohort only. WMHV tends to

increase with advanced age, so a potential explanation for this find-

ing is that CMD-related increases in WMHV are diluted in the older

cohort.

Future studies are warranted to better understand the relationship

between cardiometabolic multimorbidity and cognitive/brain aging

across the life course. This will require longitudinal studies in which

people are followed from middle to older age, undergoing multiple

brain MRI scans and cognitive test batteries so that different pat-

terns of cognitive deficits can be linked with different underlying brain

pathological changes.
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4.1 Strengths and limitations

A major strength of this study is the use of a large-scale population-

based studywith a comprehensive data collection procedure, including

brain MRI scans and repeated measures of cognitive function. Addi-

tionally, the inclusion ofmiddle-aged aswell as older participants in the

study allowed us to examine the connections among CMDs, cognition,

and brain health in different life stages.

However, our results should be interpreted in the context of some

limitations. Most importantly, it should be acknowledged that the cog-

nitive tests administered in theUKBiobank are brief and non-standard

in nature and have lower validity and reliability than a traditional

neuropsychological examination.23 Furthermore, not all participants

had two repeated measures of all five cognitive tests, in part due to

slight changes in the UK Biobank cognitive test battery protocol over

time. Specifically, there were relatively more participants with only

one measurement of verbal/numeric reasoning, prospective memory,

and working memory because the verbal/numeric reasoning and

prospective memory tests were added to the cognitive battery after

the baseline assessment phasewas already underway, and theworking

memory test was eventually removed from the battery during the

follow-up period due to time constraints.22 Although mixed-effects

models can accommodate missing data, it is possible that the reported

results are less reliable for those particular domains. Moreover,

improvements in reliability have been shown when scores from UK

Biobank cognitive tests are combined,23 hence our focus on global as

well as domain-specific cognitive function in the present investigation.

After subsequent waves of follow-up are complete, future UK Biobank

studies can examine trajectories of cognitive function even more

comprehensively using more than two repeated measures of cognitive

function.

Another limitation of our study is that brain MRI scans were con-

ducted at only one time point, so we could notmeasure the association

between CMDs and long-term changes in brain structure or evaluate

brain MRI changes as a mediator of the association between CMDs

and cognitive decline. Collection of repeat brain MRI scans is cur-

rently ongoing among a subset of≈ 10,000UKBiobank participants,38

enabling investigation of these issues in future studies. An additional

limitation is that two CMDs, HD and stroke, were ascertained through

medical records and therefore likely tobeunderdiagnosed in this study.

Relatedly, the UK Biobank sample is highly selected and suffers from

well-documented healthy volunteer bias.39,40 As a consequence, the

prevalence of CMDs, especially in middle age, was rather low in our

study population, which could limit the generalizability of our findings

to other populations and may have contributed to an underestimation

of the observed associations amongCMDs, cognitive decline, and brain

MRI measures. Selection bias may be stronger in our sample as it was

restricted to UK Biobank participants who underwent the follow-up

examination. This is especially true of the neuroimaging subsample,

given the demands of undergoing an MRI scan and contraindications

like stents or pacemakers that exclude less healthy individuals. Cau-

tion is therefore required when generalizing our findings to other

populations.

4.2 Conclusion

In this large community-based study, a greater burden of CMDs was

associated with an accelerated trajectory of global cognitive decline,

including a significant decline in processing speed in middle age and a

significant decline in working memory, verbal/numeric reasoning, and

processing speed in older age. CMDs were further associated with

brain structural differences indicative of both neurodegenerative and

vascular brain lesions in both middle and older age. Together, these

results highlight thepotential detrimental influenceof cardiometabolic

multimorbidity on cognitive and brain health, which could begin as

early as middle age.
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