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Summary
Background Little is known regarding associations of conventional and emerging diseases and their multimorbidity
with brain volumes.

Methods This cross-sectional study included 36,647 European ancestry individuals aged 44−81 years with brain
magnetic resonance imaging data from UK Biobank. Brain volumes were measured between 02 May 2014 and 31
October 2019. General linear regression models were used to associate 57 individual major diseases with brain vol-
umes. Latent class analysis was used to identify multimorbidity patterns. A multimorbidity score for brain volumes
was computed based on the estimates for individual groups of diseases.

Findings Out of 57 major diseases, 16 were associated with smaller volumes of total brain, 14 with smaller volumes
of grey matter, and six with smaller hippocampus volumes, and four major diseases were associated with higher
white matter hyperintensity (WMH) load after adjustment for all other diseases. The leading contributors to the vari-
ance of total brain volume were hypertension (R2=0¢0229), dyslipidemia (0¢0190), cataract (0¢0176), coronary heart
disease (0¢0107), and diabetes (0¢0077). We identified six major multimorbidity patterns and multimorbidity pat-
terns of cardiometabolic disorders (CMD), and CMD-multiple disorders, and metabolic disorders were indepen-
dently associated with smaller volumes of total brain (b (95% CI): -6¢6 (-8¢9, -4¢3) ml, -7¢3 (-10¢4, -4¢1) ml, and -10¢4
(-13¢5, -7¢3) ml, respectively), grey matter (-7¢1 (-8¢5, -5¢7) ml, -9¢0 (-10¢9, -7¢1) ml, and -11¢8 (-13¢6, -9¢9) ml, respec-
tively), and higher WMH load (0¢23 (0¢19, 0¢27), 0¢25 (0¢19, 0¢30), and 0¢33 (0¢27, 0¢39), respectively) after adjust-
ment for geographic, socioeconomic, and lifestyle factors (all P-values<0¢0001). The percentage of the variance of
total brain volume explained by multimorbidity patterns, multimorbidity defined by the number of diseases, and
multimorbidity score was 1¢2%, 3¢1%, and 7¢2%, respectively. Associations between CMD-multiple disorders pattern,
and metabolic disorders pattern and volumes of total brain, grey matter, and WMH were stronger in men than in
women. Associations between multimorbidity and brain volumes were stronger in younger than in older
individuals.

Interpretation Besides conventional diseases, we found an association between numerous emerging diseases and
smaller brain volumes. CMD-related multimorbidity patterns are associated with smaller brain volumes. Men or
younger adults with multimorbidity are more in need of care for promoting brain health. These findings are from
an association study and will need confirmation.
Abbreviations: AD, Alzheimer’s disease; APOE4, Apolipoprotein E e4; BMI, body mass index; CHD, coronary heart disease; CI, con-

fidence interval; CKD, chronic kidney disease; CMD, cardiometabolic disorders; COPD, chronic obstructive pulmonary disease;

CVD, cardiovascular disease; FDR, false discovery rate; OLS, ordinary least squares; WMH, white matter hyperintensity
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Research in context

Evidence before this study

A literature search was conducted using PubMed on 22
October, 2021, using the search terms “multiple diseases”,
“multiple conditions”, “multiple chronic diseases”, “multi-
ple chronic conditions”, “individual diseases”, “individual
conditions”, “individual chronic diseases”, “individual
chronic conditions”, “major diseases”, “major conditions”,
“major chronic diseases”, “major chronic conditions”, “mul-
timorbidity”, “multi-morbidity”, “comorbidit”, or “co-mor-
bidit*”, combined with “magnetic resonance imaging”,
“MRI”, “grey matter”, “white matter”, or “hippocamp*" with
no language restriction. Numerous studies with small sam-
ple sizes have investigated associations between well-
known risk factors for dementia including traumatic brain
injury, hearing impairment, obesity, hypertension, stroke,
diabetes, and depression and brain volume. Data on asso-
ciations between other major diseases and brain volumes
are limited whilst it is unknown regarding associations
between multimorbidity patterns and brain volumes.

Added value of this study

To our knowledge, this is the first study to examine associ-
ations of a wide range of major diseases and their major
multimorbidity patterns with brain volumes. In addition to
conventional conditions, we found atrial fibrillation, heart
failure, peripheral vascular disease, alcohol problems, psy-
choactive substance abuse, schizophrenia, chronic
obstructive pulmonary disease, inflammatory bowel dis-
ease, chronic kidney disease, breast cancer, rectal cancer,
glaucoma, and cataract were independently associated
with smaller volumes of total brain, grey matter, and hip-
pocampus, and higher white matter hyperintensity load.
For the first time, we identified multimorbidity patterns
that were linked to brain volumes and created a multimor-
bidity score that was strongly predictive of brain volumes.
In moderation analysis, associations between multimor-
bidity and brain volumes were stronger in men than in
women, in younger than in older individuals, and in lowly
educated than in highly educated individuals.

Implications of all the available evidence

We identified numerous emerging diseases (ie, those
not previously associated with reductions in brain
volume) in addition to conventional diseases that may
help identify individuals at higher risk of reductions in
brain volume. Cardiometabolic disorders related multi-
morbidity patterns were associated with a larger reduc-
tion in brain volumes. Our findings provide evidence for
intervention priorities for the prevention and screening
of reduction in brain volume in middle-aged and older
adults.
Introduction
It is estimated that the number of people aged ≥65
years is 727 million in 2020 and this number is
expected to increase to 1¢5 billion by 2050.1 Ageing is
the primary risk factor for neurodegenerative diseases,2

whilst non-pathological brain damage is the prelude to
these neurodegenerative diseases. Volumes of total
brain, grey matter, white matter hyperintensity (WMH),
and hippocampus have been shown to play an impor-
tant role in the development of dementia.3 Neurodegen-
erative diseases including dementia are frequently seen,
and disease-free brains are rarely seen in the older popu-
lation.2 Identifying modifiable determinants for brain
damage will provide evidence for intervention priorities
that may help to prevent dementia. This is important as
brain atrophy may precede the onset of dementia by
many years.2

Many well-known modifiable risk factors for demen-
tia including obesity, hypertension, high cholesterol,
diabetes, hearing loss, psychiatric disorders, and smok-
ing have been linked to brain atrophy.4−8 However,
these conventional factors appear to explain a small
amount of variance (≤2%) in excess of covariates for
brain atrophy.5,6 Therefore, it is imperative to identify
other determinants for brain atrophy considering the
rapid decline in brain volumes in older adults.9 Other
emerging chronic diseases including musculoskeletal
disorders, respiratory diseases, digestive disorders, and
chronic kidney disease (CKD), which are shown to be
risk factors of dementia, have been linked to brain atro-
phy in only a few studies.10−12 Meanwhile, many indi-
viduals have not only one but several conditions
www.thelancet.com Vol 47 Month May, 2022
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(multimorbidity) in the ageing population. Although
multimorbidity has been linked to increased dementia
risk,13,14 it is unknown whether multimorbidity and its
major patterns confer to the risk of brain atrophy.

Identifying whether conventional and emerging dis-
eases, that are known to be risk factors for dementia,
are associated with brain volumes is important for the
prevention of brain damage. Using the UK Biobank
cohort, we aimed to investigate associations of a wide
range of individual major diseases and their multimor-
bidity/multimorbidity patterns/multimorbidity score
with brain volumes. Whether these associations were
moderated by age, gender, or education was also tested.
Methods

Study population
UK Biobank is a community-based cohort that recruited
more than 500,000 participants aged 38−73 years at base-
line between 2006 and 2010.15 Design and population
have been detailed elsewhere.15 Of approximately 9¢2 mil-
lion eligible invited people who were registered with the
National Health Service, 502,505 individuals were mea-
sured at baseline. Data were collected at baseline (2006
−2010), first repeat assessment visit (2012−2013), imag-
ing visit (2014−2019), and first imaging repeat visit (2019
+). Individuals with data on both brain magnetic reso-
nance imaging (MRI) and major diseases were included
in the analysis. Those with dementia, Parkinson’s disease,
multiple sclerosis, epilepsy, stroke, head or neurological
injury, or trauma, or other chronic neurological problems
(nervous system infection, brain abscess, encephalitis,
demyelinating disease, cerebral aneurysm, cerebral palsy,
brain haemorrhage, or brain cancer) were excluded from
the analysis. Imaging visit data were used in the present
cross-sectional analysis. The present study was reported
following the STROBE guidelines.16

The UK Biobank Study’s ethical approval has been
granted by the National Information Governance Board
for Health and Social Care and the NHS North-West
Multicenter Research Ethics Committee. All partici-
pants provided informed consent through electronic sig-
nature at recruitment. The present study was conducted
under application number 62,443 of the UK Biobank
resource.
Brain magnetic resonance imaging
The main outcomes of the study included volumes of
total brain, grey matter, white matter, WMH, and hippo-
campus. Brain MRI data were acquired on a standard
Siemens Skyra 3T scanner with a standard 32-channel
radio-frequency receiver head coil.17,18 The T1- and T2-
weighted scans were analysed with the Functional MRI
of the Brain Software Library. Global and regional brain
imaging-derived phenotypes included total brain, grey
www.thelancet.com Vol 47 Month May, 2022
matter, white matter, WMH, and hippocampus. Total
brain volume was computed by adding the grey matter
and white matter volumes (excludes cerebrospinal
fluid). Total brain and regional brain volumes were nor-
malized for head size based on the external surface of
the skull,17,18 using the ratio-corrected method.17 Given
the positively skewed distribution, WMH was log-trans-
formed in the analysis. Given the small sample size of
the first imaging repeat visit (2019+), MRI data mea-
sured between 2 May, 2014 and 31 October, 2019 (imag-
ing visit) were used in the main analysis.
Definition of diseases and multimorbidity
Amajor disease was defined if participants reported that
they had ever been told by a doctor that they had the cor-
responding disease. A total of 57 major diseases such as
cardiovascular disease (CVD), cancer, diabetes, psychiat-
ric diseases, CKD were included in the analysis (Field
code is listed in Table S1). Additional disease cases at
baseline were defined using inpatient data where the
disease was initially diagnosed before MRI assessment.
Inpatient hospital data for the UK Biobank participants
were available since 1997. Body mass index (BMI) was
calculated based on measured weight and height, and
obesity was defined as BMI≥30 kg/m2. International
Classification of Diseases codes for the remaining 57
diseases are listed in Table S2. Multimorbidity was
defined by having ≥2 of 19 groups of these 57 chronic
diseases (Table S3). Obesity, hypertension, high choles-
terol, diabetes, CVD, hearing loss, traumatic brain
injury, and psychiatric disorders that are well-known
risk factors of dementia are considered conventional
risk factors for greater brain atrophy.4−7 Those diseases
including painful conditions, respiratory disorders,
digestive disorders, CKD, cancers, and eye diseases that
are linked to brain volumes in only a few studies are
considered as emerging factors.9−11
Covariates
Demographics including age (years), gender (men,
women), education (0−5 years, 6−12 years, ≥13 years),
ethnicity (whites, non-whites), and annual household
income (<18,000 £, 18,000−30,999 £, 31,000−51,999
£, 52,000−100,000 £, >100,000 £) were self-reported.
Sleep duration was assessed with the survey item
“About how many hours sleep do you get in every 24
h?” We divided sleep duration into three groups: <7, 7
−9, and >9 h.19 A short form of the International Physi-
cal Activity Questionnaire was used to assess physical
activity. A healthy diet score was calculated based on
seven commonly eaten food groups following recom-
mendations on dietary priorities for cardiometabolic
health.20 A higher score represented a healthier diet.
Those factors measured at the survey of MRI assess-
ment were used in the analysis. Genotyping was
3
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conducted by Affymetrix using a bespoke BiLEVE
Axiom array or the UK Biobank Axiom array. Apolipo-
protein E e4 (APOE4) + dominant model of e3/e4 and
e4/e4 was used to define the presence of APOE4.
Statistical analysis
Data of characteristics were expressed percentages (95%
confidence intervals [CIs]) and means (95% CIs) by
multimorbidity.

Both linear regression and spine curve models were
used to test the association between age and brain. Asso-
ciations between individual diseases and volumes of
total brain, grey matter, white matter, hippocampus,
and WMH were tested using general linear regression
models volumes (these brain volumes were analyzed as
a single multivariate outcome). We tested three models:
1) unadjusted model; 2) Model 2 was adjusted for age,
gender, APOE4, income, education, alcohol consump-
tion, physical activity, sleep duration, smoking, and diet
score; 3) Model 3 was adjusted for Model 2 plus all other
diseases for each disease. Benjamin-Hochberg's proce-
dure was used to control false discovery rate (FDR) at a
5% level for multiple comparisons.21 Associations
between multimorbidity (defined by the number of dis-
eases) and brain volumes were also tested.

Multimorbidity patterns were identified using latent
class analysis based on 19 groups of diseases (recatego-
rized based on 57 major diseases, Table S3). Consistent
Akaike Information Criterion (CAIC) and adjusted
Bayesian Information Criterion (ABIC) were used to
determine the optimal number of latent classes.22

Lower ABIC and CAIC values indicated better fitting
models. Participants were assigned to one class accord-
ing to the highest computed probability of membership.
Latent classes were labelled according to those chronic
conditions whose prevalence in latent classes was
higher than that in the whole cohort. General linear
regression models were then used to test associations
between multimorbidity patterns and brain volumes.

We computed a multimorbidity score for brain vol-
umes based on the estimates for 19 individual groups of
diseases (Table S4). The multimorbidity score was cal-
culated using the formula:

�
Xk

i¼1

bi � Ni

Ni refers to whether individuals had the i group of dis-
eases or not (yes, no), whilst bi is the coefficient for
brain volumes associated with the i group of diseases.
This analysis was conducted for volumes of total brain,
grey matter, and hippocampus, separately. The formula
for WMH volume was:

Xk

i¼1

bi � Ni
A higher multimorbidity score represents unhealth-
ier brain health. Multimorbidity score was also calcu-
lated by accounting for variability in the estimated b for
brain volumes associated with 19 individual groups of
diseases (the calculation method is detailed in the Sup-
plemental materials). The association between multi-
morbidity score in quintiles and brain volumes was
then tested. Given that log transformation of WMH
may induce bias in the estimates of coefficients for
WMH associated with 19 individual groups of diseases
using linear regression model, ordinary least squares
(OLS) regression model was also used to estimate those
coefficients. Multimorbidity scores calculated based on
coefficients estimated using both linear and OLS regres-
sion models were then associated with WMH.

The amount of variance of brain volume accounted
for by individual diseases and multimorbidity was com-
puted by a baseline model R2 in which brain volume
was modelled with covariates only subtracting from the
R2 of the full model. To facilitate the comparison of
associations across individual diseases, standardized
coefficients are reported in the supplemental materials.
The effect sizes can be classified as small, medium, or
large according to Cohen, when the standardized coeffi-
cients are 0¢1, 0¢3, or 0¢5, respectively.23

The potential modification effects of age (younger
individuals aged <65 years, older individuals aged ≥65
years), gender (men, women), APOE4 (yes, no), and
education (0−5 years, 6−12 years, ≥13 years) on associ-
ations between multimorbidity and brain volumes were
tested using general linear regression models.

In order to test the risk of bias due to missing values,
we examined associations between individual major dis-
eases and brain volumes among those with complete
data (covariates). A large proportion of individuals with-
out MRI data were not included in the analysis. Given
the potential differences between individuals with and
without MRI data, associations between individual dis-
eases and brain volumes were tested using the inverse
probability weighting method. Inverse probability
weighting is a method that can be used to account for
missing data when subjects with missing data could not
be included in the main analysis.24 In our analysis, indi-
viduals with complete data were weighted by the inverse
of their probability of being a complete case. A sensitiv-
ity analysis was also conducted to examine associations
between individual diseases defined by inpatient data
(cases diagnosed from 0 to 5 years before MRI assess-
ment) and total brain volume.

Missing values were replaced with data collected
between 2012 and 2013, or 2006−2010. After replace-
ment, there were no missing values in alcohol con-
sumption or BMI. The percentage of participants with
missing values in physical activity, household income,
education, APOE4, diet, sleep duration, and smoking
was14¢7%, 9¢5%, 7¢8%, 2¢4%, 0¢6%, 0¢05%, and
0¢01%, respectively. Multiple imputations for missing
www.thelancet.com Vol 47 Month May, 2022
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data were conducted, and all covariates were included in
the imputation models to create 10 imputed datasets.

Data analyses were conducted using SAS 9¢4 for
Windows (SAS Institute Inc.) and all P values were two-
sided with statistical significance set at <0¢05.
Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, writing of
the report, or the decision to submit for publication.
Results

Population selection and characteristics
Of 502,505 participants with baseline data, those of
other ethnic background rather than European ancestry
(n = 30,380), with missing values on MRI assessments
(n = 433,728), or with prevalent dementia (n = 8),
Parkinson’s disease (n = 66), multiple sclerosis
(n = 132), epilepsy (n = 248), stroke (n = 613), head or
neurological injury, or trauma (n = 604), or other
chronic neurological problems (n = 79) were excluded
from the analysis. A total of 36,647 adults (53¢4%
females) aged 44−81 years (mean§ standard deviation:
63¢7 § 7¢5) were included in the final analysis. Individu-
als with more diseases were more likely to be older,
male, lowly educated, and physically inactive, and to
have lower household income and diet quality (Table 1).
Age and brain volumes
As shown in Figure 1, volumes of total brain
(R2=0¢3269), grey matter (R2=0¢3671), and hippocam-
pus (R2=0¢0844) decreased with ageing. There was a
sharper decrease in total brain and grey matter volumes
after the age of 55 years and a sharper decrease in the
hippocampal volume after the age of 65 years. A linear
relationship between WMH and age was observed
(R2=0¢2611).
Individual diseases and brain volumes
Of 57 observed diseases, 41 were significantly associated
with total brain volume after controlling for FDR. Associ-
ations for 19 diseases were attenuated to be non-signifi-
cant after adjustment for age and gender. Associations
for 22 other diseases remained significant in the multi-
variable-adjusted analysis (Model 2). Both prostate disor-
der and dyspepsia were associated with smaller total
brain volume in the unadjusted analysis but with larger
total brain volume in the age- and gender-adjusted
model. Asthma was associated with larger total brain vol-
ume in the unadjusted and multivariable-adjusted mod-
els. The remaining 19 diseases were individually
associated with smaller total brain volume in unadjusted
(Model 1) and multivariable-adjusted models (Model 2).
www.thelancet.com Vol 47 Month May, 2022
The number of diseases, that were inversely associated
with total brain volume, was reduced to 16 after addi-
tional adjustment for all other diseases (Model 3). The
top five leading contributors to the variance of total brain
volume were hypertension (R2=0¢0229), dyslipidemia
(0¢0190), cataract (0¢0176), coronary heart disease
(CHD) (0¢0107), and diabetes (0¢0077). Coefficients
(95% CIs) for total brain volume (ml) associated with
hypertension, dyslipidemia, cataract, CHD, and diabetes
were �25¢9 (�27¢7, �24¢2), �27¢8 (�29¢8, �25¢8),
�37¢2 (�40¢0, �34¢3), �34¢3 (�37¢6, �30¢9), and �31¢9
(�35¢7,�28¢2), respectively (Figure 2).

Potential effect sizes of psychiatric or mental disorders
were larger compared with other diseases (Table S5).

Similarly, 18 diseases were individually associated with
smaller grey matter volume in both unadjusted (Model 1)
and multivariable-adjusted models (Model 2, Table S6).
The top five leading contributors to the variance of grey
matter volume were hypertension (R2=0¢0415), dyslipide-
mia (0¢0286), cataract (0¢0188), CHD (0¢0166), and dia-
betes (0¢014). After adjustment for all other diseases and
covariates, 14 diseases were significantly associated with
smaller grey matter volume (Figure S1).

Eleven out of 57 observed diseases were associated with
smaller hippocampal volume after adjustment for FDR.
This number was reduced to six after the adjustment for
all other diseases (Model 3, Table S7, Figure S2).

Eleven diseases were associated with higher WMH
volume in both unadjusted (Model 1) and multivariable-
adjusted models (Model 2, Table S8). Only four diseases
were associated with higher WMH load independent of
all other diseases (Model 3). Hypertension (R2=0¢0299),
and dyslipidemia (0¢0125) were leading contributors to
the total variance of WMH volume (Figure S3).
Multimorbidity and brain volumes
As shown in Table S9, the six-class model, which
yielded the lowest CAIC (19,118¢3), was used to identify
multimorbidity patterns. Class one, characterized as a
lower prevalence of all individual diseases, was labelled
as “relatively healthy pattern”. Class two, characterized
as a higher prevalence of hearing problems, digestive
disorders, and cancer, was labelled as “cancer-degenera-
tive disorders pattern”. Class three, characterized as a
higher prevalence of obesity, hypertension, and diabe-
tes, was labelled as “metabolic disorders pattern”. Class
four, characterized as a higher prevalence of cardiome-
tabolic disorders ([CMD]: CVD, hypertension, diabetes,
high cholesterol, and obesity) and multiple other dis-
eases, was labelled as “CMD-multiple disorders
pattern”. Class five, characterized as a higher prevalence
of mental disorders, digestive disorders, painful condi-
tions, and multiple other diseases, was labelled as
“multiple disorders pattern”. Class six with a higher
prevalence of CVD, hypertension, dyslipidemia, and dia-
betes was labelled as “CMD pattern” (Table S10).
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Number of diseases P-value*

0 (n = 5388) 1 (n = 8492) 2 (n = 7808) 3 (n = 6110) 4 (n = 4013) 5 (n = 2330) ≥6 (n = 2506)

Age (years)y 60¢7 (60¢5−60¢9) 62¢2 (62¢1−62¢4) 63¢5 (63¢3−63¢7) 64¢7 (64¢5−64¢8) 65¢6 (65¢4−65¢8) 66¢4 (66¢1−66¢6) 67¢4 (67¢1−67¢7) <0¢0001
Gender <0¢0001
Women 59¢2 (57¢9−60¢5) 55¢9 (54¢9−57¢0) 53¢7 (52¢6−54¢8) 51¢6 (50¢4−52¢9) 50¢3 (48¢7−51¢8) 47¢4 (45¢4−49¢5) 46¢6 (44¢6−48¢5)
Men 40¢8 (39¢5−42¢1) 44¢1 (43¢0−45¢1) 46¢3 (45¢2−47¢4) 48¢4 (47¢1−49¢6) 49¢7 (48¢2−51¢3) 52¢6 (50¢6−54¢6) 53¢4 (51¢5−55¢4)

APOE4z 0¢31
No 73¢7 (72¢5−74¢9) 74¢5 (73¢6−75¢4) 74¢4 (73¢4−75¢3) 73¢9 (72¢8−75¢0) 75¢4 (74¢1−76¢7) 74¢9 (73¢1−76¢7) 74¢5 (72¢8−76¢3)
Yes 24¢0 (22¢9−25¢2) 23¢1 (22¢2−24¢0) 23¢3 (22¢4−24¢3) 23¢7 (22¢6−24¢8) 22¢0 (20¢7−23¢3) 23¢1 (21¢3−24¢8) 22¢6 (21¢0−24¢2)
Missing 2¢3 (1¢9−2¢7) 2¢4 (2¢1−2¢7) 2¢3 (2¢0−2¢7) 2¢4 (2¢0−2¢8) 2¢6 (2¢1−3¢1) 2¢1 (1¢5−2¢6) 2¢9 (2¢2−3¢5)

Education <0¢0001
0−5 years 3¢2 (2¢7−3¢6) 4¢7 (4¢2−5¢1) 5¢9 (5¢4−6¢4) 6¢6 (6¢0−7¢3) 8¢3 (7¢5−9¢2) 9¢0 (7¢9−10¢2) 12¢4 (11¢1−13¢7)
6−12 years 43¢1 (41¢8−44¢4) 45¢4 (44¢3−46¢4) 46¢1 (45¢0−47¢2) 48¢6 (47¢4−49¢9) 47¢4 (45¢9−48¢9) 49¢0 (47¢0−51¢0) 50¢8 (48¢8−52¢7)
≥13 years 52¢4 (51¢1−53¢8) 48¢7 (47¢6−49¢8) 46¢4 (45¢3−47¢6) 43¢1 (41¢9−44¢4) 42¢3 (40¢8−43¢9) 40¢0 (38¢1−42¢0) 34¢6 (32¢8−36¢5)
Missing 1¢3 (1¢0−1¢6) 1¢3 (1¢0−1¢5) 1¢6 (1¢3−1¢9) 1¢6 (1¢3−2¢0) 1¢9 (1¢5−2¢4) 1¢9 (1¢4−2¢5) 2¢2 (1¢7−2¢8)

Household income (pounds) <0¢0001
<18,000 7¢2 (6¢5−7¢9) 8¢1 (7¢5−8¢7) 10¢0 (9¢3−10¢6) 10¢9 (10¢1−11¢7) 11¢9 (10¢9−12¢9) 14¢2 (12¢8−15¢6) 18¢9 (17¢3−20¢4)
18,000−30,999 15¢4 (14¢4−16¢3) 17¢4 (16¢6−18¢2) 19¢7 (18¢8−20¢6) 20¢9 (19¢9−21¢9) 22¢5 (21¢2−23¢8) 24¢8 (23¢0−26¢5) 25¢1 (23¢4−26¢8)
31,000−51,999 27¢2 (26¢0−28¢4) 28¢1 (27¢2−29¢1) 27¢7 (26¢7−28¢7) 27¢9 (26¢8−29¢0) 27¢4 (26¢1−28¢8) 26¢5 (24¢7−28¢3) 25¢7 (24¢0−27¢5)
52,000−100,000 31¢9 (30¢7−33¢2) 28¢9 (27¢9−29¢8) 26¢3 (25¢4−27¢3) 24¢7 (23¢6−25¢8) 22¢7 (21¢4−24¢0) 19¢8 (18¢2−21¢4) 16¢2 (14¢8−17¢7)
>100,000 10¢1 (9¢3−10¢9) 8¢1 (7¢5−8¢7) 6¢8 (6¢2−7¢4) 5¢8 (5¢3−6¢4) 5¢6 (4¢9−6¢3) 4¢2 (3¢4−5¢0) 3¢4 (2¢7−4¢1)
Unknown 1¢3 (1¢0−1¢6) 1¢9 (1¢6−2¢2) 1¢9 (1¢6−2¢2) 1¢9 (1¢5−2¢2) 2¢0 (1¢6−2¢4) 1¢9 (1¢3−2¢4) 2¢2 (1¢6−2¢8)
Not answered 6¢9 (6¢2−7¢6) 7¢6 (7¢0−8¢2) 7¢6 (7¢0−8¢2) 8¢0 (7¢3−8¢7) 7¢8 (7¢0−8¢7) 8¢7 (7¢5−9¢8) 8¢5 (7¢4−9¢6)

Diet scorey,x 4¢27 (4¢24−4¢31) 4¢23 (4¢2−4¢26) 4¢16 (4¢13−4¢19) 4¢15 (4¢11−4¢18) 4¢07 (4¢02−4¢11) 4¢04 (3¢99−4¢09) 3¢95 (3¢9−4) <0¢0001
Physical activity (MET-minutes/week)y 2551 (2492−2610) 2552 (2503−2600) 2478 (2430−2526) 2448 (2392−2504) 2389 (2322−2457) 2419 (2329−2510) 2447 (2354−2540) <0¢0001
Smoking <0¢0001
Never 68¢6 (67¢3−69¢8) 66¢1 (65¢1−67¢1) 63¢5 (62¢4−64¢5) 61¢2 (60¢0−62¢4) 58¢8 (57¢2−60¢3) 54¢5 (52¢5−56¢5) 51¢0 (49¢0−52¢9)
Former 28¢1 (26¢9−29¢3) 30¢4 (29¢5−31¢4) 33¢3 (32¢2−34¢3) 35¢4 (34¢2−36¢6) 37¢7 (36¢2−39¢2) 41¢6 (39¢6−43¢6) 45¢8 (43¢8−47¢7)
Current 3¢3 (2¢8−3¢8) 3¢5 (3¢1−3¢9) 3¢3 (2¢9−3¢7) 3¢4 (2¢9−3¢8) 3¢6 (3¢0−4¢2) 3¢9 (3¢1−4¢7) 3¢3 (2¢6−4¢0)

Sleep duration (hours/day) <0¢0001
<7 21¢1 (20¢0−22¢1) 22¢0 (21¢1−22¢8) 24¢0 (23¢0−24¢9) 25¢0 (23¢9−26¢1) 25¢6 (24¢3−27¢0) 26¢1 (24¢4−27¢9) 28¢0 (26¢3−29¢8)
7−9 78¢5 (77¢4−79¢6) 77¢4 (76¢5−78¢3) 75¢0 (74¢1−76¢0) 73¢7 (72¢6−74¢8) 72¢6 (71¢2−74¢0) 71¢9 (70¢0−73¢7) 68¢7 (66¢9−70¢5)
>9 0¢5 (0¢3−0¢7) 0¢7 (0¢5−0¢8) 1¢0 (0¢8−1¢2) 1¢3 (1¢0−1¢6) 1¢8 (1¢4−2¢2) 2¢0 (1¢5−2¢6) 3¢3 (2¢6−4¢0)

Table ? 1 (Continued)
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Compared with the relatively healthy multimorbidity
pattern, all other patterns were associated with smaller
volumes of total brain, grey matter, and hippocampus
and higher WMH load. After adjustment for all covari-
ates (Model 3), associations for patterns of CMD, CMD-
multiple disorders, and metabolic disorders remained
significant. Adjusted b (95% CI) for total brain volume
associated with patterns of CMD, CMD plus multiple
diseases, and metabolic disorders was �6¢6 (�8¢9,
�4¢3) ml, �7¢3 (�10¢4, �4¢1) ml, and �10¢4 (�13¢5,
�7¢3) ml, respectively. The corresponding number for
grey matter volume was �7¢1 (�8¢5, �5¢7) ml, �9¢0
(�10¢9, �7¢1) ml, and �11¢8 (�13¢6, �9¢9) ml, respec-
tively. Patterns of CMD, CMD-multiple disorders, and
metabolic disorders were also associated with higher
WMH load (0¢23 (0¢19, 0¢27), 0¢25 (0¢19, 0¢30), and
0¢33 (0¢27, 0¢39), respectively) after adjustment for geo-
graphic socioeconomic, and lifestyle factors, and all
other diseases (Model 3, all P-values<0¢0001). The vari-
ance of volumes of total brain, grey matter, hippocam-
pus, and WMH explained by multimorbidity patterns
was 0¢0120, 0¢0186, 0¢0012, and 0¢0103, respectively
(Table 2).

Multimorbidity defined by the number of major dis-
eases was associated with smaller volumes of total brain,
grey matter, and hippocampus and larger WMH vol-
ume. Adjusted b (95% CI) for volumes of total brain,
grey matter, hippocampus, and WMH associated with
multimorbidity (≥ 6 diseases) was �6¢5 (�9¢3, �3¢6)
ml, �9¢4 (�11¢1, �7¢6) ml, �31¢5 (�51¢4, �11¢6) µl, and
0¢25 (0¢19, 0¢30) ml, respectively (Model 3). The R2 for
total brain, grey matter, hippocampus, and WMH vol-
umes were 0¢0305, 0¢0474, 0¢0073, and 0¢0244,
respectively (Table 3).

A higher multimorbidity score was associated with
smaller volumes of total brain, grey matter, and hippocam-
pus and higher WMH load. The variance of total brain vol-
ume explained by multimorbidity score was 0¢0537
(Table 4). In the multivariable-adjusted analysis (Model
3), the coefficient for volumes of total brain, grey matter,
hippocampus, and WMH associated with each standard
deviation increment of multimorbidity score was �2¢6
(�3¢3, �2¢0) ml, �3¢2 (�3¢6, �2¢8) ml, �12¢6 (�17¢1,
�8¢1) µl, and 0¢10 (0¢09, 0¢11) ml respectively. Percentage
of variance of volumes of total brain, grey matter, hippo-
campus, and WMH explained by multimorbidity score
was 7¢2%, 11¢0%, 1¢6%, and 7¢4%, respectively (Figure
S4). There was minimal difference between the results
with (Table S11) and without (Table 4) accounting for the
variation in beta coefficients for brain volumes associated
with 19 individual groups of diseases.
Moderation analysis
Associations between CMD-multiple disorders, meta-
bolic disorders multimorbidity patterns and volumes of
total brain, and grey matter were stronger in men than
7



Figure 1. Age and vo mes of total brain, grey matter, hippocampus, and white matter hyperintensity; Pannels A, B, C, and D show the results for total br n, grey matter, hippocampus, and
white matter hyperin nsity, respectively. The splines curve method was used to smooth the relationship between age and brain volumes. Blue lines refer the fitted spline curves and grey
ribbons refer to confid nce intervals for the fitted lines.
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Figure 2. Associations of individual major diseases with total brain volume; CI, confidence interval; COPD, chronic obstructive pul-
monary disease; Coefficients for total brain volume associated with individual diseases were estimated using general linear regres-
sion models. The raw P-values and R2 for those diseases with significant associations with total brain volume are present in this
figure. Model 1 was the unadjusted model; Model 2 was adjusted for age, gender, apolipoprotein E e4, education, income, smoking,
physical acidity, alcohol consumption, sleep duration, and diet; Model 3 was adjusted for Model 2 plus all other diseases for each dis-
ease. Horizontal lines indicate the ranges of the 95% CIs and the vertical dash lines indicate the mean of 0¢0.
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Relatively healthy
pattern*

Cancer-degenerative
disorders

Metabolic disorders CMD-multiple diseases Multiple disorders CMD P-value R2

Total brain

Participants 22036 2475 1502 1482 6169 2983

Volume (ml) 1504 § 72 1467 § 70 1486 § 70 1463 § 69 1500 § 72 1466 § 69 <0¢0001
b (95% CI), Model 1y Reference -36¢3 (-39¢2, -33¢3) -17¢3 (-21¢0, -13¢6) -40¢4 (-44¢2, -36¢7) -3¢3 (-5¢4, -1¢3) -37¢6 (-40¢3, -34¢9) <0¢0001 0¢0120
b (95% CI), Model 2 Reference 1¢3 (-1¢3, 3¢8) -10¢0 (-13¢0, -6¢9) -7¢0 (-10¢2, -3¢8) 1¢5 (-0¢2, 3¢2) -6¢6 (-8¢9, -4¢2) <0¢0001 0¢3403
b (95% CI), Model 3 Reference 1¢5 (-1¢0, 4¢1) -10¢4 (-13¢5, -7¢3) -7¢3 (-10¢4, -4¢1) 1¢4 (-0¢3, 3¢0) -6¢6 (-8¢9, -4¢3) <0¢0001 0¢3459
Grey matter

Participants 22036 2475 1502 1482 6169 2983

Volume (ml) 800 § 46 770 § 45 783 § 47 766 § 46 798 § 47 768 § 46 <0¢0001
b (95% CI), Model 1 Reference -29¢5 (-31¢4, -27¢6) -17¢3 (-19¢7, -14¢9) -34¢1 (-36¢5, -31¢7) -1¢7 (-3¢0, -0¢4) -31¢8 (-33¢5, -30¢0) <0¢0001 0¢0186
b (95% CI), Model 2 Reference -0¢3 (-1¢8, 1¢2) -11¢6 (-13¢5, -9¢8) -9¢2 (-11¢1, -7¢3) 0¢2 (-0¢8, 1¢2) -7¢2 (-8¢6, -5¢8) <0¢0001 0¢4438
b (95% CI), Model 3 Reference -0¢1 (-1¢6, 1¢4) -11¢8 (-13¢6, -9¢9) -9¢0 (-10¢9, -7¢1) 0¢2 (-0¢8, 1¢2) -7¢1 (-8¢5, -5¢7) <0¢0001 0¢4503
White matter

Participants 22036 2475 1502 1482 6169 2983

Volume (ml) 704 § 41 697 § 42 704 § 39 697 § 41 702 § 40 698 § 42 <0¢0001
b (95% CI), Model 1 Reference -6¢8 (-8¢5, -5¢1) 0¢01 (-2¢1, 2¢1) -6¢3 (-8¢5, -4¢2) -1¢6 (-2¢8, -0¢5) -5¢8 (-7¢4, -4¢3) <0¢0001 0¢0012
b (95% CI), Model 2 Reference 1¢6 (-0¢1, 3¢2) 1¢7 (-0¢3, 3¢7) 2¢2 (0¢2, 4¢3) 1¢3 (0¢2, 2¢4) 0¢7 (-0¢9, 2¢2) 0¢0333 0¢1088
b (95% CI), Model 3 Reference 1¢6 (-0¢04, 3¢3) 1¢4 (-0¢7, 3¢4) 1¢7 (-0¢3, 3¢8) 1¢1 (0¢1, 2¢2) 0¢5 (-1¢0, 2¢0) 0¢10 0¢1114
Hippocampus

Participants 22036 2475 1502 1482 6169 2983

Volume (µl) 3865 § 436 3805 § 453 3835 § 452 3729 § 440 3823 § 438 3797 § 466 <0¢0001
b (95% CI), Model 1 Reference -60¢1 (-78¢4, -41¢8) -29¢8 (-52¢8, -6¢8) -136¢2 (-159¢4, -113¢0) -42¢3 (-54¢7, -29¢8) -68¢3 (-85¢2, -51¢5) <0¢0001 0¢0034
b (95% CI), Model 2 Reference -14¢7 (-32¢3, 2¢8) -20¢4 (-41¢8, 1¢0) -73¢7 (-95¢5, -51¢9) -1¢5 (-13¢1, 10¢1) -38¢6 (-54¢6, -22¢5) <0¢0001 0¢1412
b (95% CI), Model 3 Reference -10¢6 (-28¢1, 6¢8) -7¢3 (-28¢7, 14¢1) -52¢8 (-74¢7, -30¢9) 6¢6 (-5¢0, 18¢2) -28¢4 (-44¢5, -12¢4) <0¢0001 0¢1527
WMHz

Participants 13907 1568 922 938 3719 1800

Volume (ml) 0¢97 § 0¢98 1¢44 § 0¢96 1¢38 § 0¢98 1¢61 § 0¢96 1¢03 § 0¢99 1¢55 § 0¢96 <0¢0001
b (95% CI), Model 1 Reference 0¢47 (0¢42, 0¢52) 0¢41 (0¢35, 0¢48) 0¢65 (0¢58, 0¢71) 0¢06 (0¢02, 0¢10) 0¢58 (0¢53, 0¢63) <0¢0001 0¢0103
b (95% CI), Model 2 Reference 0¢04 (-0¢00, 0¢09) 0¢34 (0¢29, 0¢40) 0¢27 (0¢21, 0¢33) -0¢01 (-0¢04, 0¢03) 0¢24 (0¢20, 0¢29) <0¢0001 0¢1736
b (95% CI), Model 3 Reference 0¢04 (-0¢01, 0¢08) 0¢33 (0¢27, 0¢39) 0¢25 (0¢19, 0¢30) -0¢01 (-0¢05, 0¢02) 0¢23 (0¢19, 0¢27) <0¢0001 0¢1729

Table 2: Associations between multimorbidity pattern and brain volumes.
CI, confidence interval; CMD, cardiometabolic disorders; WMH, white matter hyperintensity.

* Multimorbidity patterns were identified using latent class analysis. The six-class model, which yielded the lowest value of adjusted Consistent Akaike Information Criterion, were used to derive multimorbidity patterns in the

analysis.
y Coefficients for brain volumes associated with multimorbidity patterns were estimated using general linear regression models. Model 1 was the unadjusted model; Model 2 was adjusted for age and gender; Model 3 was

adjusted for Model 2 plus APOE4, education, income, smoking, physical acidity, alcohol consumption, sleep duration, and diet quality. Horizontal lines indicate the ranges of the 95% CIs and the vertical dash lines indicate the

mean of 0¢0.
z WMHwas log-transformed in the analysis given its positively skewed distribution.
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Number of diseases* P-value R2

0 1 2 3 4 5 6

Total brain

Participants 5388 8492 7808 6110 4013 2330 2506

Volume (ml) 1513 § 71 1505 § 71 1497 § 72 1489 § 72 1483 § 72 1476 § 72 1469 § 71

b (95% CI), Model 1y Reference �8¢3 (�10¢8, �5¢9) �16¢1 (�18¢6, �13¢6) �23¢9 (�26¢5, �21¢3) �29¢9 (�32¢8, �27¢0) �37¢4 (�40¢9, �33¢9) �44¢2 (�47¢6, �40¢8) <0¢0001 0¢0305
b (95% CI), Model 2 Reference 0¢3 (�1¢7, 2¢3) �0¢2 (�2¢3, 1¢8) �1¢4 (�3¢6, 0¢8) �2¢0 (�4¢5, 0¢4) �5¢0 (� , �2¢1) �6¢3 (�9¢1, �3¢4) <0¢0001 0¢3407
b (95% CI), Model 3 Reference 0¢2 (�1¢9, 2¢2) �0¢4 (�2¢5, 1¢6) �1¢6 (�3¢8, 0¢6) �2¢2 (�4¢6, 0¢3) �5¢1 (� , �2¢2) �6¢5 (�9¢3, �3¢6) <0¢0001 0¢3463

Grey matter

Participants 5388 8492 7808 6110 4013 2330 2506

Volume (ml) 807 § 46 801 § 45 794 § 47 788 § 47 783 § 48 778 § 4 770 § 49

b (95% CI), Model 1 Reference �6¢4 (�8¢0, �4¢8) �12¢9 (�14¢5, �11¢3) �19¢0 (�20¢8, �17¢3) �23¢9 (�25¢8, �21¢9) �29¢6 (� 1¢9, �27¢4) �37¢1 (�39¢3, �34¢9) <0¢0001 0¢0474
b (95% CI), Model 2 Reference �0¢1 (�1¢4, 1¢1) �1¢4 (�2¢6, �0¢1) �2¢8 (�4¢1, �1¢5) �3¢7 (�5¢2, �2¢3) �6¢1 (� , �4¢3) �9¢6 (�11¢3, �7¢9) <0¢0001 0¢4453
b (95% CI), Model 3 Reference �0¢2 (�1¢4, 1¢0) �1¢4 (�2¢6, �0¢1) �2¢8 (�4¢1, �1¢5) �3¢7 (�5¢1, �2¢2) �5¢8 (� , �4¢1) �9¢4 (�11¢1, �7¢6) <0¢0001 0¢4517

White matter

Participants 5388 8492 7808 6110 4013 2330 2506

Volume (ml) 706 § 40 704 § 40 703 § 41 701 § 41 700 § 41 698 § 4 699 § 41

b (95% CI), Model 1 Reference �1¢9 (�3¢3, �0¢5) �3¢3 (�4¢7, �1¢8) �4¢9 (�6¢4, �3¢4) �6¢1 (�7¢7, �4¢4) �7¢7 (� , �5¢8) �7¢2 (�9¢1, �5¢3) <0¢0001 0¢0031
b (95% CI), Model 2 Reference 0¢5 (�0¢9, 1¢8) 1¢1 (�0¢2, 2¢5) 1¢4 (�0¢1, 2¢8) 1¢7 (0¢1, 3¢3) 1¢1 (�0¢ 3¢0) 3¢4 (1¢5, 5¢2) 0¢0149 0¢109
b (95% CI), Model 3 Reference 0¢3 (�1¢0, 1¢7) 1¢0 (�0¢4, 2¢3) 1¢2 (�0¢3, 2¢6) 1¢5 (�0¢1, 3¢1) 0¢8 (�1¢ 2¢7) 2¢9 (1¢0, 4¢8) 0¢0642 0¢1115

Hippocampus

Participants 5388 8492 7808 6110 4013 2330 2506

Volume (µl) 3888 § 428 3875 § 434 3847 § 439 3820 § 448 3811 § 452 3802 § 5 3746 § 448

b (95% CI), Model 1 Reference �12¢8 (�27¢9, 2¢2) �40¢4 (�55¢7, �25¢1) �67¢5 (�83¢7, �51¢4) �76¢6 (�94¢6, �58¢6) �85¢7 (� 07¢1, �64¢3) �141¢2 (�162¢1, �120¢3) <0¢0001 0¢0073
b (95% CI), Model 2 Reference 5¢7 (�8¢4, 19¢7) �4¢9 (�19¢2, 9¢4) �16¢8 (�32¢0, �1¢7) �12¢4 (�29¢3, 4¢6) �15¢0 (� 5¢2, 5¢2) �55¢0 (�74¢8, �35¢3) <0¢0001 0¢1416
b (95% CI), Model 3 Reference 9¢8 (�4¢2, 23¢7) 3¢0 (�11¢2, 17¢3) �6¢5 (�21¢7, 8¢7) 0¢6 (�16¢4, 17¢5) 1¢8 (�18 , 22¢0) �31¢5 (�51¢4, �11¢6) 0¢0019 0¢1528

WMHz

Participants 5388 8492 7808 6110 4013 2330 2506

Volume (ml) 0¢81 § 0¢96 0¢98 § 0¢99 1¢06 § 0¢98 1¢18 § 0¢98 1¢28 § 1¢00 1¢41 § 0 8 1¢52 § 0¢98
b (95% CI), Model 1 Reference 0¢17 (0¢13, 0¢21) 0¢26 (0¢21, 0¢30) 0¢37 (0¢33, 0¢42) 0¢47 (0¢42, 0¢53) 0¢61 (0¢5 0¢67) 0¢71 (0¢66, 0¢77) <0¢0001 0¢0244
b (95% CI), Model 2 Reference 0¢06 (0¢02, 0¢09) 0¢07 (0¢03, 0¢11) 0¢11 (0¢07, 0¢15) 0¢15 (0¢10, 0¢19) 0¢24 (0¢1 0¢29) 0¢27 (0¢22, 0¢33) <0¢0001 0¢1754
b (95% CI), Model 3 Reference 0¢05 (0¢02, 0¢09) 0¢06 (0¢02, 0¢10) 0¢10 (0¢06, 0¢14) 0¢14 (0¢09, 0¢18) 0¢22 (0¢1 0¢27) 0¢25 (0¢19, 0¢30) <0¢0001 0¢1744

Table ? 3: Associations of multimorbidity defined by the number of diseases with brain volumes.
CI, confidence interval; WMH, white matter hyperintensity.

* Number of diseases was calculated based on the 19 groups of major diseases in Table S3.
y Coefficients for brain volumes associated with multimorbidity were estimated using general linear regression models. Model 1 was the unadjusted mod ; Model 2 was adjusted for age and gender; Model 3 was adjusted for

Model 2 plus APOE4, education, income, smoking, physical acidity, alcohol consumption, sleep duration, and diet. Horizontal lines indicate the ranges of the % CIs and the vertical dash lines indicate the mean of 0¢0.
z WMH was log-transformed in the analysis given its positively skewed distribution.
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Multimorbidity score* P-value R2

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 for trend

Total brain

Participants 8295 6332 7205 7475 7340

Volume (ml) 1516 § 71 1508 § 71 1498 § 78 1486 § 70 1468 § 70

b (95% CI), Model 1y Reference �8¢1 (�10¢5, �5¢8) �17¢3 (�19¢5, �15¢1) �30¢0 (�32¢3, �27¢8) �47¢9 (�50¢1, �45¢7) <0¢0001 0¢0537
b (95% CI), Model 2 Reference 0¢7 (�1¢3, 2¢6) �0¢8 (�2¢6, 1¢1) �2¢3 (�4¢2, �0¢4) �6¢1 (�8¢0, �4¢1) <0¢0001 0¢3408
b (95% CI), Model 3 Reference 0¢5 (�1¢5, 2¢4) �0¢8 (�2¢6, 1¢1) �2¢4 (�4¢3, �0¢4) �6¢2 (�8¢2, �4¢2) <0¢0001 0¢3464

Grey matter

Participants 8295 6332 7205 7475 7340

Volume (ml) 809 § 46 800 § 46 796 § 47 786 § 46 773 § 47

b (95% CI), Model 1 Reference �8¢5 (�10¢0, �7¢0) �12¢8 (�14¢2, �11¢3) �22¢4 (�23¢8, �20¢9) �35¢5 (�37¢0, �34¢0) <0¢0001 0¢0652
b (95% CI), Model 2 Reference �0¢5 (�1¢7, 0¢7) �1¢3 (�2¢5, �0¢2) �3¢4 (�4¢5, �2¢2) �7¢7 (�8¢9, �6¢5) <0¢0001 0¢4453
b (95% CI), Model 3 Reference �0¢6 (�1¢8, 0¢5) �1¢2 (�2¢4, �0¢1) �3¢4 (�4¢5, �2¢2) �7¢6 (�8¢8, �6¢4) <0¢0001 0¢4518

Hippocampus

Participants 7617 6222 7864 7567 7364

Volume (µl) 3898 § 432 3887 § 436 3859 § 442 3820 § 438 3749 § 444

b (95% CI), Model 1 Reference �10¢9 (�25¢6, 3¢8) �39¢2 (�53¢0, �25¢3) �78¢10−92¢1, �64¢2) �149¢0 (�163¢0, �134¢9) <0¢0001 0¢0136
b (95% CI), Model 2 Reference 5¢8 (�7¢9, 19¢6) �0¢3 (�13¢3, 12¢67) �5¢4 (�18¢7, 7¢9) �32¢8 (�46¢6, �19¢1) <0¢0001 0¢1414
b (95% CI), Model 3 Reference 7¢8 (�5¢9, 21¢4) 3¢7 (�9¢2, 16¢7) 0¢7 (�12¢6, 14¢0) �20¢7 (�34¢4, �6¢9) 0¢0006 0¢1528

WMHz

Participants 5470 3578 4734 4568 4504

Volume (ml) 0¢83 § 0¢97 0¢89 § 0¢95 1¢02 § 0¢98 1¢24 § 0¢98 1¢53 § 0¢96
b (95% CI), Model 1 Reference 0¢06 (0¢02, 0¢10) 0¢18 (0¢15, 0¢22) 0¢41 (0¢37, 0¢45) 0¢69 (0¢65, 0¢73) <0¢0001 0¢0600
b (95% CI), Model 2 Reference 0¢04 (0¢01, 0¢08) 0¢06 (0¢03, 0¢09) 0¢14 (0¢10, 0¢17) 0¢29 (0¢26, 0¢33) <0¢0001 0¢2694
b (95% CI), Model 3 Reference 0¢04 (�0¢00, 0¢07) 0¢05 (0¢02, 0¢09) 0¢13 (0¢09, 0¢16) 0¢28 (0¢24, 0¢31) <0¢0001 0¢2718

Table 4: Associations etween multimorbidity score and brain volumes.
CI, confidence interval; MH, white matter hyperintensity.

* Multimorbidity sco for brain volumes was calculated based on the estimates for 19 individual groups of diseases.
y General linear regr sion models were used to examine associations between multimorbidity score and brain volumes. Model 1 was the unadjusted model; Model 2 was adjusted for age and gender; Model 3 was adjusted for

Model 2 plus APOE4, ed cation, income, smoking, physical acidity, alcohol consumption, sleep duration, and diet.
z WMH was log-tran rmed in the analysis given its skewed distribution.
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Figure 3. Interaction between multimorbidity patterns and gender for brain volume; CI, confidence interval; CMD, cardiometabolic
disorder.; General linear regression models were used to examine associations between multimorbidity patterns and brain volumes
stratified by gender. Analysis was adjusted for age, apolipoprotein E e4, education, income, diet, smoking, physical acidity, alcohol
consumption, and sleep duration. Horizontal lines indicate the ranges of the 95% CIs and the vertical dash lines indicate the mean
of 0¢0. *Indicates significant interaction.
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in women (Figure 3). The association between CMD-
multiple disorders pattern and total brain volume was
stronger in younger than in older individuals. Similar
results were observed for metabolic disorders pattern
and WMH load (Figure S5).

Associations between multimorbidity and total brain
and WMH volumes were stronger in younger than in
older individuals. Associations between multimorbidity
and volumes of total brain and grey matter were stron-
ger in men than in women. A stronger association
between multimorbidity and total brain volume was
observed among those with lower education (Table
S12). No significant interaction between multimorbidity
and APOE4 was found (not shown).
Sensitivity analysis
As shown in Table S13, there was minimal difference in
the coefficients for WMH associated with multimorbid-
ity score between the two calculation methods (linear
and OLS regression models). The results among indi-
viduals with complete data (Table S14) and for individ-
ual diseases diagnosed from zero to five years before
MRI assessment using inpatient data only (Table S15)
were similar to the main findings. Similar results for
analysis using the inverse probability weighting method
were also observed (Table S16).
Discussion
We found obesity, diabetes, hypertension, high choles-
terol, and depression were associated with smaller brain
volumes. In addition to these conventional diseases,
www.thelancet.com Vol 47 Month May, 2022
CVD (heart failure, atrial fibrillation, other cardiac dis-
eases, and peripheral vascular disease), mental/psychi-
atric disorders (alcohol problems, psychoactive
substance abuse, and schizophrenia), chronic obstruc-
tive pulmonary disease (COPD), CKD, breast cancer,
rectal cancer, and some ocular diseases were associated
with smaller brain volumes independent of all other dis-
eases. CMD-related multimorbidity patterns may confer
risk to reductions in brain volume. Associations
between multimorbidity and brain volumes were stron-
ger in men than in women, in younger than in older
individuals, and in lowly educated than in highly edu-
cated individuals.

Total and regional brain volumes have been shown to
be reliable predictors of Alzheimer’s disease (AD).3 Hip-
pocampal volume loss is associated with accelerated
memory decline and shows higher diagnostic accuracy
for AD than other regional brain volumes do.3 Recent
research has demonstrated that grey matter measures
may be used to track disease progression in AD.25 Whilst
higher WMH load is associated with an increased risk of
cognitive impairment and dementia.26 Therefore, identi-
fying important determinants for these brain volumes
may help prevent and screen dementia/AD.

As brain volumes are highly related to age,2 age-
related chronic diseases may be associated with brain
MRI markers. A cross-analysis has demonstrated that a
greater number of vascular risk factors was associated
with greater brain atrophy, and poorer white matter
health,5 however, a small proportion of the variance
(≤1¢8%) can be accounted for by these vascular risk fac-
tors. Our findings agree with this study showing that
CMDs including obesity, dyslipidemia, hypertension,
13
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and diabetes are associated with smaller total brain, grey
matter, and hippocampal volumes, and higher WMH
load. In addition, other CVDs such as atrial fibrillation,
heart failure, other cardiac diseases, and peripheral vas-
cular disease are associated with smaller brain volumes.
The potentially harmful effect of CMD on brain damage
may be partly explained by the fact that the reduction of
blood flow and increase of cerebrovascular reactivity in
participants with CMD27 may result in cerebral vascula-
ture and brain damage. Multiple psychiatric disorders
were linked to smaller volumes of total brain, grey mat-
ter, or hippocampus in our study. Likely, previous evi-
dence has shown that high alcohol consumption,28

psychoactive substance abuse,29 and schizophrenia30

were risk factors for brain damage. It has been inconsis-
tent regarding associations between depression, anxiety,
and brain volumes in previous studies,31,32 which may
be attributed to the age difference between individuals
with depression and controls. In our analysis matched
by age and gender, depression was associated with
smaller volumes of total brain and grey matter and
higher WMH load (not shown). Our findings underline
the importance of CMD and psychiatric disorders in
brain health.

Data on associations between other chronic diseases
and brain structure are limited. A cross-sectional analy-
sis of 30 patients with COPD and 30 controls demon-
strated that COPD was associated with smaller
hippocampal volumes but not significantly associated
with total brain, or grey matter volume.10 We found
COPD was associated with smaller volumes of grey mat-
ter and hippocampus and higher WMH load. Our analy-
sis is also consistent with a previous study
demonstrating that CKD was associated with greater
brain atrophy.11 Although hearing impairment was
among the leading risk factors for dementia,33 the asso-
ciation between hearing impairment and brain volumes
was attenuated to be non-significant after adjustment
for age. In contrast, we found cataract and glaucoma
were associated with smaller brain volumes indepen-
dent of covariates (including all other diseases). These
ocular diseases have been linked to dementia risk in a
growing number of studies.34 Our study confirmed
potential emerging risk factors for reductions in brain
volume with inconsistent findings in previous studies.
We found asthma, and prostate disorders (not cancer)
were also associated with larger white matter volume
but not grey matter volume. Whilst white matter was
not a reliable indicator of neurological disorders,3 which
suggests that asthma and prostate disorders might not
be beneficial for brain and cognitive health. Previous
studies reported a weak inverse association between
cancer and AD,35 which might be attributed to shared
inverse etiological mechanisms. However, our study is
consistent with several studies of small sample sizes
demonstrating that breast cancer was associated with
smaller brain volumes.36,37 The inverse association
between rectal cancer and brain volumes observed in
our study needs to be confirmed by longitudinal stud-
ies.

Although more vascular risk factors have been linked
to greater brain atrophy,5 little is known regarding asso-
ciations between multimorbidity and brain volumes. A
recent study has shown that 1¢8% of the variance of
WMH was explained by vascular risk factors,5 whilst we
found that a much larger proportion of variance in
WMH (6¢0%) was attributed to multimorbidity score.
This suggests, in addition to CMD, psychiatric disor-
ders, COPD, CKD, some cancers, and eye diseases also
play an important role in brain health. It is not surpris-
ing that CMD-related multimorbidity patterns are sig-
nificantly associated with smaller brain volumes in our
analysis. Associations of multimorbidity patterns of
CMD-multiple diseases, and metabolic disorders with
brain volumes were stronger in men than in women.
The smaller effect size of multimorbidity on brain atro-
phy in women may be due to the fact that women with
multimorbidity are more likely to accommodate healthy
lifestyle habits and to seek health care than men with
multimorbidity. We also found a stronger association
between multimorbidity defined by the number of
major diseases and brain volume was observed in youn-
ger than in older adults. This is consistent with previous
studies showing that metabolic disorders diagnosed at a
younger age were associated with a larger excessive rela-
tive risk for dementia.5,38 We also found the association
between multimorbidity and total brain volume was
stronger among individuals with lower education. This
is in line with previous studies showing that individuals
with higher education are more likely to seek health
care and less likely to lose brain volume with ageing.33,39

Although multimorbidity or its risk score provides a
larger amount of variance in brain volumes compared
with previous studies,5,6 the variance explained is still
relatively small. Age alone plays a detrimental role in
the variance of brain volume. We found associations
between numerous diseases examined and brain vol-
umes were attenuated to be non-significant after adjust-
ment for age. Associations with other diseases
remained significant, but effect sizes were substantially
reduced. The effect size for multimorbidity was even
reduced from large to small scale when age and gender
were adjusted for. Further analysis showed the changes
were largely attributed to age (not shown). This may be
partly explained by the fact that both major diseases and
brain volumes are highly related to age. Brain atrophy
increases with age, whilst individual major diseases and
multimorbidity may accelerate this rate. Age and major
diseases together may be used to identify individuals at
higher risk of reductions in brain volume.

To our knowledge, this study is the first to examine
associations between a wide range of diseases and their
multimorbidity patterns and brain volumes. This study
has several potential limitations. Firstly, because of the
www.thelancet.com Vol 47 Month May, 2022
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cross-sectional design, causal relationships cannot be
established based on our findings. Secondly, a relatively
small proportion of variance in brain volumes was
explained by multimorbidity in our study, therefore,
other important determinants are needed to explore in
future studies. Thirdly, our analysis was restricted to a
sub-cohort of UK Biobank with MRI data. Individuals
with MRI data were more likely to be younger, male,
highly educated, and never smokers and more likely to
have higher household income and diet quality com-
pared to those without MRI data (Table S17). Thus, our
findings may not be generalized to the whole UK popu-
lation. Finally, older adults were less likely to be
included in this analysis because of mortality, which
might have biased the associations.

In conclusion, we found more than 20 well-known
and emerging diseases that are associated with smaller
brain volumes. CMD-related multimorbidity patterns
are associated with a reduction in brain volumes. Both
multimorbidity defined by the number of diseases and
multimorbidity score are strongly predictive of brain vol-
umes. Men or younger adults with multimorbidity are
more in need of care for the prevention of reductions in
brain volume.
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