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Abstract

Aims Cardiometabolic diseases (CMDs), including diabetes, heart disease, and stroke, are established risk factors for dementia, but
their combined impact has been investigated only recently. This study aimed to examine the association between mid- and
late-life cardiometabolic multimorbidity and dementia and explore the role of genetic background in this association.

Methods Within the Swedish Twin Registry, 17 913 dementia-free individuals aged >60 were followed for 18 years. CMDs [including

and results age of onset in mid (60) or late (>60) life] and dementia were ascertained from medical records. Cardiometabolic multi-
morbidity was defined as having >2 CMDs. Cox regression was used to estimate the CMD-dementia association in (i) a
classical cohort study design and (i) a co-twin study design involving 356 monozygotic and dizygotic pairs. By comparing
the strength of the association in the two designs, the contribution of genetic background was estimated. At baseline,
3,312 (18.5%) participants had 1 CMD and 839 (4.7%) had >2 CMDs. Over the follow-up period, 3,020 participants devel-
oped dementia. In the classic cohort design, the hazard ratio (95% confidence interval) of dementia was 1.42 (1.27-1.58) for
1 CMD and 2.10 (1.73-2.57) for >2 CMDs. Dementia risk was stronger with mid-life as opposed to late-life CMDs. In the
co-twin design, the CMD-dementia association was attenuated among monozygotic [0.99 (0.50-1.98)] but not dizygotic
[1.55 (1.15-2.09)] twins, suggesting that the association was in part due to genetic factors common to both CMDs and
dementia.

Conclusion Cardiometabolic multimorbidity, particularly in mid-life, is associated with an increased risk of dementia. Genetic back-
ground may underpin this association.
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Structured Graphical Abstract

Key Question

17,913 twin individuals from the Swedish Twin Registry were followed for 18 years to examine the impact of cardiometabolic
multimorbidity on dementia risk and to explore the role of genetic background in this relationship.

Key Finding

Dementia risk increased dose-dependently with a greater number of co-morbid cardiometabolic diseases (CMDs) and was higher among
individuals who developed CMDs earlier in the life-course. The CMD-dementia association was attenuated among monozygotic
twins, suggesting genetic factors common to both CMDs and dementia.

Take Home Message

Cardiometabolic multimorbidity increases the risk of dementia, and this may be underpinned by genetic background. Preventing CMDs,
especially in mid-life, could be a strategy for preventing or delaying the development of dementia, a disease for which there is no effective

cure.

What is the relationship
between CMDs and the
risk of developing dementia?

Heart disease

&

Type 2 diabetes

Classical cohort study

CMD status n Hazard Ratio (95% CI)

CMD-free 13,762 Reference

Single CMD 3312 142 (1.27 - 1.58) -
T2D 915 151 (127 - 1.79) -
HD 1,846 1.29 (1.12 - 1.49) -
Stroke 551 1.66 (1.34 - 2.06) -

CMD multimorbidity 839  2.10 (1.73 - 2.57) -
T2D + HD 355 2,01 (149 -257) —
HD + stroke 310 229 (1.68 - 3.12) —
T2D + stroke 99 2.02 (1.10 - 3.68) ——
T2D + HD + stroke 75 1.98 (0.99 - 3.96) —e—

—_—
0.1 1 10

Lower risk 4—— — Higher risk
Hazard Ratio (95% Cl)

Matched co-twin analysis

CMD status Hazard Ratio (95% Cl)
Matched dizygotic twins (n = 302 pairs)

CMD-free Reference

CMDs 1.55 (1.15-2.09) —
Matched monozygotic twins (n = 54 pairs)

CMD-free Reference

CMDs 0.99 (0.50-1.98) —_—

—
0.1 1 10

Lower risk 4—— — Higher risk
Hazard Ratio (95% Cl)

Summary of the key findings of the study. CMD, cardiometabolic disease; DZ, dizygotic; HD, heart disease; MZ, monozygotic; T2D, Type 2 diabetes

Introduction

Cardiometabolic diseases (CMDs)—a cluster of diseases including
type 2 diabetes (T2D), heart disease (HD), and stroke'*—are a grow-
ing challenge in our ageing society. With gains in life expectancy and
continued advances in the management of cardiovascular disease and
diabetes, people are living longer with CMDs and are increasingly likely
to accumulate more than one of these conditions over a lifetime.?
Cardiometabolic multimorbidity—that is, the coexistence of two or

more CMDs—has been associated with mortality and other negative
health outcomes™* and affects an estimated 30% of older adults.”
T2D, HD, and stroke are well-established individual risk factors for
dementia,® but only a few studies have addressed relationship between
cardiometabolic multimorbidity and dementia.”~ Itis currently unclear
how dementia risk is impacted by the timing of CMD development
across the adult lifespan, given the variability of CMDs as chronic dis-
eases with a potentially decades-long time course. Additionally, al-
though CMDs may be linked to dementia through several biologically
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plausible pathways, our understanding of the mechanisms underlying
this association is still limited.

Genetic factors are involved in the development of both CMDs'
and dementia,"""? but whether and to what extent genetic background
contributes to the association between CMDs and dementia is uncer-
tain. Twin studies provide a unique opportunity to address this ques-
tion. Twins represent naturally matched pairs among whom the
confounding effects of a large number of potentially causal factors
(e.g. genetics and early-life environment) can be removed."? It is there-
fore possible to elucidate the role of genetic background in the relation-
ship between CMDs and dementia by comparing the CMD—dementia
associations observed in twin individuals and among monozygotic
(MZ) and dizygotic (DZ) twin pairs."*"*

In the present study, we aimed to (i) examine the impact of cardio-
metabolic multimorbidity on the risk of dementia, including Alzheimer’s
disease (AD) and vascular dementia (VaD), (i) assess how the timing of
CMD onset over the life-course influences dementia risk, and (jii) ex-
plore the role of genetic background in the CMD-dementia association
using 18-year follow-up data from nearly 18 000 twin individuals.

Methods

Study population

Study participants were drawn from the Swedish Twin Registry (STR), a na-
tionwide database of all twins born in Sweden since the late 1800s and the
largest population-based twin registry in the world.">'® Between March
1998 and December 2002, all living twins in the registry aged >40 years
(i.e. born in 1958 or earlier) were invited to participate in a computer-
assisted telephone interview on demographics and health conditions as
part of the Screening Across the Lifespan Twin (SALT) study (response
rate: 72.6%).">"¢ Changes in health status among these participants were
monitored for a maximum of 18 years (i.e. until December 2016).

A total of 44919 twin individuals participated in the SALT baseline as-
sessment, 18496 of whom were of older age (i.e. > 60 years). From this
group, we excluded individuals with prevalent dementia (n=142) and, to
avoid possible misclassification of the exposure, individuals with type 1 dia-
betes (n=156). We further excluded individuals who were missing infor-
mation on the timing of dementia diagnosis over follow-up (n=285),
leaving 17 913 participants for the current study (Figure 7).

All participants provided informed consent, and data collection proce-
dures were approved by the Regional Ethics Committee at Karolinska
Institute.

Data collection

Information on participants’ zygosity status, socio-demographic character-
istics (e.g. age, sex, educational background, and marital status), lifestyle fac-
tors (e.g. physical activity level, smoking history, and alcohol consumption),
and anthropometrics (e.g. height and weight) was collected through SALT’s
baseline interview."

Zygosity was ascertained based on participants’ responses to the ques-
tion, “During childhood, were you and your twin as alike as ‘two peas in
a pod’ or not more alike than siblings in general?” Twin pairs were categor-
ized as MZ, (i.e. identical) if both co-twins indicated that they were ‘as alike
as two peas in a pod,’ DZ (i.e. fraternal) if both co-twins indicated that they
were no more alike than typical siblings, and undetermined if the co-twins
did not agree, or if only one member of the pair responded to the ques-
tion.” Validation studies using DNA genotyping have shown this method
to be >98% accurate for distinguishing MZ and DZ twins."?

Education was defined as the total number of years of formal schooling
and dichotomized as <8 years vs. > 8 years.!” Marital status was categorized
as married/cohabitating vs. single. Physical activity levels were ascertained
through a survey question on annual exercise patterns and categorized as

low (‘almost never’ or ‘much less than average’) or regular (‘less than aver-
age,’ ‘average,’ ‘more than average, ‘much more than average,’ or ‘max-
imum’)."® Smoking status was dichotomized as non-smokers vs. current/
former smokers. Alcohol consumption was categorized as no/moderate
drinking vs. heavy drinking.

Height and weight were collected by self-report. Previous investigations
within the STR have shown self-reported height and weight to be highly
consistent with the corresponding measured values (correlation coeffi-
cients of 0.97 and 0.95, respectively).' From this information, body mass
index (BMI) was calculated as weight (kg) divided by the square of height
(m?) and classified as underweight (<20 kg/m?), normal weight (>20 to
<25 kg/m?), overweight (>25 to <30 kg/m?), or obese (>30 kg/m?).%°

Medical conditions including hypertension and depression were identi-
fied according to International Classification of Disease (ICD) codes in
the Swedish National Patient Register (NPR), which covers all nationwide
inpatient diagnoses since 1987 and outpatient diagnoses since 2001.%’

Assessment of cardiometabolic diseases

CMDs were defined as T2D, HD, and stroke, following previous studies
examining the impact of cardiometabolic multimorbidity on health out-
comes." #7222 CMDs were assessed at baseline using data from mul-
tiple sources. T2D was identified based on self-reported histories of
diabetes, records from the NPR, and use of glucose-lowering medications
according to the Swedish Prescribed Drug Register. HD (including coronary
heart disease, atrial fibrillation, and heart failure) and stroke (including is-
chaemic stroke and haemorrhagic stroke) were ascertained based on
NPR records (see Supplementary material online, Appendix A for the full
list of ICD codes).

CMD status was defined according to participants’ total number of
CMDs at baseline and categorized as CMD-free, single CMD (i.e. T2D,
HD, or stroke alone), or CMD multimorbidity (i.e. two or more co-
morbid CMDs). We additionally grouped participants according to their
specific profile of single and co-morbid CMDs (i.e. CMD-free, T2D alone,
HD alone, stroke alone, T2D/HD, HD/stroke, T2D/stroke, and T2D/HD/
stroke).The age of HD and stroke onset were defined based on the earli-
est recorded date of HD or stroke diagnosis in the NPR. The age of T2D
onset was estimated according to the earliest recorded date of T2D diag-
nosis in the NPR or the earliest recorded date of glucose-lowering medi-
cation usage in the Swedish Prescribed Drug Register, whichever occurred
first. Using this information, we determined the age at which participants
were diagnosed with their first CMD and, in the case of CMD multimor-
bidity, their second CMD. The ages of first and second CMD diagnoses
were dichotomized as occurring in mid-life (i.e. <60 years) or late-life
(i.e. >60 years).

Dementia diagnosis

Dementia was diagnosed based on records from the NPR. All recorded
diagnoses were based on neurological examinations performed at neur-
ology clinics. Dementia diagnoses were further categorized as AD or
VaD according to ICD codes if information on dementia subtype was avail-
able (see Supplementary material online, Appendix A for the full list of ICD
codes). For participants who died over follow-up without a dementia diag-
nosis, dementia status was verified using information from the Swedish
Cause of Death Register, which contains information on underlying and
contributing causes of death.

Statistical analysis

Baseline characteristics of the study participants by CMD status were as-
sessed using x° tests for categorical variables and one-way ANOVA for con-
tinuous variables. Statistical analyses were then conducted according to two
different strategies: (i) a classical cohort study design including all twin indi-
viduals and (i) a matched co-twin analysis involving twin pairs discordant for
both CMDs and dementia (Figure 1).
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SALT population:

44,919 twin individuals from the Swedish Twin Registry

Exclude:

+ 26,423 aged <60 at baseline
» 142 with prevalent dementia
» 156 with type 1 diabetes

» 285 with missing information on dementia diagnosis

Study population: 17,913 dementia-free older adults

Figure 1 Study population and study design.

Classical cohort study design

In the classical cohort study design, we aimed to estimate the association
between CMDs and dementia in the whole study population of twin indivi-
duals, taking into account the age of CMD onset (mid-life vs. late-life). Cox
regression models were used to estimate the hazard ratios (HRs) and 95%
confidence intervals (Cls) for all-cause dementia among participants with a
single CMD or CMD multimorbidity in comparison to those who were
CMD-free. Follow-up time (in years) was calculated as the time from study

5,345 complete twin pairs of
known zygosity

Exclude:

. 4,197 dementia-
concordant pairs

. 792 CMD-
concordant pairs

MATCHED CO-TWIN
ANALYSIS
Zygosity-stratified Cox regression

356 twin pairs (302 DZ, 54 MZ)

entry until dementia diagnosis, death, or the last available follow-up
(31 December 2016). The proportional hazard assumption was tested
using Schoenfeld residuals regressed against follow-up time. A violation of
proportionality was observed for BMI. To account for this, BMI was treated
as a stratified factor in the model, allowing the baseline hazard function to
differ by BMl level. The model additionally included a sandwich estimator to
correct the standard errors given the clustering of co-twins within a pair. To
assess whether an increasing burden of CMDs impacts dementia risk in a
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dose-dependent manner, we repeated the analyses using the total CMD
number as a continuous variable. The analysis was also repeated after
grouping participants by their specific profiles of single and muiltiple
CMD:s to explore the dementia risk associated with specific constellations
of co-morbid CMDs. To examine the impact of CMDs on the subtypes of
dementia, we estimated the cause-specific hazards of AD and VaD while
censoring the development of other forms of dementia. Finally, to assess
how age of CMD onset impacts all-cause dementia risk, we reran the re-
gression models after stratifying participants by the timing (i.e. mid-life vs.
late-life) of the diagnosis of single and multiple CMDs. We also assessed de-
mentia risk as a function of the decade of CMD diagnosis (<50, >50 to
<60, >60 to <70, >70 to <80, or >80 years).

Matched co-twin study design

The aim of the matched co-twin analysis was to assess the role of genetic
background in the CMD—-dementia association. The analysis was restricted
to twin pairs that were discordant for both CMD and dementia status.
Therefore, from 5345 complete twin pairs of known zygosity in the study
population, we excluded twin pairs in which (i) both co-twins developed de-
mentia or both co-twins remained dementia-free, and (i) both co-twins had
baseline CMDs or both co-twins were CMD-free. This left 356 CMD- and
dementia-discordant twin pairs (Figure 1); that is, each twin pair contained
one CMD-free individual and one individual with baseline CMDs, only one
of whom went on to develop dementia. Among these twin pairs, zygosity-
stratified Cox regression models were used to assess the CMD—-dementia
association in DZ twin pairs (n = 302) and MZ twin pairs (n = 54) separately.
We further examined whether the CMD—dementia association significantly
differed as a function of zygosity by incorporating the cross-product term of
these variables (zygosity X CMD status) into the model. Whereas DZ twins
share 50% of their genetic background, MZ twins share 100%. Therefore,
the confounding influence of genetic background can be fully controlled
among MZ pairs. In this study design, if the association originally observed
in the classical cohort study is attenuated in MZ pairs compared with DZ
pairs, this would indicate that there are genetic factors common to both
CMDs and dementia that contribute to the association.>*®

Cofounded adjustment and sensitivity analyses

All regression analyses were adjusted for potential confounders, including
socio-demographic factors (age, sex, education level, marital status), cardi-
ometabolic risk factors (BMI, hypertension), lifestyle factors (smoking sta-
tus, alcohol consumption, physical activity level), and other medical
conditions (depression). These were defined a priori and chosen based on
a literature review. Missing values for education (n=1118), marital status
(n=1662), BMI (n=1640), smoking (n=1084), alcohol consumption (n=
1138), and physical activity level (n=6131) were imputed using fully condi-
tional specification. Estimates from 10 iterations were pooled according to
Rubin’s rules.?

In sensitivity analyses, we (i) repeated the analysis after excluding indi-
viduals who received a dementia diagnosis within 1 (n=63), 3 (n=1253),
5(n=526),and 7 (n = 826) years of baseline to minimize reverse causality;
(i) repeated the analysis after excluding 6462 participants with missing va-
lues for covariates; (jii) used Fine and Grey regression to estimate the
CMD-dementia association while accounting for the competing risk of
death.

All statistical analyses were performed using Stata SE 16.0 (StataCorp, College
Station, TX, USA) and P-values <0.05 were considered statistically significant.

Results

Baseline characteristics of the study
population

The baseline characteristics of the 17913 study participants (mean age
70.1 +7.5 years; 55.0% female) are shown in Table 1. At baseline, 3312

(18.5%) had a single CMD, and 839 (4.7%) had CMD multimorbidity.
Compared with CMD-free individuals, those with CMDs were more likely
to be older, male, single, and have fewer years of formal education. People
with CMD:s also had a higher prevalence of overweight/obesity, depres-
sion, heavy drinking, current or former smoking, and physical inactivity.

Cardiometabolic diseases and the risk of
dementia, Alzheimer’s disease, and
vascular dementia

During the follow-up (median 15.4 years, accounting for 228 849
person-years), a total of 3020 (16.9%) participants developed dementia,
including 1050 (5.9%) with AD and 638 (3.6%) with VaD. The presence
of an increasing number of CMDs was dose-dependently associated
with a greater risk of dementia and all dementia subtypes: with each
additional CMD, the risk of all-cause dementia rose 42% (HR: 1.42,
95% Cl: 1.31-1.53), the risk of AD rose 26% (HR: 1.26, 95% ClI:
1.10-1.45), and the risk of VaD rose 64% (HR: 1.64, 95% CI: 1.42—
1.88). Compared with CMD-free individuals, those with a single
CMD had a 42% increased risk of all-cause dementia (HR: 1.42, 95%
Cl: 1.27-1.58), as well as a significantly increased risk of both AD
(HR: 1.31, 95% CI: 1.08-1.59) and VaD (HR: 1.78, 95% CI: 1.44—
2.21). CMD multimorbidity was associated with over double the risk
of dementia (HR: 2.10, 95% ClI: 1.73-2.57), including a significant risk
of AD (HR: 1.49, 95% ClI: 1.02-2.20) and VaD (HR: 2.65, 95% ClI:
1.83-3.84) (Table 2).

We also examined the association between specific constellations of
co-morbid CMDs and dementia, finding that every possible combin-
ation of T2D, HD, and stroke, whether alone or in combination, was
associated with a significantly increased risk of either all-cause demen-
tia, AD, or VaD (Table 2).

Mid- and late-life cardiometabolic diseases

in relation to dementia risk

In analyses accounting for the age at CMD onset, we found that the risk
effect of CMDs on dementia was attenuated the later in life CMDs de-
veloped. The risk of dementia was reduced by 11% for each decade of
older age at the development of a first CMD (HR: 0.89, 95% Cl: 0.86—
0.92), and by 16% for each decade of older age at the development of a
second CMD (HR: 0.84, 95% Cl: 0.81-0.89).

From a life-course perspective, the risk of dementia was higher if an
individual’s first CMD diagnosis occurred during mid-life (HR: 1.64, 95%
Cl: 1.40-1.94) as opposed to late-life (HR: 1.46, 95% CI: 1.30-1.63).
Additionally, the risk of dementia seemed to be higher for those who
went on to develop a second CMD in mid-life (HR: 2.21, 95% ClI:
1.34-3.65) compared with late-life (HR: 1.81, 95% ClI: 1.52-2.17)
(Figure 2). We observed a similar pattern of results for VaD, but not
for AD (see Supplementary material online, Table S1).

The role of genetic background in the
cardiometabolic disease-dementia
association

In matched co-twin analysis, the significant association between CMDs
and dementia uncovered in the classical cohort study design (HR: 1.51,
95% Cl: 1.37-1.66) remained present among CMD- and dementia-
discordant DZ twin pairs (n=302 pairs; HR: 1.55, 95% CI: 1.15—
2.09) but was attenuated among CMD- and dementia-discordant MZ
twin pairs (n=>54 pairs; HR: 0.99, 95% Cl: 0.50-1.98) (Table 3). Since
the confounding influence of genetic background can be controlled
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Table 1 Baseline characteristics of the SALT study population by baseline CMD status (n=17 913)

CMD-free (n=13762) Single CMD (n=3312) CMD multimorbidity (n = 839) P-value

Age, years 69.3+73
Sex -
Male 5803 (42.2)
Female 7959 (57.8)
Education -
<8 years 6965 (53.3)
>8 years 6100 (46.7)

Marital status -

Married/cohabitating 8860 (66.3)
Single 4510 (33.7)
Zygosity =
Mz 2767 (20.1)
DZ 9444 (68.6)
Same sex 4629 (33.6)
Opposite sex 4815 (35.0)
Undetermined 1551 (11.3)
BMI, kg/m? 25.0+35
Underweight (<20) 681 (5.4)
Normal weight (>20 to <25) 6062 (47.8)
Overweight (>25 to <30) 4954 (39.1)
Obese (>30) 979 (7.7)
Smoking _
Non-smokers 7682 (58.7)
Current/former smokers 5408 (41.3)

Alcohol consumption -
No/moderate drinking 12448 (95.4)
Heavy drinking 604 (4.6)

Physical activity level -

Physically inactive 762 (7.9)

Regular physical activity 8873 (92.1)
Hypertension 1864 (13.5)
Depression 317 (2.3)

725+7.7° 741+7.3% <0.001
- - <0.001
1788 (54.0) 470 (56.0)
1524 (46.0) 369 (44.0)
- - <0.001
1746 (58.0) 438 (61.1)
1267 (42.1) 279 (38.9)
- - <0.001
1938 (61.9) 440 (587)
1194 (38.1) 309 (41.3)
- - 0.057
704 (21.3) 162 (19.3)
2279 (68.8) 598 (71.3)
1231 (37.2) 295 (35.2)
1048 (31.6) 303 (36.1)
329 (9.9) 79 (9.4)
257 +3.7° 263 +6.17 <0.001
137 (4.7) 28 (4.1) <0.001
1212 (41.6) 260 (38.1)
1235 (42.4) 293 (42.9)
330 (11.3) 102 (14.9)
- - <0.001
1612 (53.4) 365 (50.6)
1406 (46.6) 356 (49.4)
- - 0.005
2826 (94.1) 676 (93.8)
176 (5.9) 45 (6.2)
- - <0.001
190 (10.6) 65 (18.1)
1598 (89.4) 294 (81.9)
518 (15.6) 110 (13.1) 0.006
111 (3.4) 34 (4.1) <0.001

Data are presented as mean =+ standard deviation, or n (%).

?Pairwise means comparison using the Bonferroni correction: P < 0.05 (reference group: CMD-free).
Missing data: 1118 were missing data on education, 662 on marital status, 1640 on BMI, 1084 on smoking status, 1138 on alcohol consumption, and 6131 on physical activity.

for among MZ twins (who are genetically identical), our findings suggest
that the genetic background common to CMDs and dementia may
underlie the CMD—dementia association. As a further indication that
the strength of the CMD-dementia association differed between MZ
and DZ twin pairs, we detected a significant interaction between zyg-
osity and CMD status on dementia risk (P=0.005).

Sensitivity analyses

In sensitivity analyses, we obtained results consistent with those from
the main analyses after (i) excluding individuals diagnosed with dementia
within the first 1, 3, 5, and 7 years of follow-up and (ii) excluding 6462
participants with missing values for covariates (see Supplementary
material online, Tables S2 and S3). The associations were attenuated
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Table 2 HR and 95% Cls for the association between single and co-morbid CMDs and dementia subtypes

All-cause dementia
(3020 cases)

Dementia subtypes

Alzheimer’s disease Vascular dementia

Hazard ratio of dementia per each additional

CMD status
n
CMD-free 13762
Single CMD 3312
T2D alone 915
HD alone 1846
Stroke alone 551
CMD multimorbidity 839
T2D +HD 355
HD + stroke 310
T2D + stroke 99
T2D+HD + stroke 75

HR (95% CI)®
Reference
1.42 (1.27-1.58)
1.51 (1.27-1.79)
1.29 (1.12-1.49)
1.66 (1.34-2.06)
2.10 (1.73-2.57)
2.01 (1.49-2.72)
2.29 (1.68-3.12)
2.02 (1.10-3.68)
1.98 (0.99-3.96)
1.42 (1.31-1.53)

(1050 cases)
HR (95% CI)*

Reference
1.31 (1.08-1.59)
1.50 (1.12-2.02)
1.34 (1.05-1.72)

0.95 (0.60-1.49)
1.49 (1.02-2.20)
1.54 (0.87-2.71)
1.86 (1.05-3.28)
0.38 (0.05-2.90)
1.75 (0.47-6.48)
1.26 (1.10-1.45)

(638 cases)
HR (95% CI)*

Reference
1.78 (1.44-2.21)
1.52 (1.06-2.18)
1.45 (1.08-1.95)
3.55 (2.47-5.10)
2.65 (1.83-3.84)

1.25 (0.55-2.86)
3.57 (2.11-6.04)
4.62 (1.69-12.68)
3.07 (1.18-7.98)
1.64 (1.42-1.88)

co-morbid CMD

Bold indicates statistical significance (p < 0.05).

?Cox regression models adjusted for age, sex, education level, marital status, BMI, hypertension, smoking status, alcohol consumption, physical activity level, and depression.

when we used Fine and Grey regression models to account for the
competing risk of death in the CMD-dementia association (see
Supplementary material online, Table $4).

Discussion

In this nationwide twin study, we found that (i) cardiometabolic multi-
morbidity increases the risk of dementia, including both AD and VaD;
(i) CMDs that develop in mid-life seem to confer the greatest risk of
dementia; and (iii) genetic background may underpin the CMD—-demen-
tia association (Structured Graphical Abstract).

T2D,” HD,?®?’ and stroke® are widely recognized dementia risk
factors, but only recently has the combined impact of multiple CMDs
on dementia risk been explored. Previous studies from our group
have shown that the risk of both cognitive impairment® and dementia’
increases with a growing number of co-morbid CMDs (including T2D,
HD, and stroke), using data from the Swedish National Study on Aging
and Care—Kungsholmen (SNAC-K). In line with this, a recent study
using data from the UK Biobank also reported a monotonic increase
in dementia risk with one, two, and three co-morbid CMDs (including
T2D, myocardial infarction, and stroke).9

In this large, nationally representative sample of Swedish older
adults, we found that the risk of dementia increased by 42% with
each additional co-morbid CMD, and further that the risk effect of
cardiometabolic multimorbidity on dementia applies to both AD
and VaD. Our study takes the additional steps of examining how
the timing of CMD onset across the life-course impacts dementia
risk and the contribution of genetic background to the CMD-demen-
tia association.

We found that the development of any CMD in mid-life (<60 years)
as opposed to late life (>60 years), was associated with a higher risk of
dementia, and further that the risk of dementia decreased by 11% for

each additional decade of age at the onset of a first CMD. For individuals
with CMD multimorbidity, the risk of dementia decreased by 16% for
each additional decade of older age at the development of their second
CMD. Together, these results suggest that the earlier CMDs set in, the
more damaging they may be to cognitive health. One possible explan-
ation for the apparently greater risk effect of mid-life CMDs is that they
could represent a more aggressive form of disease than those that ap-
pears in late life. Moreover, the development of CMDs earlier in life
could entail more years of exposure to processes that are damaging
to the brain. From a clinical perspective, preventing or delaying the de-
velopment of CMDs, particularly in mid-life, could be a strategy for
avoiding dementia in older age.

Consistent with our findings, previous reports from the STR and the
Whitehall Il study have demonstrated a stronger risk effect of mid-life
T2D as opposed to late-life T2D on dementia.>"*? Similarly, the pres-
ence of other vascular risk factors such as hypertension, dyslipidemia,
and overweight/obesity in mid-life has been related to an increased
risk of dementia, but their presence in late life may not be 273334
However, on the contrary, results from the Finnish Cardiovascular
Risk Factors, Aging, and Dementia (CAIDE) study reported an in-
creased risk of dementia with atrial fibrillation and heart failure that de-
veloped in late-life but not in mid-life.>> Further research is needed to
better understand the interplay between CMDs and cognitive health
over the life-course, given the heterogeneity of CMDs as chronic dis-
eases that individuals can live with for multiple decades.

Both CMDs and dementia are complex disorders with multifactorial
aetiologies involving environmental, lifestyle-related, and genetic fac-
tors."®"? Since CMDs and dementia are both partially heritable, it
has been proposed that genetic factors may play a role in the CMD—de-
mentia association. Twin data allowed us to address this question. In the
matched co-twin analysis using CMD- and dementia-discordant twin
pairs, the CMD—dementia association originally observed in the classical
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CMD status n HR (95% CI)
Onset of first CMD
CMD-free 13,762 Reference l
First CMD diagnosed in mid-life 1,326 1.64 (1.40-1.94) —g—
First CMD diagnosed in late life 2,825 1.46(1.30-1.63) ——
Onset of second CMD
CMD-free 13,762 Reference ®
Second CMD diagnosed in mid-life 120 2.21 (1.34 -3.65) ®
Second CMD diagnosed in late life 719 1.81(1.52-2.17) ——
1.0 5.0

HR (95% CI)

Figure 2 All-cause dementia risk in relation to age of CMD onset. Hazard ratios with 95% confidence intervals of all-cause dementia from Cox re-
gression models adjusted for age, sex, education level, marital status, body mass index, hypertension, smoking status, alcohol consumption, physical

activity level, and depression.

cohort study design was attenuated among MZ twin pairs (who are
genetically identical) but not among DZ twin pairs (who are as related
as typical siblings). This indicates that genetic background contributes to
the CMD—dementia association, suggesting that common genes may
underlie the risk of both CMDs and dementia.

So far, some CMD-relevant genes involved in lipid metabolism, in-
sulin signalling, and blood pressure [including Apolipoprotein E
(APOE),*® fat mass and obesity-associated protein (FT0),>’ insulin-
degrading enzymes (IDE)*® and the angiotensin-converting
enzyme (ACE)*°] have been shown to impact dementia risk.
However, only a few studies to date have addressed the role of gen-
etic background in the association between CMDs and dementia.
Previous work from our group indicates that genetic variations in
IDE*® and APOE*" may underlie the increased risk of dementia asso-
ciated with T2D. Additionally, genetic susceptibility to coronary ar-
tery disease has been found to modify the association between
cardiovascular disease and dementia, particularly VaD.*? Recent stud-
ies have examined the interplay between dementia-related genes and
CMDs, but with conflicting results. A UK Biobank study showed a
strong association between cardiometabolic multimorbidity and de-
mentia, regardless of an individual’'s AD-related polygenic risk.” On
the other hand, a Danish population-based study reported that
10-year dementia risk among people with vascular risk factors like
T2D or hypertension can vary substantially according to their APOE
genotype and dementia-related polygenic risk score.*? Future studies
are needed to identify which genes are involved in the CMD-demen-
tia association and whether these could point to common biological
pathways implicated in both CMDs and dementia.

A growing body of literature suggests that T2D, HD, and stroke can
contribute, to different extents, to neurodegenerative AD-related
pathologies in addition to their well-established role in the develop-
ment of cerebrovascular pathology and VaD.**** However, the com-
bined impact of multiple CMDs on brain pathology has not been
widely examined. We found that cardiometabolic multimorbidity

was related to a 50% increased risk of AD (HR: 1.49, 95% Cl: 1.02—
2.20) and more than double the risk of VaD (HR: 2.65, 95% ClI:
1.83-3.84), supporting the notion that mixed pathologies (both neu-
rodegenerative and vascular) may be involved in the development of
dementia in people with CMDs.

Cardiometabolic multimorbidity could contribute to vascular and neu-
rodegenerative  brain pathologies through overlapping
mechanisms. The chronic hyperglycaemia that characterizes T2D
contributes to oxidative stress—a process underlying both cerebral ath-
erosclerosis and neurodegeneration—and can also lead directly to neur-
onal death through its toxic effect on the myelin sheath.*® Another
pathophysiological hallmark of T2D, cerebral insulin resistance, has
been linked to tau hyperphosphorylation and increased generation of
amyloid-p.* Additionally, chronic cerebral hypoperfusion—a conse-
quence of stroke or reduced cardiac output from HD—can alter cere-
bral blood flow velocity, contributing to the development of vascular
brain lesions.*” Cerebral hypoperfusion could also trigger brain hypoxia,
which can impair peptide clearance and promote the deposition of
amyloid-B.*® Moreover, the endothelial dysfunction that characterizes
CMD:s can disrupt the integrity of the blood—brain barrier, leading to im-
paired amyloid-B clearance.*” At the intersection of many of these me-
chanisms is inflammation, which plays a well-established role in the
pathogenesis of CMDs>° and may accelerate the progression of both
neurodegenerative and vascular brain pathologies.“"r’2 Elucidating the
mechanisms by which cardiometabolic multimorbidity impacts dementia
will require future studies integrating longitudinal measures of cognitive
function with neuropathological, genetic, and biomarker data.

several

Strengths and limitations

Strengths of this study include the use of a large, nationally representa-
tive cohort with a long follow-up, as well as the unique, genetically in-
formative twin study design, which allowed us to explore the role of
genetic background in the CMD-dementia association through
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Table3 HRsand 95% Cls for the association between CMDs and all-cause dementia in the classical cohort study design

and the matched co-twin analysis

Classical cohort study design
17 913 twin individuals

Matched co-twin analysis®
356 twin pairs

DZ twin pairs (n =302 pairs) MZ twin pairs (n=54 pairs) Zygosity—-CMD interaction

HR (95% CI)®

CMD-free Reference Reference

Any CMD 1.51 (1.37-1.66)

HR (95% CI)°

1.55 (1.15-2.09)

HR (95% CI)“ P-value
Reference -
0.99 (0.50-1.98) 0.005

Bold indicates statistical significance (p < 0.05).

?Includes only twin pairs that were discordant for both CMD status and dementia status.

®Cox regression models adjusted for age, sex, education level, marital status, BMI, hypertension, smoking status, alcohol consumption, physical activity level, and depression.
“Cox regression models adjusted for sex, education level, marital status, BMI, hypertension, smoking status, alcohol consumption, physical activity level, and depression.

comparisons of MZ and DZ twin pairs. Additionally, the ascertainment
of dementia and vital status through records in Swedish national regis-
tries ensured the follow-up of all study participants, eliminating the pos-
sibility of attrition. Finally, the availability of information on AD and VaD
diagnoses provided insight on the potential mechanisms by which
CMDs affect the brain.

However, the study has some limitations that should be acknowl-
edged. First, the true proportion of individuals in our study who had
baseline CMDs or developed incident dementia may be higher than
what we estimated using medical records data, resulting in a possible
underestimation of the associations reported here. The Swedish NPR
includes only records from inpatient and outpatient care,>* so we could
not capture diagnoses of CMDs or dementia that occurred in a primary
care setting, nor could we identify individuals with undiagnosed CMDs
or dementia. In particular, the present method can identify dementia
cases in the STR with 98% specificity but only 63% sensitivity,”* so there
is a high likelihood that some participants had undiagnosed dementia at
baseline, raising the possibility of reverse causality. We attempted to
compensate for this by performing sensitivity analyses excluding people
with possible prodromal or undiagnosed dementia at baseline (i.e. par-
ticipants who received a formal diagnosis of dementia within the first 1,
3, 5, or 7 years of follow-up), finding the results consistent with the ori-
ginal analysis. Second, there is a risk of differential outcome misclassifi-
cation insofar as people with CMDs may interact with the healthcare
system more often than those without CMDs and could therefore
be more likely to receive a dementia diagnosis, possibly resulting in
an overestimation of the associations reported here. However, both
the proportion of participants who developed dementia over follow-up
and the strength of the CMD—-dementia association reported here are
comparable to what we found in a previous study using a different
Swedish population-based cohort, SNAC-K, in which dementia was
identified based on regular and comprehensive cognitive assessments
rather than via registry data.”

Another limitation is the relatively low sample size of twin pairs available
for the matched co-twin analysis. Specifically, the CMD- and dementia-
discordant twin pairs constitute a younger and relatively healthier sample
than the study population as a whole, potentially leading to an under-
estimation of the CMD—dementia association in the matched co-twin
analysis. Additionally, diagnoses of AD and VaD were not confirmed
through post-mortem or neuroimaging studies. This may have resulted
in misclassification of the dementia subtypes, particularly given the high
prevalence of mixed AD and VaD pathology, especially among older

adults>>>®  Furthermore, information on socio-demographic and
lifestyle-related covariates, including education level, marital status,
BMI, smoking history, alcohol consumption, and physical activity,
were collected via self-report and could be subject to possible recall
bias. Finally, we cannot rule out the influence of potential residual con-
founding due to unmeasured factors.

Conclusion

To our knowledge, this study is the first to demonstrate that CMDs,
particularly when developed in mid-life, increase the risk of dementia,
including both AD and VaD. These findings add to the growing evidence
of a connection between cardiometabolic multimorbidity and both vas-
cular and neurodegenerative forms of dementia and highlight the need
for special monitoring of individuals who develop T2D, HD, or stroke in
mid-life in order to reduce their risk of developing dementia in older
age. Using a twin study design, we also provide evidence that genetic
background may underpin the association between cardiometabolic
disease and dementia. Our findings call for the identification of these
common genes for both CMDs and dementia in future studies.
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