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STRUCTURED ABSTRACT

Objective: Metabolic syndrome (MetS) has been previously linked to dementia. This study
examines the association of MetS with neuroimaging and cognition in dementia-free adults,
offering insight into the impact of MetS on brain health prior to dementia onset.

Research Design and Methods: We included 37,395 dementia-free adults from the UK
Biobank. MetS was defined as >3 of the following components: elevated waist-
circumference, triglycerides, blood-pressure, HbAlc, or reduced HDL-cholesterol.
Multivariable-adjusted linear regression was used to assess associations of MetS with
structural neuroimaging and cognitive domains.

Results: MetS was associated with lower total brain (Standardised Beta-coefficient (8): -
0.06, 95%CI: -0.08, -0.04), grey matter (: -0.10, 95%CI: -0.12, -0.08) and hippocampal
volumes (Left-B: -0.03, 95%CI: -0.05, -0.01; Right-f: -0.04, 95%CI: -0.07, -0.02), and
greater white matter hyperintensities (WMH) volume (f3: 0.08, 95%CI: 0.06, 0.11). MetS
participants performed poorer on cognitive tests of working memory (f: -0.10, 95%CI: -0.13,
-0.07), verbal-declarative memory (f3: -0.08, 95%CI: -0.11, -0.05), processing speed (f3: -0.06,
95%CI: -0.09, -0.04), verbal and numerical reasoning (f3: -0.07, 95%CI: -0.09, -0.04), non-
verbal reasoning (B: -0.03, 95%CI: -0.05, -0.01), and on executive function, where higher
scores indicated poorer performance (3: 0.05, 95%CI: 0.03, 0.08). An increasing number of
MetS components were also associated with lower brain volumes, greater WMH, and poorer
cognition across all domains.

Conclusions: MetS was associated poorer brain health in dementia-free adults, characterised
by lower brain volumes, greater vascular pathology, and poorer cognition. Further research is

necessary to understand whether reversal or improvement of MetS can improve brain health.



ARTICLE HIGHLIGHTS

e Why did we undertake this study?
MetS has been previously associated with dementia. We explored links between MetS
and preclinical/intermediate markers of dementia by examining associations with
structural neuroimaging and cognitive outcomes. This can offer insight into the
impact of MetS on brain health prior to dementia onset.

e What is the specific question(s) we wanted to answer?
Is MetS associated with poorer brain health outcomes prior to dementia onset?

e What did we find?
MetS was associated with lower brain volumes, greater vascular pathology, and
poorer cognition. An increasing number of MetS components were also associated
with these outcomes.

® What are the implications of our findings?

Early identification and management of MetS could help reduce dementia risk. This is
especially promising as MetS is amenable to change through lifestyle modifications.



Metabolic syndrome (MetS) has become a serious public health concern, affecting
approximately 25% of adults globally.(1) MetS is characterised by a cluster of
cardiometabolic and vascular risk factors that tend to co-occur in individuals.(1) Generally, a
MetS diagnosis is defined as the presence of >3 of the following traits: elevated waist
circumference, triglycerides, blood glucose and blood pressure, or reduced high-density
lipoprotein (HDL) cholesterol.(1) MetS has been identified as a potentially modifiable risk
factor for cardiovascular and cerebrovascular disease(2), making it an important target for

disease prevention strategies.

Global dementia incidence has also been rapidly increasing and is expected to triple in
the next 30 years.(3) There is currently no definitive cure for dementia, warranting an urgent
need to understand and identify which risk factors can be effectively targeted to help prevent
or delay its progression. Recent research has linked MetS to an increased risk of dementia.(4;
5) Building on this work by exploring links between MetS and preclinical/intermediate
markers of dementia, such as early changes in neuroimaging and cognition, can enhance our
understanding of the relationship between MetS and dementia risk. Maintaining both brain
structure and cognition — hereafter collectively referred to as brain health — are crucial for
healthy aging as loss of both are key indicators of progression towards dementia.(6)
Evaluating neuroimaging and cognitive measures can provide distinct insights regarding
which aspects of brain health may be affected, such as atrophy, vascular pathology, and
global or region-/domain-specific brain and cognitive changes. Different health conditions
may influence these markers of brain health in distinct ways; some may exert a widespread
effect, impacting multiple aspects of brain health, while others may exert a localised effect.
(7) Traditional cardiometabolic and vascular risk factors — such as diabetes, obesity,

hypertension, and hyperlipidaemia — have been individually associated with poorer brain



health.(8) However, it is well known that these risk factors are highly correlated with each
other, often making it difficult to isolate their individual effects on overall brain health.(8)
These relationships remain to be investigated in MetS, which is particularly pertinent, as the
clustering of conditions inherent in MetS are more closely in line with real-world

representations of known individual risk factors.

In a 2021 meta-analysis of twelve studies (sample sizes ranging: 50-7,000
participants), MetS was consistently associated with lower scores on global tests of cognition;
however, its impact on individual cognitive domains was found to be mixed.(9) Moreover,
while existing research has examined MetS in relation to either structural neuroimaging
outcomes or cognition, few studies have examined this together(7-10), with most research

focused on specific populations (e.g., MetS in schizophrenia).(11-13)

Given these knowledge gaps, we sought to investigate the association of MetS with
several structural neuroimaging outcomes and cognitive domains in >37,000 participants
from the UK Biobank. We also explored the impact of an increasing number of MetS
components on these outcomes. To date, this is the largest and most comprehensive study of
its kind which incorporates detailed phenotypic data and specific genotypic information on

Apolipoprotein (APOE)-€4 carrier status, enabling a robust assessment of these associations.



RESEARCH DESIGN AND METHODS
Data Source and Study Population

This study used data from the UK Biobank, a population-based prospective cohort of
0.5M participants aged 40-69 years recruited between 2006-2010 in England, Scotland and
Wales.(14) At baseline (2006-2010), participants provided information on sociodemographic,
lifestyle, environmental and health-related factors via touch-screen questionnaires and a
nurse-led verbal interview, underwent physical examinations, and provided blood samples to
measure key biomarkers. Since 2014, participants have been re-invited to attend a follow-up
imaging assessment to undergo brain, cardiac, and abdominal magnetic resonance imaging
(MRI), dual-energy X-ray absorptiometry and carotid ultrasound. During the imaging
assessment, participants also underwent detailed tests of various cognitive domains, and
provided repeat measures of baseline assessments (with the exception of biomarker data).
The imaging assessments were performed 9.27 + 2.01 mean years after baseline. Using a
standardised imaging protocol, participants were scanned across four imaging centres using

Siemens Skyra 3T scanners (software VD13) with a standard 32-channel head coil.

At the time of data analysis (06/2023 to 02/2024), approximately 50,000 participants
had undergone an imaging assessment. We excluded participants who were missing data on
imaging-related confounders (n=22), and those with prevalent self-reported or diagnosed
dementia, Parkinson’s disease or any other chronic neurodegenerative condition (e.g., motor
neuron disease), brain cancer, brain haemorrhage, brain abscess, aneurysm, cerebral palsy,
encephalitis, head injury, nervous system infection, traumatic brain injury, or stroke (n=93).
We further excluded those with >1 missing value on any of the five MetS components
(n=8,888) for the main analyses, and imputed missing MetS components and covariates in

sensitivity analyses. See Supplemental File 1 for the study cohort flow diagram.



Ethics Approval
Participants provided electronically signed consent for their data to be used in health-
related research. The UK Biobank received ethical approval from the National Health Service

(NHS) North West Centre for Research Ethics Committee (Ref: 11/NW/0382).

Metabolic Syndrome

MetS was defined at baseline using the 2009 Harmonized Criteria.(1) The presence of
>3 of the following components constituted a MetS diagnosis: 1) abdominal obesity (elevated
waist circumference: >102 cm in males; >88 cm in females); 2) elevated triglycerides (=150
mg/dL or 1.7 mmol/L) or lipid-modifying medications; 3) elevated blood pressure (>130
mmHg systolic blood pressure and/or >85mmHg diastolic blood pressure) or
antihypertensive medication use; 4) elevated fasting blood glucose (=100 mg/dL or >5.6
mmol/L) or drug treatment for elevated blood glucose; and 5) reduced HDL-cholesterol (<40
mg/dL or 1.0 mmol/L in males; <50 mg/dL or 1.3 mmol/L in females). Data on circulating
glucose levels were obtained predominantly from non-fasting blood samples, which are more
likely to be affected by recent food intake (as compared to fasting samples), potentially
leading to high variability in glucose measurements. Therefore, we used glycated hemoglobin
(HbA1lc) as a proxy measure, based on recommendations from the American Diabetes
Association, with a cut-point of HbAlc >5.7% (39 mmol/mol) to indicate hyperglycaemia.
(15) Medication usage was captured using Anatomical Therapeutic Chemical (ATC) codes,
informed by a thorough literature review of previous studies defining MetS using ATC codes,
and expert clinical input.(5)

Participants were categorised into two groups: (1) No MetS (reference), and (2) MetS.
Supplemental Files 2-3 contain details regarding variables and medication codes used to

define MetS components.



Neuroimaging Measures
Imaging Derived Phenotypes (IDPs) were derived from T1-/T2-weighted brain-MRI
scans using an image-processing automated pipeline developed by an external group in

collaboration with the UK Biobank.(16)

IDPs were selected based on their relevance to markers of brain health in the context
of cognitive decline and/or dementia.(17) These included global grey matter, white matter,
and total brain (sum of grey and white matter) volumes, which were segmented using FAST
(FMRIB’s Automated Segmentation Tool(18)); hippocampal volume (left, right) using
FIRST (FMRIB’s Integrated Registration and Segmentation Tool(19)), and white matter
hyperintensity (WMH) volume from BIANCA(20), which uses both T1-weighted and T2-
weighted data. In this study, white matter volume refers to the total volume of white matter in
the brain. In contrast, white matter hyperintensities refer areas of white matter that appear
hyperintense (i.e., brighter) on brain-MRI, which are often linked to aging, cognitive decline
and dementia.(17) Outliers were defined as having a value >8 times the median absolute
deviation from the median for any given IDP (N=1,008) and were removed as per previous

methods.(16) Full details on the neuroimaging variables are in Supplemental File 4.

Cognitive Tests

We chose seven cognitive tests administered at the UK Biobank imaging assessment
which assessed different cognitive domains.(21) These included: Trail-Making Tests (TMT)
A and B (executive function), Fluid Intelligence Test (verbal and numerical reasoning),
Backward Digit Span Task (working memory), Symbol-Digit Substitution Test (complex
processing speed), Paired Associate Learning Task (verbal declarative memory), and the

Matrix Pattern Completion Test (non-verbal reasoning). Higher scores indicate poorer



cognitive performance for TMT (i.e., time taken to complete test), whereas lower scores
reflect poorer performance for all other tests. Individuals with TMT scores of <0 were
removed from analyses. Detailed descriptions regarding the UK Biobank cognitive tests have
been published elsewhere.(21) Full details regarding cognition variables in this study are in

Supplemental File 4.

Covariates
Covariates included factors considered to be potential confounders in the relationship

between the exposure (MetS) and outcomes (neuroimaging and cognition).(3; 9; 17; 22)

Age in years was calculated as the interval between date of birth and the date of
attending an imaging assessment centre. Location of imaging assessment centre (‘Cheadle’,
‘Reading’, ‘Newcastle’, ‘Bristol’) was defined as attendance at the imaging site. The
Townsend deprivation index was used as a proxy for socio-economic deprivation and was
assigned to each study participant using their residential postal code at baseline, and was
categorised into fifths (1-5: least deprived to most deprived).(23) Sex (‘male’, ‘female’) was
defined using NHS records and/or self-reported data. Self-reported ethnicity (‘white’, ‘non-
white’), education level (‘primary’, ‘secondary’, ‘post-secondary non-tertiary’, ‘tertiary’),
household income in GBP (less than 18,000’, *18,000-30,999°, *31,000-51,999°, ’52,000-
100,000°, ‘greater than 100,000’), smoking status (‘never’, ‘previous’, ‘current’), and alcohol
intake (‘never’, ‘former drinker’, ‘infrequent’ [special occasions only/1-3 times per month],
‘1-2 times per week’, ‘3-4 times per week’, ‘daily or almost daily’) were measured via
touchscreen questionnaires. Physical activity level (‘low’ — metabolic equivalent (MET)
minutes <1200, ‘high’ — MET >1200) was derived from touchscreen questionnaire items

which were adapted to the validated short International Physical Activity Questionnaire (24);



time spent conducting vigorous, moderate, and walking activity was weighted by the amount
of energy expended which allowed us to derive total MET minutes/week. APOE-g4 carrier
status (‘e4 non-carrier’, ‘e4 carrier’) was derived using rs429358 and rs7412 single nucleotide
polymorphisms, which were directly genotyped.(25) Participants with any missing covariate
data, or who responded with “prefer not to answer/do not know” were assigned as a separate

category for each categorical variable.

We also incorporated several imaging-related confounders. These included: 1) head
size (i.e., intracranial volume); 2) head position (using x-,y-, and z-axis position coordinates);

and 3) head motion.(16)

Statistical Analysis

Descriptive statistics were used to compare baseline characteristics between
participants with and without MetS; mean and standard deviation was calculated for normally
distributed variables, and median and interquartile range for skewed variables. Skewness was
assessed for outcomes by visually inspecting their distributions through histograms. Skewed
variables (TMT A/B, WMH) were normalised using natural logarithm transformations.(21)
All outcomes were then standardised (mean=0, standard deviation=1), to permit comparison
of effect size across outcomes. Therefore, we report standardised beta-coefficients () and
95% confidence intervals throughout the results.

Separate multivariable linear regression models were used to estimate the association
of MetS with neuroimaging and cognitive outcomes. Models were adjusted for age, sex,
ethnicity, education, Townsend deprivation index, household income, smoking status, alcohol
intake, physical activity level, and APOE-g4 carrier status. To correct for interactions

between age and sex, analyses were also adjusted for age® (non-linear effects), sex*age and
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sex*age”. As per previous recommendations, we included quadratic age terms in our models
(age®) to account for non-linear age effects across all outcomes.(26) This decision was further
supported by ANOVA tests comparing models with and without the age® term, which
demonstrated that its inclusion significantly improved model fit. Similarly, age-sex
interaction terms were included to comprehensively account for their potential joint effects on
brain health. Age and sex are known to interact in non-additively in the context of brain
health outcomes, and thus the product of these two confounders must be considered.(26) For
neuroimaging analyses only, we further adjusted for the following imaging-related

confounders (i.e., precision variables): head size, head position, and head motion.(26)

In secondary analyses, we examined associations of 1) individual MetS components
and 2) the categorical number of MetS components present (0-5), with each neuroimaging
and cognitive outcome. In a sensitivity analysis, we repeated the main analysis using multiple
imputation to investigate the impact of missing data for the exposure and covariates. We also
examined the interaction between 1) MetS and age (“<65 years”, “65+ years”), and 2) MetS
and sex (“female”, ”male”) due to prior evidence indicating differences in structural

neuroimaging and cognition based on these factors.(17; 27-29)

All p-values were two sided, with statistical significance set at p <0.05. All analyses

were performed using RStudio version 4.2.2.

Data & Resource Availability Statement
The UK Biobank Resource (Application #: 33952) holds the data used in this article.

Data can be requested by researchers at: www.ukbiobank.ac.uk/register-apply.
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RESULTS

We identified 37,395 participants (mean age: 55.01 + 7.55 years), among which 7,945
(21.2%) had MetS. The average time between baseline and follow-up imaging assessment
was similar between participants with and without MetS (MetS: 9.21 + 2.04 years; No MetS:
9.28 + 2.0 years). Compared to no MetS, those with MetS were more likely to be older, male,
of non-white ethnicity, have lower education, have lower household income, reside in more
socioeconomically deprived areas, previous smokers, less physically active, and APOE-£4
carriers (Table 1). Among those with MetS, 65.7%, 27.4%, and 6.9% had three, four, and
five MetS components, respectively. Among MetS participants, the most prevalent
component was elevated blood pressure (93.2%), followed by elevated triglycerides (83.7%),
elevated waist circumference (72.0%), reduced HDL-cholesterol (54.6%), and elevated

HbA1c (37.7%).

MetS and Neuroimaging Outcomes

Compared to no MetS, the presence of MetS was associated with lower total brain (f3:
-0.06, 95%CI: -0.08, -0.04) and grey matter volume (: -0.10, 95%CI: -0.12, -0.08), as well
as increased WMH volume (f: 0.08, 95%CI: 0.06, 0.11) (Table 2). MetS was also associated
with lower left (B: -0.03, 95%CI: -0.05, -0.01) and right hippocampal volumes (: -0.04,
95%CI: -0.07, -0.02). No significant association was observed between MetS and white
matter volume. Results remained similar after performing multiple imputation for missing

exposure and covariate data (Supplemental File 5).
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A dose-response relationship was observed between the number of MetS components
present and several neuroimaging measures (Figure 1, Supplemental File 6). Specifically,
an increasing number of MetS components were associated with lower total brain ([ range: -
0.02 to -0.21, p-trend<0.001) and grey matter volume ( range: -0.03 to -0.31, p-
trend<0.001), and greater WMH volume ( range: 0.13 to 0.30, p-trend <0.001). An
increasing number of MetS components also showed a dose-response association with lower
left ( range: 0.00 to -0.11, p-trend=0.003) and right hippocampal volume (3 range: 0.00 to -

0.09, p-trend=0.002). No association was observed with white matter volume.

In analysis of individual components, elevated waist circuamference and HbA1lc were
significantly associated with lower total brain and grey matter volumes, while having
elevated blood pressure showed the strongest association with greater WMH volume

(Supplemental File 7).

Associations between MetS and neuroimaging outcomes were consistent amongst
younger (<65) and older (65+) participants. However, there was a significant interaction
(p<0.001) of age with MetS and WMH volume, with the strength of the association being
greater among younger participants (<65: B: 0.09, 95%CI: 0.07, 0.11 vs. 65+: B: 0.04,
95%CI: -0.02, 0.11) (Supplemental File 8). Moreover, there was a significant interaction of
sex with MetS and total brain, grey matter and white matter volumes (p<0.001), with the
strength of these associations being greater in males. Associations among other neuroimaging

outcomes remained similar (Supplemental File 9).

MetS and Cognitive Outcomes
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MetS participants performed significantly poorer on tests measuring several different
cognitive domains, including working memory (f: -0.10, 95%CI: -0.13, -0.07), verbal
declarative memory (B: -0.08, 95%CI: -0.11, -0.05), processing speed (f3: -0.06, 95%CI: -
0.09, -0.04), verbal and numerical reasoning (B: -0.07, 95%CI: -0.09, -0.04), non-verbal
reasoning (B: -0.03, 95%CI: -0.05, -0.01), and executive function (TMT B - : 0.05, 95%CI:
0.03, 0.08; TMT A - 3: 0.03, 95%CI: 0.01, 0.06) (Table 2). Results remained similar after
performing multiple imputation for missing exposure and covariate data (Supplemental File

5).

We also observed a dose-response relationship between the number of MetS
components present and cognitive performance across several domains (Figure 2,
Supplemental File 10). An increasing number of MetS components were associated with
poorer cognitive performance on tests of working memory (8 range: -0.05 to -0.27, p-
trend<0.001), verbal declarative memory (f3 range: -0.05 to -0.22, p-trend<0.001), processing
speed (B range: -0.02 to -0.15, p-trend<0.001), executive function (TMT A or TMT B - f
range: 0.01 to 0.16, p-trend<0.001), and verbal and numerical reasoning (§ range: -0.04 to -
0.13, p-trend<0.001). Increasingly poorer performance was also noted for non-verbal

reasoning, although less pronounced (3 range: -0.03 to -0.13, p-trend=0.016).

Regarding individual components, elevated blood pressure was consistently
associated with significantly poorer performance across all cognitive domains

(Supplemental File 7).

Associations of MetS with poor cognitive performance were generally consistent

amongst younger (<65) and older (65+) participants. However, no significant interaction of
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age with MetS and cognition was observed for any of the cognitive domains. (Supplemental
File 11). In contrast, there was a significant interaction of sex with MetS and verbal and
numerical reasoning (p=0.023), where the strength of the association was greater among
males. Associations among other cognitive outcomes remained similar when comparing by

sex (Supplemental File 12).

CONCLUSIONS

In this large population-based cohort of more than 37,000 mid-to-late-life dementia-free
adults, MetS was associated with lower brain volumes, greater vascular pathology, and
poorer cognition. There was a dose-response relationship between an increasing number of
MetS components and lower brain volume, vascular pathology and poorer cognition. These
findings suggest that MetS is associated with poorer global brain health rather than having
region- or domain-specific effects, which might have implications for understanding

previously observed relationships between MetS and dementia.

Several studies have previously associated MetS with several brain abnormalities,
including lower total brain volume, silent brain infarcts, decreased grey matter volume in
specific brain regions, and increased WMHs.(7; 8) However, other research studies have
shown inconsistent findings. Cavalieri et al., found no significant differences in total brain
volume between those with and without MetS in 819 dementia-free participants.(27)
Additionally, Sala et al., found no association between MetS and grey and white matter
volumes among elderly participants from families with a history of longevity.(30) Another
study by Tiehuis et al., found that MetS was associated with smaller brain volumes but not

increased WMHs in 1,232 patients with manifest arterial disease.(13) Similarly, evidence
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regarding MetS and cognitive performance has been equally varied. While previous studies
have been relatively consistent in demonstrating an association between MetS and impaired
global cognition scores, its impact on individual cognitive domains remains largely
inconsistent.(10) Inconsistencies could be due to several methodological issues including: 1)
most studies comprise of relatively small samples; 2) most studies focus on specific disease
populations (e.g., MetS in those with mental disorders), limiting generalisability; 3) exposure
misclassification resulting from heterogeneity in components and cut-offs used to define
MetS; 4) the vast number of cognitive tests used to assess the same cognitive domain, with
each having different sensitivity which could affect the ability to detect minor cognitive
deficits; 5) large variation in sample characteristics (i.e., age, sex, education), and covariate
adjustment. Findings from our study contribute to this existing body of research by providing
a more robust and comprehensive evaluation of the influence of MetS on various

neuroimaging and cognitive measures in a large sample.

In our study, MetS was associated with several neuroimaging and cognitive
indicators of poor brain health. Specifically, we found that MetS was linked to lower total
brain and grey matter volumes, including hippocampal volume, as well as increased WMHs,
which were paralleled by cognitive deficits across several domains including memory,
reasoning, processing speed and executive function. Collectively, these findings suggest that
rather than having a localised effect, MetS appears to have a more widespread effect on brain
health. These findings align with and build upon our previous study from the UK Biobank as
well as other dementia research studies from Europe and Asia, which demonstrate consistent
associations of MetS with increased dementia risk, irrespective of the dementia subtype.(5;

31-34)
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We also found that an increasing number MetS components were associated with
greater reductions across several measures of brain volume and poorer performance on
various cognitive domains. While several studies have reported similar findings in relation to
the number of MetS components and cognitive outcomes(9; 10), few comparable studies
have explored these relationships with structural neuroimaging outcomes, yielding
inconsistent findings.(30; 35; 36) Our study also provides a detailed evaluation of various
cognitive domains in relation to the number of MetS components present, showing that the
presence of a greater number of components incrementally increases cognitive deficits in
areas of memory, processing, and executive function. Taken together, these results indicate
that the impact of MetS on brain health is characterised by a dose-response relationship.
Therefore, considering the overall number of MetS components present, rather than focusing
solely on its threshold effect (i.e., presence of >3 components) may prove useful for devising

prevention strategies to mitigate cognitive decline and dementia.

Interventional studies show promising results in managing MetS components to
improve brain health. The SPRINT-MIND trial demonstrated that aggressive blood pressure
control reduced WMH progression.(37; 38) The Sydney Memory and Aging Study observed
that diabetics on metformin experienced less cognitive decline and dementia versus those not
treated.(38) Moreover, physical activity was shown to improve cognition in diabetics.(37)
The ACCORDION-MIND trial noted short-term increases in brain volume from intensive
hyperglycaemia management, though benefits did not persist in the long-term.(37)
Conversely, trials targeting hypercholesterolemia did not show benefits for brain health.(37)
Perhaps the most promising findings come from the FINGER trial — a multidomain
intervention involving a diet, exercise, cognitive training, and vascular risk monitoring

program in older adults with high rates of MetS-related components.(37; 38) Results from
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FINGER indicated that the intervention group exhibited significantly less cognitive decline
than controls (although no significant changes in brain volume or WMHs).(37; 38) Further
large-scale intervention studies with longer follow-up are necessary to understand how
reversal of MetS as a whole, or its components, might impact overall brain health and

dementia risk.

Key strengths of this study include a comprehensive evaluation of the relationship of
MetS with several neuroimaging measures and validated domain-specific cognitive
outcomes.(21) This is also the largest study of its kind, incorporating extensive phenotypic
data and specific genotypic information on APOE-g4 carrier status, allowing for a robust
assessment of these associations. The present study also has several limitations. First, MetS
was defined using baseline measurements (due to lack of biomarker data at the follow-up
assessment) with neuroimaging and cognitive outcomes assessed several years later, limiting
our ability to account for variability in MetS status over time. However, the validity of
incorporating baseline biomarker data is supported by previous work demonstrating their
high stability over time.(39) Second, we used HbA1lc as a proxy for fasting glucose (given
the low number of fasting samples), which varies from the Harmonized Criteria for MetS.
However, previous recommendations from the American Diabetes Association support use of
this measure as a suitable proxy for glucose.(15) Third, our study was limited by lack of
information on the severity and duration of MetS and its individual components. Fourth,
while we excluded prevalent dementia, some cases may have gone undetected; this could
introduce selection bias, particularly if the prevalence of undetected cases varies between
those with and without MetS. Fifth, the design of this work makes our findings susceptible to
residual confounding from unmeasured factors which is an inherent limitation of all

observational studies. Moreover, we did not adjust for multiple comparisons, increasing the
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potential for Type-I error. Additionally, UK Biobank participants are known to be healthier
than the general population, especially among those who attended the follow-up imaging
assessment (i.e., healthy-volunteer bias). Thus, it is possible that our findings may
underestimate the true magnitude of the association between MetS and brain health.(40)
Moreover, findings from the UK Biobank may not be broadly generalizable. Finally, due to
the nature of data availability, we were unable to assess how MetS influences changes in

neuroimaging and cognition over time.

In conclusion, we found that MetS, a cluster of risk factors associated with cognitive
decline and dementia, was linked to significantly lower brain volumes and greater vascular
pathology, which were paralleled by impaired performance across a range of cognitive
domains. These findings demonstrate that MetS is related to poorer global brain health,
aligning with previously observed associations between MetS and increased risk of several
dementia subtypes.(5; 31-34) Further research is necessary to understand whether reversal or
improvement of MetS (and its components) can improve brain health and reduce risk for

dementia.
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Table 1: Study Cohort Characteristics by MetS Status

Characteristic No MetS (N= 29,450) MetS (N= 7,945) Overall (N= 37,395)
Age — mean (SD) 54.60 (7.58) 56.53 (7.22) 55.01 (7.55)
Sex
Female 16,010 (54%) 3,555 (45%) 19,565 (52%)
Male 13,440 (46%) 4,390 (55%) 17,830 (48%)
Ethnicity
White 28,557 (97%) 7,655 (96%) 36,212 (97%)
Non-White 809 (2.7%) 266 (3.3%) 1,075 (2.9%)
Missing* 84 (0.3%) 24 (0.3%) 108 (0.3%)
Education level
Primary 1,722 (5.8%) 700 (8.8%) 2,422 (6.5%)
Secondary 5,495 (19%) 1,648 (21%) 7,143 (19%)
Post-secondary non-tertiary 3,659 (12%) 1,063 (13%) 4,722 (13%)
Tertiary 18,489 (63%) 4,502 (57%) 22,991 (62%)
Missing* 85 (0.3%) 32 (0.4%) 117 (0.3%)
Townsend deprivation index
1 (less deprived) 6,032 (20%) 1,441 (18%) 7,473 (20%)
2 5,979 (20%) 1,493 (19%) 7,472 (20%)
3 5,890 (20%) 1,582 (20%) 7,472 (20%)
4 5,814 (20%) 1,658 (21%) 7,472 (20%)
5 (more deprived) 5,709 (19%) 1,763 (22%) 7,472 (20%)
Missing 26 (<0.1%) 8 (0.1%) 34 (<0.1%)
Household income (GBP)
Less than 18,000 2,918 (9.9%) 1,089 (14%) 4,007 (11%)

18,000 to 30,999

5,703 (19%)

1,816 (23%)

7,519 (20%)

31,000 to 51,999

8,069 (27%)

2,231 (28%)

10,300 (28%)

52,000 to 100,000 7,945 (27%) 1,759 (22%) 9,704 (26%)
Greater than 100,000 2,316 (7.9%) 365 (4.6%) 2,681 (7.2%)
Missing* 2,499 (8.5%) 685 (8.6%) 3,184 (8.6%)
Alcohol intake
Never 856 (2.9%) 349 (4.4%) 1,205 (3.2%)
Former 876 (3.0%) 374 (4.7%) 1,250 (3.3%)
Infrequent’ 5,883 (20%) 2,325 (29%) 8,208 (22%)
1-2 times per week 7,779 (26%) 2,037 (26%) 9,816 (26%)
3-4 times per week 8,665 (29%) 1,772 (22%) 10,437 (28%)
Daily or almeost daily 5,180 (18%) 1,024 (13%) 6,204 (17%)

Missing* 211 (0.7%) 64 (0.8%) 275 (0.7%)
Smoking status

Never 18,324 (62%) 4,389 (55%) 22,713 (61%)

Previous 9,362 (32%) 2,918 (37%) 12,280 (33%)

Current 1,706 (5.8%) 617 (7.8%) 2,323 (6.2%)

Missing* 58 (0.2%) 21 (0.3%) 79 (0.2%)
Physical activity level

Low (MET minutes < 1200) 8,617 (29%) 2,883 (36%) 11,500 (31%)

High (MET minutes > 1200) 16,428 (56%) 3,688 (46%) 20,116 (54%)

Missing 4,405 (15%) 1,374 (17%) 5,779 (15%)

APOE-€4 carrier status

Non-carrier 21,185 (72%) 5,631 (71%) 26,816 (72%)
€4 carrier 7,398 (25%) 2,045 (26%) 9,443 (25%)
Missing 867 (2.9%) 269 (3.4%) 1,136 (3.0%)

Elevated waist circumference

3,552 (12%)

5,721 (72%)

9,273 (25%)

Elevated triglycerides*

6,712 (23%)

6,651 (84%)

13,363 (36%)

Elevated blood pressure* 16,736 (57%) 7,410 (93%) 24,146 (65%)
Elevated HbA1c* 1,666 (5.7%) 2,992 (38%) 4,658 (12%)
Reduced HDL-cholesterol 2,397 (8.1%) 4,336 (55%) 6,733 (18%)

Abbreviations: APOE, apolipoprotein E; GBP, British pound sterling; MET, metabolic equivalent of task; SD, standard deviation. HbAlc =

hemoglobin Alc, HDL = high density lipoprotein.

Note: Percentages do not add up to 100 due to rounding.
*Includes ‘Prefer not to answer’ and/or ‘Do not know’.
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T Special occasions only or 1-3 times per month.
} Includes medication use.
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Table 2: Multivariable linear regression analyses examining association between the presence of MetS
and A) standardised neuroimaging measures and B) standardised cognitive test scores

Standardised Beta 95% CI P
A) Neuroimaging Measures*
Total Brain Volume -0.06 -0.08, -0.04 <0.001
Grey Matter Volume -0.10 -0.12, -0.08 <0.001
White Matter Volume 0.01 -0.01, 0.04 0.2
Left Hippocampal Volume -0.03 -0.05, -0.01 0.009
Right Hippocampal Volume -0.04 -0.07, -0.02 <0.001
WMH Volume 0.08 0.06, 0.11 <0.001
B) Cognitive Test Measures
Executive Function (TMT A) 0.03 0.01, 0.06 0.029
Executive Function (TMT B) 0.05 0.03, 0.08 <0.001
Verbal & Numerical Reasoning (FI) -0.07 -0.09, -0.04 <0.001
Working Memory (BDS) -0.10 -0.13, -0.07 <0.001
Processing Speed (SDS) -0.06 -0.09, -0.04 <0.001
Verbal Declarative Memory (PAL) -0.08 -0.11, -0.05 <0.001
Non-Verbal Reasoning (MPC) -0.03 -0.05, -0.01 0.032

Abbreviations: CI, Confidence Interval; WMH, White Matter Hyperintensity; TMT, Trail Making Test; FI, Fluid Intelligence
Score; BDS, Backward Digit Span Task; SDS, Symbol Digit Substitution Task; PAL, Paired Associate Learning Task; MPC,
Matrix Pattern Completion Test.

All models adjusted for: age, sex, age?, age*sex, age**sex, ethnicity, education level, Townsend deprivation index, household income,
alcohol intake, smoking status, physical activity level, and APOE-€4 carrier status, assessment centre, time between baseline and follow-
up imaging assessment.

*Neuroimaging models (only) were further adjusted for imaging-related confounders: head size, head position, head motion.
WMH, TMT A, and TMT B were log-transformed. All outcomes were standardised (mean = 0, standard deviation = 1, to permit

comparison of effect size across outcomes. Higher scores indicate poorer cognitive performance for TMT (as it measures time taken to
complete the test), whereas lower scores reflect poorer performance for all other tests.
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FIGURE LEGENDS

Figure 1: Multivariable linear regression analyses examining the association between
the number of MetS components and standardised neuroimaging measures

Abbreviations: MetS, Metabolic Syndrome; WMH, White Matter Hyperintensity
Models adjusted for: age, sex, age’, age*sex, age’*sex, ethnicity, education level,
Townsend deprivation index, household income, alcohol intake, smoking status,
physical activity level, and APOE-€4 carrier status, assessment centre, time between
baseline and follow-up imaging assessment, head size, head size, head position, head
motion.

WMH was log-transformed. All outcomes were standardised (mean = 0, standard
deviation = 1), to permit comparison of effect size across outcomes.

Red denotes unfavourable direction (i.e., potential challenge or risk to brain health).
Blue denotes favourable direction (i.e., potential neutral or protective effect on brain
health).

Figure 2: Multivariable linear regression analyses examining the association between
the number of MetS components and standardised cognitive test scores
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Abbreviations: MetS, Metabolic Syndrome; TMT, Trail Making Test; FI, Fluid
Intelligence Score; BDS, Backward Digit Span Task; SDS, Symbol Digit Substitution
Task; PAL, Paired Associate Learning Task; MPC, Matrix Pattern Completion Test
Models adjusted for: age, sex, age®, age*sex, age**sex, ethnicity, education level,
Townsend deprivation index, household income, alcohol intake, smoking status,
physical activity level, and APOE-€4 carrier status, assessment centre, time between
baseline and follow-up imaging assessment.

TMT A and B were log-transformed. All outcomes were standardised (mean = 0,
standard deviation = 1), to permit comparison of effect size across outcomes.

Red denotes poor performance (i.e., potentially indicative of challenges in cognitive
function). Blue denotes good performance.
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