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Abstract

Objective
To examine the association of bodymass index (BMI) and waist-to-hip ratio (WHR) with brain
volume.

Methods
We used cross-sectional data from the UKBiobank study (n = 9,652, age 55.4 ± 7.5 years, 47.9%
men). Measures included BMI, WHR, and total fat mass as ascertained from bioimpedance.
Brain images were produced with structural MRI.

Results
After adjustment for a range of covariates, higher levels of all obesity measures were related to
lower gray matter volume: BMI per 1 SD (β coefficient −4,113, 95% confidence interval [CI]
−4,862 to −3,364), WHR (β coefficient −4,272, 95% CI −5,280 to −3,264), and fat mass
(β coefficient −4,590, 95% CI −5,386 to −3,793). The combination of overall obesity (BMI
≥30 kg/m2) and central obesity (WHR >0.85 for women, >0.90 for men) was associated with
the lowest gray matter compared with that in lean adults. In hypothesis-free testing with
a Bonferroni correction, obesity was also related to various regional brain volumes, including
caudate, putamen, pallidum, and nucleus accumbens. No associations between obesity and
white matter were apparent.

Conclusion
The combination of heightened BMI andWHRmay be an important risk factor for gray matter
atrophy.
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In the absence of effective treatment modalities, the primary
prevention of neurodegenerative diseases, including de-
mentia, has gathered much research interest1–3 but remains
poorly understood. Obesity was associated with lower rates of
dementia in a large-scale study of >2 million adults,4 although
cohort studies with extended follow-up have shown null
findings5 or even the reverse gradient.6 That weight loss is
common in the preclinical phase (up to a decade before di-
agnosis) of dementia6,7 may go some way to explaining these
apparently paradoxical findings.

The mechanisms underlying the association between obesity
and neurodegenerative diseases are not well known. Struc-
tural alterations in gray and white matter have been linked to
episodic memory decline and dementia risk.8 Various small-
scale imaging studies9–16 have shown that higher levels of
body mass index (BMI) and waist-to-hip ratio (WHR) are
linked to lower gray matter volume. Although studies have
examined BMI and WHR (as a marker of central obesity)
separately, there has been no investigation of the joint
effects, which may be important given the existing evidence
in relation to other disease outcomes.17 Some data have
suggested greater risk of cardiovascular disease in partic-
ipants with both elevated BMI and WHR,17 which may be of
relevance to neurodegenerative disorders given the apparent
vascular origin.

The aim of this study was to examine the joint associations of
BMI andWHR with brain structure using cross-sectional data
from a large-scale population based imaging study of >9,000
adults.

Methods

Participants
Participants 40 to 69 years of age were recruited in 2006
to 2010 as part of the UK Biobank study and attended 1
of 22 clinical assessment centers in England, Wales, and
Scotland.18

Standard protocol approvals, registrations,
and patient consents
Ethics approval was provided by the National Health Service,
National Research Ethics Service (reference 11/NW/0382).
Participants provided written informed consent.

Obesity measures
Body weight and fat mass were collected with a Tanita
(Tokyo, Japan) BC418MA body composition analyzer using
bioimpedance.19 Nurses measured standing height using
a Seca (Hamburg, Germany) height measure with the head
positioned in the Frankfort plane. BMI was calculated with
the standard formula (weight in kilograms divided by height
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BMI = body mass index; CI = confidence interval; WHR = wait-to-hip ratio.
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in meters squared). To account for the fact that taller indi-
viduals tend to have more fat and lean mass, height-adjusted
indices were used to create a fat index score (created by
dividing fat mass in kilograms by height in meters1.2).20

Waist and hip circumferences were measured with a Seca
200 measuring tape using standard procedures. Participants
were excluded from bioimpedance measures if they were
pregnant, using a pacemaker, wheelchair-bound, an ampu-
tee, unable to grip the handles of the Tanita analyzer, unable
to stand, wearing a plaster cast, or unwilling to remove their
shoes.

Structural MRI
In 2014, 100,000 participants from the original UK Biobank
sample were invited back for brain, heart, and body imag-
ing.21 Approximately 10,000 were scanned between 2014
and 2016; processed data were used in the present analyses.
Total gray and white volumes were measured with structural
MRI across 3 imaging centers that were equipped with
identical scanners (Siemens Skyra 3T running VD13A SP4
with a Siemens 32-channel RF receive head coil, Munich,
Germany). The MRI protocols have been described in detail
elsewhere.21 For each scan, Siemens auto-align software
determined the field-of-view, which aligns a scout scan to an
atlas. If auto-align failed, the radiographer set the alignment.
Structural images were acquired with straight sagittal ori-
entation (i.e., with the field of view aligned to the scanner
axes), with a resolution of 1 × 1 × 1 mm and a field of view of
208 × 256 × 256 matrix, over a duration of 5 minutes, and
with 1-mm isotropic resolution using a 3-dimensional
magnetization-prepared rapid-acquisition gradient echo.21

Information on structural image segmentation and data
normalization is provided in detail elsewhere.22 Publicly
available image processing tools were used to process the
data largely taken from FSL (the FMRIB Software Library).
The output of the standard biobank processing pipeline
was used for the present analyses. Data were normalized for
head size.

Covariates
Covariates were chosen a priori on the basis of previous
evidence.4–6 During the clinic visit, data were collected
via self-report for age, sex, smoking history, frequency of
alcohol intake (daily or almost daily, 1–2 times a week
or monthly, never or almost never), educational attain-
ment (college/degree, A-level, O-level, CSEs or equiva-
lent, National Vocational Qualifications/Higher National
Diploma or equivalent, other professional qualifica-
tion, none), physical activity, and self-reported physician-
diagnosed heart disease, hypertension, and major
depression.

Statistical analysis
In all our analyses, underweight participants (BMI <18.5
kg/m2, n = 41) were removed because this subsample was
too small to analyze in its own right and inclusion within
the healthy weight category may have introduced bias

(i.e., large weight loss may be a marker of disease onset). In
addition, we removed 1 participant with self-reported
diagnosis of dementia or cognitive impairment to avoid
reverse causation. We modeled the associations between
various measures of obesity (per 1-SD increase) and brain
structure (total gray and white volume) using multiple
linear regression. β Coefficients were adjusted for age, sex,
smoking, alcohol consumption, physical activity, educa-
tion, heart disease, hypertension, and depression. We
tested for nonlinearity by fitting a squared term for each
obesity measure. We selectively examined effect modifi-
cation by fitting interaction terms for age (3 categories)
and sex only. In doing so, the joint effects of overall (BMI ≥
30 kg/m2) and central (WHR >0.8 for women, >0.9 for
men) obesity on brain structure were examined by creating
6 groups (reference category BMI <25 kg/m2 without
central obesity, BMI <25 kg/m2 with central obesity,
BMI 25–<30 kg/m2 without central obesity, BMI
25–<30 kg/m2 with central obesity, BMI ≥30 kg/m2

without central obesity, BMI ≥30 kg/m2 with central
obesity). Analyses were performed with SPSS version 22
(SPSS Inc, Chicago, IL).

Data availability statement
All bona fide researchers can apply to use the UK Biobank
resource for health-related research that is in the public in-
terest (ukbiobank.ac.uk/register-apply/).

Results

The flow of study participants into the analytic sample is
depicted in figure 1. The analytical sample comprised 9,652
healthy adults (age 55.3 ± 7.5 years, 47.9% men). Obesity was
apparent in 18.7% of the sample. As anticipated, obese people
were less likely to have a degree and to be physically active;
they also had a higher prevalence of heart disease and hy-
pertension (table 1).

Higher levels of all obesity indicators were associated with
lower gray matter volume after adjustment for covariates
(table 2). No associations with white matter were observed at

Figure 1 Flowchart describing sample selection
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conventional levels of statistical significance. The linear nature
of the BMI–gray matter association was similar across age
categories (figure 2) (p for interaction = 0.50) and sex (p for
interaction = 0.23).

Next, we conducted a series of sensitivity analyses. First,
diabetes mellitus is likely to be on the intermediate pathway
between obesity and brain atrophy. To test its role, we ad-
ditionally controlled for a diagnosis of diabetes mellitus
(sample prevalence 2.9%). Participants with diabetes melli-
tus demonstrated lower gray matter volume (β = −14,200,
95% confidence interval [CI] −18,595 to −9,804) compared
to those without the condition. When we added diabetes
mellitus to the models featured in table 2, the associations
between BMI and gray matter (β = −3,847, 95%CI −4,600 to
−3,093) and WHR and gray matter (β = −3,942, 95% CI
−4,954 to −2,930) were, in fact, only partially attenu-
ated (≈6%–8%).

Second, data were available on “fluid intelligence” (a task
with 13 logic/reasoning-type questions and a 2-minute time
limit23) in a subsample of participants (n = 3,477). We
conducted a sensitivity analysis on obesity and gray matter
volume with additional adjustment for fluid intelligence
score in this subsample. Again, results remained largely un-
changed: 1-SD unit increase in BMI (β = −3,292, 95%
CI −4,560 to −2025), WHR (β = −3,661, 95% CI −5,322
to −2000), and fat index (β = −3,448; 95% CI −4,790 to
−2,107).

Third, we examined the combined influences of BMI
and WHR on brain volume. Within normal and overweight
BMI categories, there were no differences in gray matter
volume between participants with and those without central
obesity. Within obese participants (BMI ≥30 kg/m2) with
central obesity (present in 72%), however, there was evi-
dence of lower gray matter volume compared with those
who were not categorized as centrally obese (β = −4,496,
95% CI, −8,820 to −172, p = 0.04) (figure 3). These dif-
ferences were marginally attenuated with further adjustment
for total body fat percentage (β = −3,907, 95% CI, −8,246 to
432, p = 0.078).

Lastly, an exploratory analysis was conducted to examine
associations between obesity and 7 specific brain region
volumes using partial correlations. These tests were hy-
pothesis free, and, owing to their frequency, we applied
a Bonferroni correction. Obesity was associated with a lower
volume of the caudate (only WHR), putamen (only BMI
and total fat mass), pallidum, and nucleus accumbens
regions (p < 0.001) (table 3).

Discussion

The aim of the present paper was to examine associations
between obesity and brain volumes, taking advantage of
a considerably larger study population than in previous work.

Table 2 β Coefficients for the association between
markers of adiposity and brain volume
(n = 9,652)

Gray matter volume
White matter
volume

β (95% CI) β (95% CI)

BMI −4,113 (−4,862 to −3,364)a −177 (−985 to 630)

WHR −4,272 (−5,280 to −3,264)a 294 (−790 to 1,379)

Fat indexb −4,590 (−5,386 to −3,793)a −367 (−1,226 to 493)

Abbreviations: BMI = body mass index; WHR = waist-to-hip ratio.
Coefficients reflect a 1-SD increase in obesity marker and are adjusted for
age, sex, smoking, vigorous physical activity, alcohol, education, major de-
pression, heart disease, and hypertension.
a
p < 0.001.

b Calculated from impedance data; total fat mass (kg)/height (m).

Table 1 Characteristics of sample according to obesity
(n = 9,652)

BMI category

Normal
(18.5 ≤

25 kg/m2)

Overweight
(25–29.99
kg/m2)

Obese
(≥30 kg/m2)

People, n 3,680 4,167 1805

Age at examination
(mean, SD), y

54.7 (7.5) 56.0 (7.5) 55.0 (7.3)

Sex, %

Women 63.7 42.2 49.9

Men 36.6 57.6 50.1

Educational attainment,
% degree/college

48.4 42.4 38.1

Smoking, % current 6.4 7.0 6.1

Alcohol intake, % daily 22.9 23.6 19.2

Frequency vigorous
physical activity, %

None 29.0 32.7 43.2

1 or 2 times per week 34.1 33.3 29.6

≥3 times per week 36.9 33.9 27.2

Heart disease, % 1.9 3.6 4.8

Hypertension, % 11.7 21.6 31.7

Diabetes mellitus, % 1.1 2.6 7.2

Major depression, % 2.6 2.5 2.8

Whole-brain gray
matter, mm3

804,047 ±
47,524

789,089 ±
46,979

787,577 ±
49,573

Whole-brain white
matter, mm3

711,042 ±
41,074

711,459 ±
41,327

710,707 ±
39,831

Abbreviations: BMI = body mass index.
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Our main finding was that people with obesity, as ascertained
with BMI and WHR, had a lower gray matter volume. BMI
and WHR appeared to have additive effects only in obese
(BMI ≥30 kg/m2) participants, although associations
appeared to be driven partly by total body fat percentage. For
the first time, we also found apparent associations of obesity
with specific brain regions, relationships that need detailed
replication with other datasets.

The association between obesity and health outcomes has
been controversial,24,25 and this might be partly explained
by specific health effects of different fat depots. BMI is
thought to be more reflective of fat stored peripherally,
whereas WHR is an indicator of fat located viscerally and
potentially considered a greater risk factor for heart

disease.26 Epidemiological studies of mortality risk have
tested whether WHR can provide additional predictive
utility over and above BMI, although results have been
mixed.17,25,27,28 The present data suggest that the combi-
nation of high BMI and high WHR is associated with
greater gray matter atrophy. Visceral fat is thought to be
a major site for inflammatory cytokine production and has
been linked to other vascular risk factors (hypertension,
diabetes mellitus)29 that may be important mechanisms in
brain atrophy.13,30,31 Associations between obesity and gray
matter volume were only partly explained by diabetes
mellitus in the present study. In contrast, subcutaneous fat
in the hips and legs has been linked to healthier metabolic
profiles,32 which may provide partial support for the con-
cept of metabolically healthy obesity. Indeed, our data
suggested that obese participants (BMI ≥30 kg/m2) with-
out central obesity had a gray matter volume similar to that
of overweight participants.

Hippocampal atrophy is thought to be particularly relevant
to the etiology of neurodegenerative diseases such as Alz-
heimer disease,33 although we did not observe consistent
associations with obesity. Previous work has hypothesized
obesity–gray matter associations specifically in areas in-
volved in behavioral control, reward processing (e.g., the
prefrontal cortex in the frontal lobe or striatum with caudate
nucleus, globus pallidus, and putamen), homeostasis (hy-
pothalamus), and motor control (cerebellum and gyrus
precentralis). These areas could conceivably be linked to
obesogenic behavior such as appetite and satiety regula-
tion.15 The present results confirm earlier work15 by dem-
onstrating associations between obesity and smaller volumes
in some of these specific areas of the brain (i.e., caudate,
putamen). Structural brain abnormalities that disrupt ap-
petite regulation/reward could precede the development of
obesity. Although brain imaging data were collected after
measures of obesity, these were essentially cross-sectional

Figure 2 Association between body mass index and gray matter volume relative to age

Data are presented asmeans adjusted for age, sex,
smoking, vigorous physical activity, alcohol, edu-
cation, major depression, heart disease, and
hypertension.

Figure 3 Body mass index and waist-to-hip in relation to
gray matter brain volume

Data are presented as means adjusted for age, sex, smoking, vigorous
physical activity, alcohol, education, major depression, heart disease, and
hypertension.
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analyses; therefore, we are unable to speculate on the di-
rection of the association.

Our study of course has its limitations. Chronic disease was
based on self-report of physician diagnosis, although previous
work has demonstrated the validity of this approach.34 As in
any observational study, the possibility of residual con-
founding cannot be excluded. Only ≈5% of the target pop-
ulation took part in UK Biobank,35 and study members
typically showed more favorable risk profiles than the non-
responders. Thus, the issue of selection is likely to be much
more serious in the present study. Highly select groups of the
population, however, tend to reveal the same risk factor–
disease associations as those seen in the general population.36

On balance, therefore, while the prevalence of selected char-
acteristics will differ in the UK Biobank, risk factor–health
outcome associations should not.

Obesity was associated with lower gray matter brain volumes.
It is unclear whether structural brain abnormalities drive
obesity or whether obesity induces changes in gray matter
volume that play a mechanistic role in future risk of
neurodegeneration.
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