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BACKGROUND: Uncertainty persists about carotid intima—media thickness (CIMT) as a marker of subclinical atherosclerosis and
the independent relevance of different measures of adiposity for CIMT. We assessed the independent relevance of general
adiposity (body mass index), central adiposity (waist circumference), and body composition (fat mass index and fat-free mass
index) with CIMT among adults in the United Kingdom.

METHODS AND RESULTS: Multivariable linear regression of cross-sectional analyses of UK Biobank assessed the mean percent-
age difference in CIMT associated with equivalent differences in adiposity measures. To assess independent associations,
body mass index and waist circumference were mutually adjusted, as were fat mass index and fat-free mass index. Among
39367 participants (mean [SD] age 64 [8] years, 52% female, 97% White), median (interquartile range) CIMT was 0.65 (0.14)
mm in women and 0.69 (0.18) mm in men. All adiposity measures were linearly and positively associated with CIMT after ad-
justing for confounders. Fat-free mass index was most strongly associated with CIMT after adjustment for fat mass index (%
difference in CIMT: 1.23 [95% CI 0.93-1.53] women; 3.44 [3.01-3.86] men), while associations of fat mass index were attenu-
ated after adjustment for fat-free mass index (0.28 [-0.02, 0.58] women; —0.59 [-0.99, —0.18] men). After mutual adjustment,
body mass index remained positively associated with CIMT, but waist circumference was completely attenuated.

CONCLUSIONS: Fat-free mass index was the adiposity measure most strongly associated with CIMT, suggesting that CIMT may
reflect vascular compensatory remodeling rather than atherosclerosis. Hence, screening for subclinical atherosclerosis should
evaluate carotid plagues in addition to CIMT.
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Central adiposity is more strongly associated with ath-
erosclerotic CVD than BMI, which is a measure of gen-
eral adiposity.® Importantly, BMI does not distinguish fat

sclerotic cardiovascular diseases (CVD),' including

Adiposity is an independent risk factor for athero-
ischemic heart disease and stroke, which are the

leading causes of morbidity and mortality worldwide.?
The prevalence of obesity, defined as a body mass index
(BMI) >30kg/m?,2 has doubled over the last 4 decades in
>70 countries.* Moreover, ~65% of adults in the United
Kingdom (UK) were overweight or obese in 2019.°

mass from fat-free mass,” which have different associa-
tions with atherosclerotic CVD.® Moreover, lean mass is
associated with compensatory structural and functional
changes, including higher mean levels of left ventricular
mass,®'° and higher risks of atrial fibrillation.!”
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CLINICAL PERSPECTIVE

What Is New?

e This is one of largest studies to assess the sex-
specific independent relevance of measures of
general adiposity (body mass index), central ad-
iposity (waist circumference), and body compo-
sition (fat mass index and fat-free mass index)
with carotid—intima media thickness (CIMT).

e Among adults in the United Kingdom, fat-free
mass index was the single adiposity measure
most strongly and positively associated with
CIMT, independent of fat mass index.

e The positive associations of fat mass index and
waist circumference with CIMT were completely
attenuated after mutual adjustment for fat-free
mass index and body mass index, respectively.

What Are the Clinical Implications?

e Because fat-free mass index was the adiposity
measure most strongly associated with CIMT,
CIMT may be influenced to a greater extent by
compensatory remodeling of the arterial wall
rather than subclinical atherosclerosis.

e The findings could explain why CIMT, specifi-
cally at lower levels, is less predictive of ath-
erosclerotic cardiovascular disease risk than
carotid plaques.

Nonstandard Abbreviations and Acronyms

CCA common carotid artery
CIMT carotid intima—media thickness
SBP systolic blood pressure

UK United Kingdom

Carotid intima—media thickness (CIMT) is a
widely used marker of subclinical atherosclerosis.'?'3
However, the currently available ultrasound methods
cannot distinguish the intima from the media layers
of the carotid artery wall. The thickness of the media
may be influenced by compensatory remodeling in re-
sponse to changes in blood flow, blood vessel diam-
eter, and blood pressure rather than atherosclerosis,
which typically increases the thickness of the intima
layer of the artery wall.'*'® The inability of existing ultra-
sound methods to distinguish the thickness of the in-
tima from the media layers of the carotid artery'®'” may
account for the uncertainty about the independent
causal relevance of CIMT as a marker of subclinical
atherosclerosis and its role for prediction of risk of ath-
erosclerotic CVD.'®8-2° Because carotid plaques chiefly
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represent subintimal atherosclerosis?’ and are stron-
ger predictors of atherosclerotic CVD than CIMT,?
some have suggested that CVD risk prediction should
include carotid plaques in addition to CIMT rather than
CIMT alone.'®

Previous studies have demonstrated that central
adiposity is more strongly and positively associated
with CIMT than BMI.?2* However, little is known about
the independent relevance of different adiposity mea-
sures for CIMT. Importantly, relatively few studies have
evaluated the independent associations of body com-
position (including fat mass and fat-free mass) with
CIMT.?42% Elucidation of the independent relevance of
different adiposity measures for CIMT may be informa-
tive about the relevance of CIMT for prediction of risk
of ischemic heart disease and stroke. Moreover, deter-
mining the independent associations of fat-free mass
and fat mass with CIMT could provide an opportunity
to assess whether CIMT chiefly reflects vascular com-
pensatory remodeling or subclinical atherosclerosis.

The UK Biobank is one of the largest multimodal
imaging studies worldwide?® with data on high-quality
measurements of CIMT, anthropometry, and body
composition. The present cross-sectional analy-
ses used data from the UK Biobank imaging survey
to assess the sex-specific independent relevance of
different measures of general adiposity (BMI), central
adiposity (waist circumference), and body composition
(fat mass index and fat-free mass index) with CIMT
after adjustment for potential confounders and mutual
adjustment for other adiposity measures.

METHODS

Procedures for requesting the data, methods used in
the analyses, and materials used to conduct this study
are provided on the Nuffield Department of Population
Health website (https:/www.ndph.ox.ac.uk/files/about/
ndph-data-access-policy.pdf).?”

Study Population and Methods

The study design and data collection methods used in
the UK Biobank have been previously reported.?®29 In
brief, the UK Biobank is a prospective cohort study of
~0.5 million adults who were recruited from the gen-
eral population of the United Kingdom from 2006 to
2010. Sociodemographic, lifestyle, and health-related
data were collected using self-completed touchscreen
questionnaires and verbal interviews. Physical meas-
urements, including anthropometry and blood pres-
sure, were recorded in all participants, and a blood
sample was collected for long-term storage. An imag-
ing survey, aiming to recruit 100000 participants from
the baseline assessment, commenced in 2014 and
is scheduled to be completed in 2023.26 All surviving
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UK Biobank participants will be invited for the imag-
ing survey, except those who declined to provide
consent and those living outside the United Kingdom.
The imaging assessment centers were located in
Stockport (Central), Newcastle-upon-Tyne (North),
Reading (South-East), and Bristol (South-West).?6 At
the imaging visit, participants underwent brain, car-
diac, and abdominal magnetic resonance imaging,
dual-energy x-ray absorptiometry, and carotid ultra-
sound, in addition to a baseline assessment.?® The UK
Biobank received ethical approval from the North West
Multicentre Research Ethics Committee (REC refer-
ence: 11/NW/03820). All participants provided written
informed consent.?®

Standing height was measured to the nearest
0.1 cm using a Seca 240cm height measure (Seca;
Hamburg, Germany). Weight was measured to the
nearest 0.1kg using a Tanita BC418MA body com-
position analyzer (Tanita, Tokyo, Japan).® BMI was
calculated by dividing the weight in kilograms by the
height in meters squared. With participants standing
and dressed in light clothing, waist circumference was
measured on expiration using a 200-cm Seca tape
(Seca) at the narrowest part of the trunk (ie, the nat-
ural indent) or the level of the umbilicus if the natural
indent was not found.® Whole-body fat mass and fat-
free mass were measured to the nearest 0.1 kg using
a Tanita BC418MA body composition analyzer (Tanita;
Tokyo, Japan). Fat mass index and fat-free mass index
were obtained by dividing fat mass and fat-free mass
by the height squared in meters, respectively.>° CIMT
was measured using a CardioHealth Station ultrasound
system (Panasonic Healthcare Corporation of America;
Newark, NJ).3' Participants were placed in the supine
position, with their head rotated at 45°. A 5 to 13MHz
linear array transducer imaged the CIMT of the right
common carotid artery at an angle of 150° and 120°,
and the left common carotid artery at 210° and 240°.8
At each angle, the mean CIMT was measured 10mm
proximal to the flow divider at end-diastole using au-
tomated edge-detection software. Sonographers
assessed CIMT scan quality against predefined UK
Biobank criteria, and a senior radiographer reviewed
all scans at regular intervals. Approximately 10% of
randomly selected scans and borderline quality scans
were externally validated at the Oxford Cardiovascular
Clinical Research Facility.3!

Statistical Analysis

Analyses were based on measurements recorded at
the UK Biobank imaging survey, which began in 2014
and included assessments of 49000 participants
by March 1, 2020. Analyses excluded participants
with a self-reported diagnosis of CVD (angina, myo-
cardial infarction, or stroke) or cancer, missing data
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for all adiposity and CIMT measurements, and sex-
specific outliers of each adiposity measure. Potential
categorical confounders (ethnicity, Townsend depri-
vation, smoking status, alcohol status, and physical
activity) with <1% missing data were imputed using
the age- and sex-specific mode. Among the adiposity
exposures, ~2% were missing, and these continuous
variables were imputed with regression imputation.
Imputation was performed under the missing at ran-
dom assumption after considering all known variables
that could predict missing data.

CIMT was moderately positively skewed, and so
values were log,-transformed. Adiposity measures
included BMI (general adiposity) and waist circum-
ference (central adiposity), fat mass index, and fat-
free mass index (both body composition measures).
Potential confounders included age (continuous), eth-
nicity or race (White, Mixed, Indian, Black, Chinese,
Other), Townsend deprivation quintile (ordinal), which
is an area-based score of social deprivation based
on 4 variables (unemployment, non-car ownership,
non-house ownership, and household crowding) and
was obtained from the most recent national census
before participant enroliment in the UK Biobank (with
positive values indicating higher deprivation and neg-
ative values indicating less social deprivation).3? Key
covariates included smoking status (never, previous,
current), alcohol intake (never, previous, monthly or
less, 1-2times/week, 3—4times/week, daily or almost
daily), self-reported physical activity measured as
metabolic equivalent of task hours/wk based on the
International Physical Activity Questionnaire guide-
lines®® (ordinal: <10 [low], 10-50 [moderate], >50 [high]
metabolic equivalent of task hours/wk), and family his-
tory of atherosclerotic CVD (no, yes). Because asso-
ciations between adiposity measures and log, CIMT
were all linear, adiposity measures were included in the
sex-specific multivariable linear regression models as
continuous variables to estimate the mean (95% CI)
difference in log, CIMT per given increase in each adi-
posity measure (1.1 SD for women and 1.3 SD for men,
chosen to correspond to 5kg/m? BMI). To assess the
independent associations of each adiposity measure
with log, CIMT, the change in the likelihood ratio statis-
tic was calculated for multivariable models before and
after mutual adjustment for other adiposity measures.
BMI and waist circumference were adjusted for each
other, as were fat mass index and fat-free mass index.
Effect modification by age (45-59; 60-69; >70years)
was assessed by including an interaction term in the
multivariable model and performing a likelihood ratio
test. A semiquantitative estimate of mediation was
evaluated using a likelihood ratio test, which assessed
the change in the likelinood ratio x?® statistic for each
adiposity measure following sequential adjustment for
potential intermediate factors, including systolic blood
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pressure (SBP), antihnypertensive medication, and dia-
betes. A variance inflation factor <5 indicated multicol-
linearity between adiposity measures. There were no
violations of linear regression assumptions. Sensitivity
analyses also evaluated the potential impact of con-
founding and reverse causality by excluding current
smokers, and participants with emphysema or dia-
betes. Multivariable logistic regression also assessed
the odds of CIMT being above the sex-specific 75th
percentile per given increase in each adiposity mea-
sure. Statistical analyses were performed using STATA
version 16.

RESULTS

The present analyses were conducted in 39367 par-
ticipants after excluding individuals with previously di-
agnosed CVD (n=1909), cancer (n=4668), missing data
for all adiposity and CIMT measurements (n=3008), and
sex-specific outliers of each adiposity measure (n=46).
The mean (SD) age of these 39367 participants was 64
(8) years, 52% were women, and 97% reported White
race. Mean (SD) levels of SBP were higher in men than
in women (142 [17] versus 136 [19] mmHg) (Table). In
both sexes, those with higher CIMT tended to be older,
have a higher mean SBP, and use antihypertensive
medication and statins. However, deprivation levels
were similar across CIMT levels, with participants hav-
ing less social deprivation overall (Tables S1-S3). Men
had a higher mean BMI, waist circumference, and fat-
free mass index than women. However, women had a
higher fat mass index than men. Median (interquartile
range) CIMT was greater in men than in women (0.69
[0.18] versus 0.65 [0.14] mm) (Table).

All adiposity measures were linearly and positively
associated with CIMT after adjustment for poten-
tial confounders, with stronger associations in men
than in women (Figure 1). In both sexes, fat-free mass
index was most strongly and positively associated
with CIMT, and associations were largely unaltered by
mutual adjustment for fat mass index. After adjusting
for fat mass index, mean CIMT increased by 1.23%
(95% Cl, 0.93-1.53) for every 1.7 kg/m? higher fat-free
mass index in women and by 3.44% (3.01-3.86) for
every 2.3kg/m? higher fat-free mass index in men. By
contrast, after adjusting for fat-free mass index, as-
sociations of fat mass index with CIMT were attenu-
ated in both women and men, from 1.15% (0.93-1.36)
to 0.28% (-0.02, 0.58) for every 3.6kg/m? higher fat
mass index (with a 97% reduction of the x? statistic) for
women, and from 1.53% (1.20-1.86) to —0.59% (-0.99,
—-0.18) for every 3.1kg/m? higher fat mass index (with
a 91% reduction of the x? statistic) in men (Figure 2).
BMI remained independently related to CIMT after ad-
justment for waist circumference in both women and
men. However, waist circumference was completely
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Table. Characteristics of Participants in the UK Biobank
Imaging Survey, by Sex

Women Men

Characteristics (n=20571) (n=18796)
Sociodemographic factors

Age, mean (SD), y 63 (8) 64 (8)

Ethnicity or race, n (%)

White 19938 (97) 18180 (97)

Mixed 128 (0.6) 65 (0.4)

Indian 168 (0.8) 266 (1.4)

Black 136 (0.7) 128 (0.7)

Chinese 72 (0.4) 51 (0.3

Other 129 (0.6) 106 (0.6)

Townsend deprivation, median (IQR) -2.5(3.4) -2.7 (3.4)
Medical history, n (%)

Hypertension*® 10607 (52) 11757 (63)

Type 2 diabetes 701 (3) 1234 (7)

Self-reported medication use

Anti-hypertensive 3536 (17) 5035 (27)

Statin 2909 (14) 5359 (29)

Family history of CVD 12379 (60) 10091 (54)
Lifestyle behaviors, n (%)

Current smoker 613 (3) 779 (4)

Daily/almost daily alcohol intake 2734 (13) 3887 (21)

Moderate physical activityt 10885 (53) 10005 (53)
Clinical measures, mean (SD)

Systolic blood pressure, mmHg* 136 (19) 142 (17)

LDL cholesterol, mmol/LS 3.6 (0.8) 3.6 (0.8)

Glycated hemoglobin, % 5.3(2.6) 5.4 (2.7)
Adiposity measures, mean (SD)

Height, cm 163 (6.2) 176 (6.6)

Weight, kg 69 (13.0) 83 (13.2)

Body mass index, kg/m? 26.0 (4.7) 26.9 (3.8)

Waist circumference, cm 82.7 (11.8) 94.0 (10.6)

Fat mass index, kg/m? 9.6 (3.4) 7.0 (2.4)

Fat-free mass index, kg/m? 16.4 (1.6) 19.9(1.8)
Carotid measures, median (IQR)

Carotid intima—media thickness, mm 0.65 (0.14) 0.69 (0.18)

CVD indicates cardiovascular disease; IQR, interquartile range; LDL,
low-density lipoprotein; MET, metabolic equivalent of task; and UK, United
Kingdom.

*Defined as self-reported hypertension or measured systolic blood
pressure >140mm Hg or diastolic blood pressure >90mmHg.

fModerate physical activity classified as a 10-50 MET hours/wk.

*Systolic blood pressure measured in 17 207 women and 15974 men.

SRepresents baseline values from 2006 to 2010.

attenuated after adjustment for BMI, with a 98% reduc-
tion of the x? statistic in women and a 97% reduction in
men (Figure 2). The associations of all adiposity mea-
sures with CIMT were attenuated with increasing age
(Figure 3). Following adjustment for SBP and antihy-
pertensive medication, the positive associations of all
adiposity measures with CIMT attenuated, but fat-free
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in adiposity measures, by sex.
All models adjusted for age, ethnicity, Townsend deprivation, smoking status,
alcohol intake, physical activity, and family history of cardiovascular disease.
Group-specific estimates are plotted as squares, with the size of each square
proportional to the amount of statistical information. Vertical lines represent
group-specific 95% Cls. CIMT indicates carotid-intima media thickness.
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A Females
Adiposity measure Units % difference in CIMT xzm
(95% ClI)
BMI (kg/m?)
Basic adjustment 50 . 1.35(1.13, 1.57) 150.8
+Waist circumference —— 1.06 (0.87, 1.47) 275
Waist circumference (cm)
Bascadjustment 126 » 1.23(1.01, 1.44) 1280
+BMI i 0.33 (0.06, 0.73) 27
Fatmass index (kg/m?)
Basic adjustment 38 | | 1.15 (0.93, 1.36) 108.4
+Fat-free mass index -l 0.28 (0.02, 0.58) 33
Fat-free mass index (kg/m?)
Basic adjustment 17 | ] 1.42(1.21,1.63) 172.0
+Fat mass index E = 1.23 (0.93. 1.53) 88.9
T T T T
1 ] 1 2 3 4
% difference in CIMT (95% Cl)

B males
Units % difference in CIMT '
(95% CI)
50 F 3 2.41(2.09,2.74) 213.1
. 2.07 (2.33,.3.81) 838
13.8 E 3 1.92 (1.59, 2.24) 133.1
R I 0,63 (+1.25, 0.00) 39
3.1 E 3 1.53 (1.20, 1.86) 85.4
. .59 (0.99. 0.18) 8.0
23 g B 3.05 (2.72, 3.39) 335.0
- 3.44 (3.01, 3.86) 257.5
T v T r
-1 0 1 2 3
% difference in CIMT (95% CI)

Figure 2. Mean percentage difference in CIMT per specified unit increase in adiposity measures after basic adjustment

and mutual adjustment for adiposity measures, by sex.

Analyses adjusted for age, ethnicity, Townsend deprivation, smoking status, alcohol intake, physical activity, and family history of
cardiovascular disease with further mutual adjustment for other adiposity measures. Point estimates are plotted as squares, with the
size of each square proportional to the amount of statistical information. Horizontal lines represent 95% Cls. BMI indicates body mass

index; and CIMT, carotid—intima media thickness.

mass index maintained the strongest positive associ-
ation with CIMT in both sexes (Figure 4). In sensitivity
analyses, the associations of all adiposity measures

with CIMT were largely unaltered after excluding cur-
rent smokers and individuals with chronic diseases
(Figure S1-S8), or when restricted to complete case

A Females
Adipositymeasure Units % difference in CIMT
(95% CI)
Body mass index, kg/m? 5.0
Age group,years
45-59 - 1.79 (1.44,2.14)
60-69 E = 1.29 (0.96, 1.62)
>=70 —+— 0.30(-0.19, 0.80)
Waist circumference,cm 126
Age group,years
45-59 - 1.84 (1.48, 2.20)
60-69 - 1.24 (0.91,1.57)
>=70 +— 0.37 (-0.10, 0.84)
Fatmass index, kg/m? 36
Age group,years
45-59 - 1.65 (1.30, 2.00)
60-69 - 1.09 (0.76, 1.42)
>=70 —— 0.14 (-0.36, 0.63)
Fat-free mass index, kg/m* b Jr
Age group,years
45-59 —- 1.74(1.38, 2.09)
60-69 - 1.42(1.09,1.75)
>=70 — i 0.41(-0.06, 0.88)
T T T T
0 1 2 3 4
% difference in CIMT (95% CI)

Interaction
p-value

<0.001

<0.001

<0.001

<0.001

B Males
Units
5.0
— .
+
R —
138
— .
+
— -
31
— .
+
— -
23
— .
+
S —
o 1 2 3 4

% difference in CIMT (95% Cl)

% difference in CIMT
(95% CI)

3.20 (2,63, 3.78)
1.98 (1.47, 2.50)
1.70 (1.06, 2.34)

2.79(2.20,3.38)
1.68 (1.16, 2.19)
1.45 (0.83, 2.06)

2.47 (1.89, 3.06)
1.29(0.78, 1.80)
0.93(0.32, 1.56)

3.68 (3.09, 4.26)
2.45(1.93,2.97)
2.18(1.54,2.82)

Interaction
p-value

<0.001

0.002

<0.001

<0.001

Figure 3. Mean percentage difference in CIMT per specified unit increase in adiposity measures, by age group and sex.

All models adjusted for age, ethnicity, Townsend deprivation, smoking status, alcohol intake, physical activity, and family history of
cardiovascular disease. Point estimates are plotted as squares, with the size of each square proportional to the amount of statistical
information. Horizontal lines represent 95% Cls. CIMT indicates carotid-intima media thickness.
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A Females B Males
Adipositymeasure  Units %difference in CIMT x:", Units %difference in CIMT le
(95% Cl) (95% CI)
BMI (kg/m?)
Basic adjustment 5.0 - 1.35(1.13,1.57) 1508 5.0 - 2.41(2.09,2.74) 2131
+SBP and antihy pertensives - 0.82 (0.58, 1.06) 442 —— 1.97 (1.61,2.34) 1141
+Diabetes - 0.83(0.58, 1.07) 445 - 1.97 (1.61,234) 1141
Waist circumference (cm)
Basic adjustment 126 - 1.23(1.01,1.44) 126.0 138 E = 1.92(1.59, 2.24) 1331
+SBP and antihypertensives - 0.69 (0.45, 0.94) 315 - 1.43(1.06, 1.80) 59.1
+Diabetes - 0.69 (0.45, 0.94) 315 —-— 1.43 (1.06, 1.80) 59.1
Fatmass index (kg/m?)
Basic adjustment 36 - 1.15(0.93, 1.36) 108.4 31 - 153 (1.20, 1.86) 85.4
+SBP and antihypertensives - 0.65 (0.41, 0.90) 28.0 . 1.05 (0.69, 1.41) 328
+Diabetes - 0.65 (0.41, 0.90) 28.0 —- 1.05 (0.69, 1.41) 328
Fat-free mass index (kgim?)
Basic adjustment 1.7 E 3 1.42(1.21,1.63) 172.0 23 R = 3.05(2.72, 3.39) 335.0
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+Diabetes - 0.94 (0.70, 1.18) 60.2 —- 268 (2.31,3.04) 2115
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Figure 4. Mediation analyses showing the mean percentage difference in CIMT per specified unit increase in adiposity

measures, by sex.

Basic adjustment was made for age, ethnicity, Townsend deprivation, smoking status, alcohol intake, physical activity, and family
history of cardiovascular disease. Point estimates are plotted as squares, with the size of each square proportional to the amount of
statistical information. Horizontal lines represent 95% Cls. BMI indicates body mass index; CIMT, carotid—intima media thickness;

and SBP, systolic blood pressure.

analyses (Figure S2). Following mutual adjustment, the
odds of CIMT being above the sex-specific 75th per-
centile was greatest for increasing fat-free mass index,
while higher fat-mass index demonstrated no associa-
tion with CIMT in both sexes (Table S3).

DISCUSSION

All measures of general and central adiposity and
body composition were linearly and positively associ-
ated with CIMT after adjusting for potential confound-
ers. The strengths of associations of each adiposity
measure with CIMT were more extreme in men than
in women and were attenuated with increasing age.
In both sexes, fat-free mass index and BMI were inde-
pendently associated with CIMT after adjustment for
fat-mass index and waist circumference, respectively.
However, fat-free mass index was the single adiposity
measure most strongly and independently associated
with CIMT in both sexes. In contrast, the strong positive
associations of fat mass index and waist circumference
with CIMT were completely attenuated after adjust-
ment for fat-free mass index and BMI, respectively.
Following adjustment for SBP and antihypertensive
medication, associations of adiposity measures with
CIMT attenuated, but fat-free mass index remained the
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most strongly and positively associated with CIMT in
both men and women.

The findings of the present study demonstrated that
fat-free mass index was the most important determi-
nant of CIMT. The results showed that among the wide
range of CIMT values studied, CIMT may be influenced
to a greater extent by compensatory remodeling of
the arterial wall rather than subclinical atherosclerosis,
because fat-free mass index is associated with com-
pensatory vascular remodeling.®* Furthermore, higher
levels of blood pressure attributable to higher fat-free
mass was associated with increasing thickness of the
media layers of the arterial wall to maintain the arterial
circumferential wall stress.3* Fat-free mass was also
the single adiposity measure most strongly associated
with left ventricular mass'® and atrial fibrillation."* The
mechanisms underlying these associations are not fully
understood, but the present study suggests that fat-free
mass may also influence vessel wall thickness.3® Further
research is needed to elucidate possible thresholds at
which fat-free mass contributes to structural changes
in the blood vessel wall and effects on CVD outcomes.
Because fat-free mass index was most strongly asso-
ciated with CIMT, this could explain why CIMT, specifi-
cally at lower levels, is less predictive of atherosclerotic
CVD risk than carotid plagues, which chiefly involve
subintimal atherosclerosis.?'¥"-4° However, higher levels
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of CIMT have demonstrated positive associations with
atherosclerotic CVD and may refine risk prediction in in-
dividuals at intermediate CVD risk.2%4'-43 The American
Society of Echocardiography has also defined CIMT as
a diffuse plague when CIMT is at least 1.5mm because
it is hypothesized that CIMT in such circumstances may
reflect increased intimal thickness.**

Therefore, further research is required to assess the
associations of adiposity measures at levels of CIMT,
which are considered plaque equivalents. In contrast
with the present report, previous studies that evaluated
CIMT as a marker of subclinical atherosclerosis demon-
strated that central adiposity was more strongly associ-
ated with CIMT than BMI.2223:45 However, these findings
were limited by a smaller sample size, incomplete as-
sessment of independent associations, adjustment for
intermediate factors, and use of different methods to
measure CIMT. Importantly, few studies assessed mea-
sures of body composition in addition to anthropomet-
ric adiposity measures.?*?> Consistent with the findings
of the present study, a cross-sectional study involving
~B6500 healthy young Chinese adults also reported that
fat-free mass was the single adiposity measure that was
most strongly associated with CIMT.?® Furthermore, fat-
free mass remained positively associated with CIMT
after adjustment for fat mass, while fat mass attenuated
after adjustment for fat-free mass.?® Likewise, another
cross-sectional study involving ~3000 Chinese adults
reported that percentage body fat was the single least
strongly associated adiposity measure with CIMT,?* al-
beit, fat-free mass was not evaluated and independent
associations were not assessed.?* The findings of the
present study are consistent with the previous study of
Chinese adults and suggest that despite differences in
body composition between Chinese and Europeans,*®
fat-free mass was positively associated with CIMT in
both populations. The inverse associations of fat mass
with CIMT after adjusting for fat-free mass among men
in the present study requires replication in indepen-
dent populations. However, a study in adolescents and
young adults also reported that fat mass was inversely
associated with CIMT, and that higher levels of fat mass
were associated with an increased arterial lumen diam-
eter without a corresponding increase in CIMT resulting
in increased circumferential wall stress.®* Importantly,
the present study adds to the reliability of the available
evidence on those with CIMT associations by conduct-
ing analyses in *40000 adults from the general UK
population and assessing the independent relevance of
different adiposity measures with CIMT. Furthermore,
evaluating the relevance of body composition has en-
hanced our understanding of the possible mechanisms
underlying associations of adiposity with CIMT by dis-
tinguishing fat mass from fat-free mass.*

The associations of fat-free mass index with CIMT
were stronger in men than in women, which may reflect
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sex differences in hormonal regulation of body compo-
sition and higher fat-free mass in men.*® An increased
fat-free mass may increase cardiac output and blood
pressure in response to the metabolic demands of skel-
etal muscle,* resulting in physiological compensatory
thickening of the media and an increased CIMT.%° In
the present study, men had higher mean levels of SBP
than women, which may also increase CIMT chiefly by
thickening of the media layer.%' However, after adjust-
ing for SBP and antihypertensive medication, fat-free
mass index remained positively associated with CIMT
in both sexes, which suggests that fat-free mass was
associated with CIMT independent of blood pressure.
Although CIMT increases with advancing age,® the
present study demonstrated that older individuals had
smaller increases in CIMT per unit increase in each ad-
iposity measure. The strength of the associations of
each adiposity measure with CIMT attenuated above
age 70years in women and above age 60years in
men. The sex differences in age of onset may be ex-
plained by men developing CVD risk factors such as
hypertension at an earlier age than women, and high-
light the importance of initiating lifestyle modification
and medication to reduce CIMT.53:54

The chief strengths of the present study included
the large number of participants studied. Furthermore,
it was the first large-scale study to be conducted in the
United Kingdom that assessed the independent rele-
vance of adiposity measures, including body composi-
tion, with CIMT. Analyses were sex-stratified to control
for the different patterns of adiposity in women and
men.%® Importantly, the UK Biobank had a detailed ultra-
sound protocol for measurement of CIMT and rigorous
quality control to ensure high levels of reliability and va-
lidity. The ability to determine independent associations
of fat mass index and fat-free mass index with CIMT
enhances our understanding of CIMT reflecting com-
pensatory vascular remodeling. The study has potential
clinical implications for assessing subclinical atheroscle-
rosis for prediction of atherosclerotic CVD. The study
also had some limitations, including the cross-sectional
study design, which may constrain any assessment of
causality. Approximately 97% of participants reported
White race, which may reduce the generalizability of
the findings of the present study to other racial or ethnic
groups, since adiposity measures and CIMT also vary
by race and ethnicity.*6%¢ Because the mechanisms un-
derlying these associations of adiposity and CIMT are
not fully understood, one cannot exclude the possibil-
ity of residual confounding or reverse causality bias.5”
However, the findings were largely unaltered in sensi-
tivity analyses, which assessed the potential impact of
reverse causality. Repeat measurements of cholesterol
and glycated hemoglobin were not available for partici-
pants in the imaging survey, which limited additional ad-
justment for these potential intermediate factors. Lastly,
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the findings of this study may only be applicable to lower
levels of CIMT because at higher levels of CIMT, intimal
thickening and CIMT plaque equivalents may subse-
quently result in subclinical atherosclerosis to a greater
extent. Moreover, carotid plaques were not evaluated in
UK Biobank participants. Using other imaging modal-
ities including dual energy x-ray absorptiometry, com-
puted tomography, and magnetic resonance imaging
may enhance the understanding of the associations of
visceral adipose tissue or subcutaneous adipose tissue
and muscle mass with CIMT. Overall, the present study
demonstrated that fat-free mass index was the single
adiposity measure most strongly associated with CIMT,
which suggests that CIMT may be influenced to a greater
extent by compensatory remodeling of the arterial wall
rather than subclinical atherosclerosis. The findings sug-
gest that carotid ultrasound examinations should con-
sider including screening for carotid plagues in addition
to CIMT when screening for subclinical atherosclerosis.
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Table S1. Characteristics of female participants in UK Biobank

Fifths of carotid intima-media thickness, micrometres

Characteristics 324-<570 570-<622 622-<675 675-<748 748-<1298 All
Number of participants 4124 4118 4124 4 096 4109 20 571
Socio-demographic factors
Age, mean (SD), years 58.0 (6.6) 61.2 (6.8) 63.2 (6.9) 65.6 (6.9) 68.0 (6.5) 63.0 (8.0)
Race, n (%)
White 3977 (96.4) 3975 (96.5) 4003 (97.1) 3988 (97.4) 3995(97.2) 19938 (96.9)
Mixed 31(0.8) 38 (0.9) 24 (0.6) 15 (0.4) 20 (0.5) 128 (0.6)
Indian 53 (1.3) 33 (0.8) 38 (0.9) 21 (0.5) 26 (0.6) 168 (0.8)
Black 19 (0.5) 18 (0.4) 26 (0.6) 34 (0.8) 39 (1.0) 136 (0.7)
Chinese 14 (0.3) 27 (0.7) 8 (0.2) 13 (0.3) 10 (0.2) 72 (0.4)
Other 30 (0.7) 27 (0.7) 25 (0.6) 25 (0.6) 22 (0.5) 129 (0.6)
Townsend deprivation, median (IQR) -2.4 (3.7) -2.6 (3.5) -2.5(3.4) -2.6 (3.3) -2.5(3.5) -2.5(3.4)
Medical history, n (%)
Hypertension * 1461 (35.4) 1 836 (44.6) 2129 (51.6) 2 418 (59.0) 2763 (32.8) 10 607 (52)
Diabetes 93 (2.3) 117 (2.8) 145 (3.5) 169 (4.1) 177 (4.3) 701 (3)
Self-reported medication use
Anti-hypertensive 435 (10.6) 553 (13.4) 687 (16.7) 849 (20.7) 1012 (24.6) 3536 (17)
Statin 343 (8.3) 454 (11.0) 548 (13.3) 690 (16.9) 874 (21.3) 2909 (14)
Family history of CVD 2 318 (56.2) 2 448 (59.5) 2501 (60.7) 2 497 (61.0) 2615 (63.6) 12 379 (60)
Lifestyle behaviours, n (%)
Current smoker 149 (3.6) 147 (3.6) 110 (2.7) 112 (2.7) 95 (2.3) 613 (3)
Daily/almost daily alcohol intake 508 (12.3) 518 (12.6) 585 (14.2) 568 (13.9) 555 (13.5) 2734 (13)
Moderate physical activity (10-50 MET hrs/week) 2230 (54.1) 2 206 (53.6) 2150 (52.1) 2 157 (52.7) 2 142 (52.1) 10 885 (53)
Clinical measures, mean (SD)
Systolic blood pressure, mmHg T 126.7 (16.3) 131.5(17.1) 135.9 (18.1) 140.0 (18.8) 145.0 (20.0) 136.0 (19.0)
Adiposity measures, mean (SD)
Height, cm 163.3 (6.2) 163.3 (6.2) 163.4 (6.1) 163.2 (6.1) 163.3 (6.2) 163.0 (6.2)
Weight, kg 67.6 (12.2) 68.6 (12.1) 69.6 (12.5) 69.9 (12.7) 71.0 (12.9) 69.0 (13.0)
Body mass index, kg/m? 25.6 (4.7) 25.8 (4.5) 26.0 (0) 26.2 (4.8) 26.5 (4.8) 26.0 (4.7)
Waist circumference, cm 81.3 (11.5) 81.9 (11.6) 82.7 (11.7) 83.1 (12.0) 84.4 (11.8) 82.7 (11.8)
Fat mass index, kg/m? 9.4 (3.4) 9.5 (3.4) 9.7 (3.4) 9.8 (3.5) 9.9 (3.5) 9.6 (3.4)
Fat-free mass index, kg/m? 16.3 (1.6) 16.3 (1.5) 16.4 (1.6) 16.4 (1.6) 16.5 (1.7) 16.4 (1.6)
Carotid measures, median (IQR)
Carotid intima-media thickness, um 537.8 (39.9) 597.0 (26.3) 646.8 (25.9) 706.8 (35) 809.5 (93.5) 650 (140)




Table S2. Characteristics of male participants in UK Biobank

Fifths of carotid intima-media thickness, micrometres

Characteristics 315-<590 590-<654 654-<724 724-<814 814-<1295 All
Number of participants 3774 3749 3764 3756 3753 18 796
Socio-demographic factors
Age, mean (SD), years 59.7 (7.3) 62.4 (7.4) 64.7 (7.5) 66.1 (7.2) 68.3 (6.8) 64.0 (8.0)
Race, n (%)
White 3601 (95.4) 3 636 (96.9) 3 644 (96.8) 3658 (97.4) 3645 (97.1) 18 180 (96.7)
Mixed 24 (0.6) 4 (0.1) 13 (0.4) 12 (0.3) 12 (0.3) 65 (0.4)
Indian 86 (2.3) 53 (1.4) 53 (1.4) 35 (0.9) 39 (1.0) 266 (1.4)
Black 21 (0.6) 27 (0.7) 22 (0.6) 23 (0.6) 35(0.9) 128 (0.7)
Chinese 11 (0.3) 11 (0.3) 16 (0.4) 7 (0.2) 6 (0.2) 51 (0.3)
Other 31(0.8) 22 (0.6) 16 (0.4) 21 (0.6) 16 (0.4) 106 (0.6)
Townsend deprivation, median (IQR) -2.5 (3.6) -2.6 (3.4) -2.7 (3.3) -2.7 (3.4) -2.8 (3.2) -2.7 (3.4)
Medical history, n (%)
Hypertension * 1 850 (49.0) 2 134 (56.9) 2415 (64.2) 2 549 (67.9) 2 809 (74.9) 11 757 (63)
Diabetes 189 (5.0) 208 (5.6) 245 (6.5) 271 (7.2) 321 (8.6) 1234 (7)
Self-reported medication use
Anti-hypertensive 792 (21.0) 921 (24.6) 999 (26.5) 1110 (29.6) 1213 (32.3) 5035 (27)
Statin 787 (20.9) 993 (26.5) 1077 (28.6) 1198 (31.9) 1304 (34.8) 5359 (29)
Family history of CVD 1948 (51.6) 1996 (53.2) 2 021 (53.7) 2 054 (54.7) 2072 (55.2) 10 091 (54)
Lifestyle behaviours, n (%)
Current smoker 151 (4.0) 166 (4.4) 152 (4.0) 140 (3.7) 170 (4.5) 779 (4)
Daily/almost daily alcohol intake 664 (17.6) 742 (19.8) 785 (20.9) 823 (21.9) 873 (23.3) 3 887 (21)
Moderate physical activity (10-50 MET hrs/week) 2 056 (54.5) 2 022 (53.9) 1965 (52.2) 2001 (53.3) 1961 (52.3) 10 005 (53)
Clinical measures, mean (SD)
Systolic blood pressure, mmHg t 135.2 (14.9) 139.2 (16.1) 142.5 (16.9) 144.8 (17.6) 148.1 (18.0) 142.0 (17.0)
Adiposity measures, mean (SD)
Height, cm 176.7 (6.5) 176.7 (6.2) 176.7 (6.5) 176.6 (6.6) 176.8 (6.5) 176.0 (6.6)
Weight, kg 82.8 (12.9) 83.7 (12.7) 84.3 (12.5) 85.1 (12.8) 86.2 (12.8) 83.0 (13.2)
Body mass index, kg/m? 25.6 (3.8) 26.7 (3.8) 26.9 (3.8) 27.1 (3.8) 27.3 (3.9) 26.9 (3.8)
Waist circumference, cm 92.5 (10.6) 93.3 (10.4) 94.0 (10.4) 94.6 (10.6) 95.5 (10.7) 94.0 (10.6)
Fat mass index, kg/m? 6.7 (2.4) 6.8 (2.4) 7.0 (2.4) 71(2.4) 7.3 (2.5) 7.0 (2.4)
Fat-free mass index, kg/m? 19.8 (1.8) 19.9 (1.8) 19.9 (1.8) 20.0 (1.8) 20.1 (1.9) 19.9 (1.8)
Carotid measures, median (IQR)
Carotid intima-media thickness, um 550 (50.5) 622 (31.9) 688 (35.3) 765 (44.3) 886 (104) 688 (182)




Table S3. Odds ratio of CIMT above the sex-specific 75th percentile per increase of each adiposity
measure after mutual adjustment for other adiposity measures

Females Males
Adiposity measure Basic adjustment  Mutual adjustment  Basic adjustment ~ Mutual adjustment
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)
Body mass index, kg/m? 1.18 (1.14,1.23) 1.09 (1.02, 1.17) 1.31 (1.25,1.37) 1.38 (1.26, 1.51)
Waist circumference, cm 1.18 (1.14,1.23) 1.09 (1.02, 1.17) 1.24 (1.19, 1.30) 1.24 (1.19, 1.30)
Fat mass index, kg/m? 1.15(1.11,1.20)  1.03 (0.98, 1.08) 1.19 (1.14, 1.24) 0.95 (0.89, 1.00)
Fat-free mass index, kg/m? 1.20 (1.16,1.24) 1.18 (1.12, 1.24) 1.41 (1.34, 1.47) 1.46 (1.37, 1.54)

Basic adjustment: Adjusted for age, ethnicity, Townsend deprivation, smoking status, alcohol intake, physical activity, and family history of CVD.
Mutual adjustment: body mass index and waist circumference, fat mass index and fat-free mass index mutually adjusted.
OR, odds ratio



Figure S1. Mean percentage difference in carotid-intima media thickness (CIMT) per specified unit
increase in adiposity measures after further exclusions, by sex.

Adiposity measure Units % difference in CIMT
(95% ClI)
Females (n=19 132)
Body mass index, kg/m? 50 l 1.40 (1.17, 1.63)
Waist circumference, cm 126 I 1.29(1.07, 1.52)
Fat mass index, kg/m? 36 R 3 1.19 (0.96, 1.42)
Fat-free mass index, kg/m? 1.7 B 1.44 (1.22, 1.67)
Males (n=16 692)
Body mass index, kg/m? 5.0 —— 2.59(2.23, 2.95)
Waist circumference, cm 13.8 —— 2.00 (1.65, 2.36)
Fat mass index, kg/m? 31 —i— 1.64 (1.29, 2.00)
Fat-free mass index, kg/m? 2.3 - 3.18 (2.82, 3.54)
T T T T
0 1 2 3 4

% difference in CIMT (95% CI)

All models adjusted for age, ethnicity, Townsend deprivation, smoking status, alcohol intake, physical
activity, and family history of cardiovascular disease. Further exclusions were current smokers, and
participants with emphysema or diabetes. Point estimates are plotted as squares, with the size of each
square proportional to the amount of statistical information. Horizontal lines represent 95% confidence
intervals (Cls).



Figure S2. Mean percentage difference in carotid-intima media thickness (CIMT) per specified unit
increase in adiposity measures with complete case analysis, by sex.

Adiposity measure Units % difference in CIMT
(95% Cl)
Females (n=19 458)
Body mass index, kg/m? 5.0 ‘B 1.35(1.13, 1.58)
Waist circumference, cm 126 ' 1.22 (1.00, 1.44)
Fat mass index, kg/m? 3.6 -l 1.15(0.93, 1.37)
Fat-free mass index, kg/m? 1.7 .- 1.47 (1.25, 1.69)
Males (n=17 962)
Body mass index, kg/m? 5.0 —— 2.42 (2.09, 2.76)
Waist circumference, cm 13.8 —— 1.93 (1.59, 2.27)
Fat mass index, kg/m? 3.1 —— 1.52 (1.19, 1.86)
Fat-free mass index, kg/m? 2.3 —— 3.09 (2.75, 3.43)
T T T T
0 1 2 3 4

% difference in CIMT (95% CI)

All models were adjusted for age, ethnicity, Townsend deprivation, smoking status, alcohol intake,
physical activity, and family history of cardiovascular disease. Point estimates are plotted as squares,
with the size of each square proportional to the amount of statistical information. Horizontal lines
represent 95% confidence intervals (Cls).
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