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Abstract

Objective: To investigate the extent to which 1) secular changes in mid-adulthood WC are
independent of BMI and 2) secular changes in low HDL-C are dependent on WC in each

Sex.

Methods: The sample comprised 19,406 adults (aged 43-47 years) from three birth cohort
studies with BMI and WC measured in 1990, 2003, or 2018; 13,239 participants additionally
had HDL-C measured in 2003 or 2018. Quantile regression was used to model differences
between 1990-2003 and 2003-2018 in 1) BMI and WC internal Z-scores and 2) WC in cm
before and after adjustment for BMI. Binary logistic regression was used to model

differences between 2003-2018 in low HDL-C, before and after adjustment for BMI or WC.

Results: Secular increases in BMI and WC were larger between 1990-2003 than 2003-2018
and at the upper ends of the distributions. At the 85" quantile, effect sizes were larger for
WC than BMI Z-scores in females but not males. Adjustment for BMI attenuated estimates of
secular increases in WC in cm more in males than females. Odds ratios for low HDL-C in
2018 compared to 2003 were 1.73 (95% CI 1.32, 2.28) in males and 1.34 (1.01, 1.78) in
females. Adjustment for WC did not substantially change the estimate in males but

attenuated the estimate for females to 1.09 (0.81, 1.47).

Conclusions: In women much more so than in men, secular increases in mid-adulthood WC
appear to have occurred independently of BMI and largely explain the observed rise in low

HDL-C prevalence between 2003-2018.



Introduction

Secular trends in adulthood obesity, defined using body mass index (BMI), have been
extensively documented [1, 2]. The BMI is not, however, a measure of adiposity and tells us
nothing about body fat distribution [3, 4]. Most of the effects of obesity on increased
cardiometabolic disease risk are arguably explained by central adiposity [5], and specifically
a high level of visceral fat [6]. This is why waist circumference (WC), a better indicator of
visceral fat than BMI [7, 8], is more strongly associated with adverse outcomes than BMI and

explains variation in disease risk independently of BMI [9-13].

The correlation between BMI and WC is approximately 0.9 in adults [14], but this does not
mean that one should necessarily expect secular changes in each variable to be of the same
magnitude. Previous studies, mainly in the USA, have shown that WC has increased above
and beyond what would be anticipated based on secular trends in BMI [15-20]. For example,
using NHANES data, Freedman et al estimated that, after adjustment for BMI, the mean
increase in WC between 1999-2000 and 2011-2012 was 0.2 cm in men and 2.4 cm in
women [18]. Very similar effect sizes have been reported by Albrecht et al using data from
the Health Survey for England in 1992-1993 and 2008-2009 [15]. Neither of these papers,
however, provided an explanation for the observed sex difference. The consequences for
cardiometabolic disease risk, of WC increasing over time independently of BMI, are also not
well-understood despite clearly being important. High-density lipoprotein cholesterol (HDL-C)
is a key measure to consider because of its causal link to adiposity [21] and possible role in
the development of coronary artery disease [22, 23]. WC has a stronger association with
HDL-C than does BMI [24, 25], which suggests that possible secular trends toward lower

HDL-C [26] might be due to increases over time in WC more so than BMI.



In Great Britain, we have documented changes over time in BMI trajectories using data from
a series of large nationally-representative birth cohort studies initiated in 1946, 1958, 1970,
and 2001 [27]. The first three of these cohorts now have data on BMI, WC, and HDL-C at
similar ages in mid-adulthood. The first aim of the present study was to investigate the extent
to which between-cohort differences (i.e., secular changes) in WC are comparable to, and
independent of, those in BMI. We build on the Albrecht et al [15] study by considering
changes over time in the distributions of BMI and WC not just the means and by
incorporating much more recent data. The second aim was to document secular changes in
HDL-C and investigate the extent to which the expected increase in low HDL-C prevalence
might be explained by BMI or WC. Given likely differences between males and females, an a

priori decision was made to stratify all analyses by sex.

Subjects and methods

Cohorts: The 1946 Medical Research Council National Survey of Health and Development
(NSHD) is based on a sample (N = 5,362) born in one week in March 1946 in England,
Scotland, and Wales [28, 29]. The sample comprises all singleton births from women with
husbands in non-manual and agricultural employment and a random selection of one in four
singleton births to females with husbands in manual employment. The 1958 National Child
Development Study (NCDS) is based on 17,638 people born in one week in March 1958 in
England, Scotland, and Wales; 920 immigrants born in the same week were incorporated
during childhood [30]. A similar strategy was used in the 1970 British Cohort Study (BCS),
which is based on 17,287 people born in one week in April 1970, with the addition of 1,814
individuals who were 1) born in Northern Ireland and included only in the birth sweep, 2) an
immigrant who was incorporated into the study in childhood, or 3) never took part in any

sweep [31].



Ethics: All of the studies have received ethical approval and obtained informed parental
and/ or participant consent; this information is available from the study websites and/ or

cohort profiles.

Samples: This study focuses on data from sweeps at target ages of 43 years in the NSHD,
44 years in the NCDS, and 46 years in the BCS. The primary sample comprised 19,406
individuals in the NSHD (N = 2971), NCDS (N = 9137), or BCS (N = 7298) with data on BMI
and WC, in addition to sex, ethnicity (white or non-white), and decimal age. This N
represents over 90% of the individuals still participating in these studies at the above-
mentioned sweeps. The secondary sample comprised 13,239 individuals in the NCDS (N =
7413) or BCS (N = 5826) who additionally had data on HDL-C and smoking status. This N
represents over 75% of the individuals still participating in these studies at the above-

mentioned sweeps.

Data: Weight, height, and WC (midway between the iliac crest and the costal margin) were
measured by trained research nurses using comparable methods. In the NCDS and BCS,
non-fasting venous blood samples were obtained. HDL-C was assayed via standard
enzymatic methods using an Olympus model AU640 autoanalyser (Olympus Corporation;
Tokyo, Japan) in the NCDS and using a Roche Cobas c702 analyser (Roche Holding AG;
Basel, Switzerland) in the BCS. Smoking status (never, ex, current) was self-reported in both

studies.

Statistics: BMI was computed as weight (kg)/ height (m)? and overweight and obesity were
defined using standard cut-offs of 25 and 30 kg/m?. Adults (N = 135) with a BMI less than
18.5 kg/m? (i.e., thinness) were not included in any sample or analysis, because this can
often reflect underlying disease possibly introducing bias. Central obesity was classified as a

WC greater than 88 cm in females or 102 cm in males [32]. Low HDL-C was defined as



values < 1.03 mmol/L in males and values < 1.29 mmol/L in females [33]. Individuals (N =
235) taking lipid-regulating medication, whose HDL-C was not below these cut-offs, were

also classified as having low HDL-C.

Descriptive statistics were produced stratified by sex and cohort.

All models were stratified by sex and adjusted for ethnicity and age. Because the obesity
epidemic is due to right-skewing of the BMI distribution over time [27], quantile regression
was used to estimate between-cohort differences in BMI and WC at different quantiles (15",
50™, and 85") of the outcome distributions [34]. Estimates representing secular change in
each of the two adjacent time periods (i.e., NSHD and NCDS [1990-2003] and NCDS and
BCS [2003-2018]) were obtained and are presented. In the first set of models, BMI and WC
were expressed as internal Z-scores (i.e., Observed Value — Sample Mean) / Sample SD)
with mean 0 and SD 1 to enable comparison of effect sizes. In the second set of models,
WC was modelled in cm before and after adjustment for BMI in kg/m?. To account for the
WC and BMI relationship being non-linear, BMI was entered into these models as a second-
degree fractional polynomial function. Briefly, fractional polynomials provide flexible
parametrisation by testing a range of powers with which to transform a continuous
independent variable (e.g., BMI) and capture a non-linear association with an outcome (e.g.,
WC). A second-degree fractional polynomial involves two terms and selects the best

function, typically out of 36 options [35].

Binary logistic regression was used to estimate the difference in low HDL-C prevalence
between the NCDS and BCS, before and after adjustment for BMI (kg/m?) or WC (cm).
Again, BMI and WC were entered into these models as second-degree fractional polynomial
functions. Given knowledge that smoking has a strong effect on HDL-C [36, 37] and that

smoking rates have reduced dramatically over the last few decades [38, 39], these logistic



models were re-run with additional adjustment for smoking status. Sensitivity analyses were
conducted in which individuals taking lipid-regulating medication were not classified as

having low HDL-C.

All procedures were performed in Stata 15 (StataCorp LP, College Station, TX, USA).

Code availability: Available from the first author upon request.

Results

The modal year of assessment was 1990 in the 1946 NHSD, 2003 in the NCDS, and 2018 in
the BCS (Table 1). Mid-adulthood median BMI and WC demonstrated clear secular
increases, while mean HDL-C declined between 2003 and 2018. The between-cohort
differences in central obesity prevalence were generally greater than those for obesity,
particularly for females. For example, obesity prevalence increased from 14% to 33%
between 1990 and 2018 in females, while central obesity prevalence increased more
dramatically from 16% to 50%. Rates of low HDL-C were higher in 2018 than 2003 in both

sexes, despite there being fewer current smokers and more ex-smokers in 2018 than 2003.

Table 2 shows estimated differences in BMI and WC Z-scores in the NCDS compared to the
NSHD (i.e., change from 1990 to 2003) and in the BCS compared to the NCDS (i.e., change
from 2003 to 2018). All estimates in males and females, and for BMI and WC Z-scores, were
positive and indicative of larger secular increases between 1990 and 2003 than between

2003 and 2018. Further, all effect sizes (except one) were larger at the 85" quantile than the
50" or 15" quantiles, thereby providing evidence that the secular increases were stronger at
higher ends of outcome distributions. In males, the effect sizes at the 85" quantile were very

similar for BMI and WC. For example, the estimated secular increase between 1990 and



2003 was 0.65 (95% CI 0.49, 0.81) Z-scores for BMI and 0.66 (0.48, 0.84) Z-scores for WC.
Conversely, in females, the effect sizes at the 85" quantile were noticeably larger for WC
than BMI. For example, the estimated secular increase between 1990 and 2003 was 0.25
(0.06, 0.43) Z-scores for BMI but 0.61 (0.42, 0.81) Z-scores for WC. Between 2003 and
2018, there was no evidence of a secular increase in BMI at the 50" or 85" quantiles in

females, yet there was for WC.

Between-cohort differences in WC in cm are shown in Table 3. Adjustment for BMI
attenuated estimates more in males than females. For example, in males, the 85" quantile of
WC was 2.8 (0.5, 5.1) cm higher in 2018 than 2003 and adjustment for BMI attenuated this
estimate by 71% to 0.8 (0.0, 1.6) cm. Conversely, in females, the 85" quantile of WC was
3.8 (1.3, 6.3) cm higher in 2018 than 2003 but adjustment for BMI only attenuated this
estimate by 29% to 2.7 (1.7, 3.6) cm. Secular increases in WC, independent of BMI, were

stronger in females than males.

Estimated odd ratios for low HDL-C in the BCS (2018) compared to the NCDS (2003) are
shown in Table 4. Initial models were not adjusted for smoking status, BMI, or WC. Males in
2018 had a 1.73 (1.32, 2.28) times higher odds of low HDL-C than males in 2003; this
estimate only attenuated very slightly after adjustment for BMI or WC. Females in 2018 had
a 1.34 (1.01, 1.78) times higher odds of low HDL-C than females in 2003. Adjustment for
BMI attenuated this estimate to 1.24 (0.92, 1.67) but adjustment for WC attenuated it even
more dramatically to 1.09 (0.81, 1.47). The same pattern of results, with marginally larger
effect sizes, were observed when the models were re-run additionally adjusting for smoking
status. Sensitivity analyses, in which individuals taking lipid-regulating medication were not

classified as having low HDL-C, produced very similar results (data not shown).

Discussion



This paper provides novel evidence that secular increases in mid-adulthood WC between
1990, 2003, and 2018 in Great Britain have generally been larger than those for BMI and
occurred, at least partly, independently of BMI. While this pattern of results was found in
both sexes, findings were much stronger for women than men. Even after accounting for
BMI, our estimates show that WC in females increased by ~4 cm from 1990 to 2003 and by
a further ~2 cm from 2003 to 2018. Consequently, the higher prevalence of low HDL-C in
2018 compared to 2003 in females was found to be largely explained by greater WC. In
males, adjustment for BMI or WC did little to attenuate the observed secular increase in low

HDL-C prevalence, suggesting that other factors are responsible.

The observed sex differences were stark but are in agreement with other studies showing
that WC has increased over time more independently of BMI in women than men [15, 18].
Albrecht et al nicely show this finding in the USA and England, but not in China, in different
age groups and at different BMI levels [15]. The reasons for this phenomenon are unknown
but it may make sense given known sexual dimorphism in fat patterning. Men typically
demonstrate an android pattern of fat distribution, with most fat accumulating around the
trunk. Secular increases in overall body fat (proxied by BMI) are, therefore, perhaps likely to
largely represent gains in central adiposity (proxied by WC) in men. Women typically
demonstrate a gynoid pattern of fat distribution, with most fat accumulating around the
breasts, hips, and thighs. A secular increase in WC above that in BMI therefore suggest that
the conventional pattern of fat distribution in women is changing over time. In support of this
idea, Freedman et al found subscapular skinfold thicknesses (a measure of central
adiposity) in NHANES to be increasing between 1988-1994 and 2009-2010 more than
triceps skinfold thicknesses (a measure of peripheral adiposity) in women (0.4 vs 0.1 mm per

decade), but not in men [40].
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Average HDL-C concentration was found to be lower in 2018 than 2003 and the prevalence
of low HDL-C was found to be higher. Sex-specific mean values of HDL-C reported in the
2003 Health Survey for England and the 2003 Scottish Health Survey, for the 45-54 year
age group, are essentially identical to those reported here for adults aged 45.2 years (on
average) in 2003 [41, 42]. This suggests that our reported levels of HDL-C in 2003 are
representative of Great Britain. Data from the 2006 Health Survey for England show a
marginal decline in mean HDL-C from 1.52 to 1.49 mmol/L in individuals (sexes combined)
aged = 16 years [43], but unfortunately more up-to-date statistics have not been published,
to the best of our knowledge. We provide evidence of a secular trend towards more adverse
levels of HDL-C, particularly in men, such that there was a doubling in the prevalence of low
HDL-C between 2003 and 2018. This is concerning and requires further investigation and
replication. It is, however, in agreement with a recent publication by the NCD Risk Factor
Collaboration which found age-standardised mean HDL-C in men to decline in North-

western Europe from ~1.4 to 1.3 mmol/L between 1980-2018 (Extended Data Figure 3) [44].

In females, the odds ratio for low HDL-C in 2018 compared to 2003 was attenuated from
1.34 to 1.24 upon adjustment for BMI and to 1.09 upon adjustment for WC. Cardiometabolic
disease risk factors are less consistently correlated with BMI in women than men [21] and,
more specifically, total body fat is less strongly related to an abnormal lipid profile in women
than men [45]. Central adiposity in both sexes is, however, a strong determinant of HDL-C
levels [46, 47]. These observations may explain why WC, more so than BMI, explained the
secular increase in low HDL-C prevalence in women. They do not, however, help
understand why adjustment for BMI or WC did not substantially attenuate the secular
increase in low HDL-C prevalence in men. It may be that the trend in HDL-C in men is
explained more by changes over time in modifiable lifestyle factors (e.g., physical activity

and diet), and this requires further investigation using large survey data with relevant data.
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The main strength of this paper lies in the use of measurements taken following very similar
protocols at comparable ages (i.e., 43-47 years) in three large birth cohort studies initiated
every 12 years in 1946, 1958, and 1970. In terms of limitations, approximately 50% of each
initial cohort was included in the present study and differential selection into our sample may
have biased results [48]. The cohorts are largely white British thus limiting investigation into
ethnic differences. The lack of body composition data means the extent to which our results
(e.g., the secular increases in BMI) are explained by differences in fat mass rather than fat-
free mass is uncertain. Finally, it was not possible to investigate other lipid outcomes (e.g.,
low-density lipoprotein and apolipoprotein A-1). The first measurement of HDL-C in the
NSHD was not until age 53 years, nine years later than the 44-year sweep in the NCDS.
Thus, we made a pragmatic decision not to use the HDL-C data in the NSHD because this

difference in age (compared to the NCDS) was likely to distort any secular change.

In conclusion, over the last three decades in Great Britain, secular increases in mid-
adulthood WC have been larger than those for BMI and have occurred, at least in part,
independently of BMI. This phenomenon was much stronger in women than men,
suggesting that the archetypal gynoid pattern of fat distribution in women may be becoming
less evident over time. This apparent change in fat patterning in women appears to have
contributed to an increase between 2003-2018 in the prevalence of low HDL-C, which was
observed in both sexes. The reasons underlying the trend in men do not include changes in

BMI or WC according to our analyses.
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Table 1. Description of the study sample

Males (N = 9616)

Females (N = 9790)

NSHD NCDS BCS NSHD NCDS BCS
N = 1508 N = 4561 N = 3547 N = 1463 N = 4576 N = 3751
Non-white ethnicity N (%) 0 107 (2.4) 153 (4.3) 0 93 (2.0) 162 (4.3)
Age (years) Mean (SD) 43.5 (0.2) 45.2 (0.4) 47.2 (0.7) 43.5(0.2) 45.2 (0.4) 47.2 (0.7)
Measurement year Mode (range) | 1990 (1989, 1990) 2003 (2002, 2004) 2018 (2016, 2018) | 1990 (1989, 1990) 2003 (2002, 2004) 2018 (2016, 2018)
BMI (kg/m?) Median (IQR) 25.4 (23.4, 27.8) 27.3 (25.0, 30.1) 28.1 (25.4, 31.3) 24.1 (22.2, 27.2) 25.7 (23.1, 29.7) 27.0 (23.8, 31.7)
Normal weight N (%) 663 (44) 1124 (25) 760 (21) 866 (59) 1986 (43) 1313 (35)
Overweight N (%) 685 (45) 2277 (50) 1587 (45) 389 (27) 1510 (33) 1216 (32)
Obese N (%) 160 (11) 1160 (25) 1200 (34) 208 (14) 1080 (24) 1222 (33)
WC (cm) Median (IQR) 91.1(85.5,97.7) 97.3(91.1,104.4) 99.2(92.0,107.2) 75.8 (70.8, 83.5) 83.4 (76.3, 92.8) 88.0 (79.2, 99.0)
Not centrally obese N (%) 1291 (86) 3084 (68) 2113 (60) 1232 (84) 2891 (63) 1885 (50)
Centrally obese N (%) 217 (14) 1477 (32) 1434 (40) 231 (16) 1685 (37) 1866 (50)
N = 3719 N = 2871 N = 3694 N = 2955
HDL-C Mean (SD) 1.43 (0.33) 1.37 (0.38) 1.69 (0.40) 1.66 (0.44)
Normal N (%) 3309 (89) 2198 (77) 3208 (87) 2394 (81)
Low N (%) 410 (11) 673 (23) 486 (13) 561 (19)
Smoking
Never N (%) 1671 (45) 1376 (48) 1712 (46) 1461 (49)
Ex N (%) 1170 (31) 912 (32) 1083 (29) 942 (32)
Current N (%) 878 (24) 583 (20) 899 (24) 552 (19)




Table 2. Between cohort differences in adulthood BMI and WC Z-scores, estimated using quantile regression

Male

Female

NCDS (referent: NSHD)
Change from 1990-2003

BCS (referent: NCDS)
Change from 2003-2018

NCDS (referent: NSHD)
Change from 1990-2003

BCS (referent: NCDS)
Change from 2003-2018

B (95% CI) P

B (95% Cl) P

B (95% CI) P

B (95% CI) P

BMI (Z-score)
15th
50th
85th

0.27 (0.16, 0.39) <0.001
0.37 (0.28, 0.46) <0.001
0.65 (0.49, 0.81) <0.001

0.00 (-0.10, 0.11) 0.976
0.11 (0.00, 0.22) 0.047
0.31 (0.09, 0.53) 0.006

0.15 (0.08, 0.22) <0.001
0.17 (0.08, 0.26) <0.001
0.25 (0.06, 0.43)  0.011

0.12 (0.03,0.21)  0.008
0.07 (-0.05,0.18)  0.264
0.06 (-0.13,0.26)  0.529

WC (Z-score)
15th
50th
85th

0.46 (0.37, 0.56) <0.001
0.51 (0.40, 0.61) <0.001
0.66 (0.48, 0.84) <0.001

0.04 (-0.07, 0.15) 0.474
0.13 (0.03,0.22) 0.009
0.24 (0.05,0.44) 0.014

0.34 (0.27, 0.42) <0.001
0.47 (0.38, 0.57) <0.001
0.61 (0.42, 0.81) <0.001

0.17 (0.09, 0.25) <0.001
0.22 (0.11, 0.34) <0.001
0.28 (0.10, 0.47)  0.003

All models adjusted for ethnicity and age
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Table 3. Between cohort differences in adulthood WC, before and after adjustment for BMI, estimated using quantile regression

Males Females
NCDS (referent: NSHD) BCS (referent: NCDS) NCDS (referent: NSHD) BCS (referent: NCDS)
Change from 1990-2003 Change from 2003-2018 Change from 1990-2003 Change from 2003-2018
B (95% ClI) P %Ch B (95% ClI) P %Ch | B (95% CI) P %Ch B (95% CI) P %Ch
Unadjusted for BMI | WC (cm)
15t 5.3(4.1,6.5) <0.001 0.5(-0.8,1.7) 0.459 4.7 (3.7,5.6) <0.001 2.3(1.2,3.4) <0.001
50t 5.8 (4.6,6.9) <0.001 15(0.3,2.7) 0.015 6.4 (5.3,7.5) <0.001 3.0(1.5,4.5) <0.001
85t 7.6 (5.4,9.7) <0.001 2.8(0.5,5.1) 0.019 8.3(5.7,10.9) <0.001 3.8(1.3,6.3) 0.003
Adjusted for BMI2 WC (cm)
15t 2.1(1.5,2.7) <0.001 -60 0.7(0.0,1.4) 0.060 +40| 4.2(3.6,4.9 <0.001 -11 2.0(1.4,2.7) <0.001 -13
50t 1.7(1.1,2.3) <0.001 -71 05(0.0,1.0) 0.040 -67| 3.7(3.1,43) <0.001 -42 14(0.7,2.1) <0.001 -53
85t 1.8(1.0,2.6) <0.001 -76 0.8(0.0,1.6) 0.058 -71| 3.8(3.0,4.6) <0.001 -54 27(1.7,3.6) <0.001 -29

%Ch = percentage change in estimate from adjusted to adjusted (for BMI) model

All models adjusted for ethnicity and age

aFractional polynomial terms: BMI2, BMI3 for males; BMI2, BMI! for females
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Table 4. Estimated odd ratios for low HDL-C comparing the BCS to the NCDS, before and after adjustment for BMI or WC

Males Females
NCDS BCS NCDS BCS
Adjustments 2003 2018 2003 2018
Smoking | BMI | WC OR (95% CI) P OR (95% CI) P
No No | No - 1.73 (1.32,2.28) <0.001 - 1.34 (1.01,1.78) 0.042
No Yes | No - 1.68 (1.26, 2.23) <0.001 - 1.24 (0.92,1.67) 0.151
No No |Yes| -- 1.64 (1.24,2.19) 0.001 -- 1.09 (0.81, 1.47) 0.576
Yes No | No - 1.77 (1.34, 2.33) <0.001 - 1.44(1.08,1.91) 0.012
Yes Yes | No - 1.73(1.30,2.31) 0.001 - 1.33(0.99, 1.80) 0.058
Yes No | Yes - 1.69 (1.27,2.25) 0.001 - 1.16 (0.86, 1.57) 0.327

All models adjusted for ethnicity and age

aFractional polynomial terms: BMI, BMI*In(BMI) for males; BMI%-5, BMI® for females
bFractional polynomial terms: WC2, WC? for males; In(WC), WCP* for females
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