Journal Pre-proof

Changes in the body mass index and blood pressure association
across time: Evidence from multiple cross-sectional and cohort
studies

David Bann, Shaun Scholes, Rebecca Hardy, Dara O'Neill

PII: S0091-7435(21)00394-7

DOI: https://doi.org/10.1016/j.ypmed.2021.106825
Reference: YPMED 106825

To appear in: Preventive Medicine

Received date: 4 May 2021

Revised date: 15 September 2021

Accepted date: 26 September 2021

Please cite this article as: D. Bann, S. Scholes, R. Hardy, et al., Changes in the body
mass index and blood pressure association across time: Evidence from multiple cross-
sectional and cohort studies, Preventive Medicine (2021), https://doi.org/10.1016/
J-ypmed.2021.106825

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2021 Published by Elsevier Inc.


https://doi.org/10.1016/j.ypmed.2021.106825
https://doi.org/10.1016/j.ypmed.2021.106825
https://doi.org/10.1016/j.ypmed.2021.106825

Changes in the body mass index and blood pressure association across time: Evidence from

multiple cross-sectional and cohort studies

David Bann"" david.bann@ucl.ac.uk, Shaun Scholes?, Rebecca Hardy?, and Dara O’ Neill®

'Centre for Longitudinal Studies, Social Research Institute, University College London, London, UK
Department of Epidemiology and Public Health, University College London, London, UK

%CLOSER, Social Research Institute, University College London, Lc ardon, UK

“Corresponding author at.: Centre for Longitudinal Studies, 55- 39 G rdon Square, London, WC1H

ONU, UK.

Abstract

Although body mass index (BMI) is conside ed 7 key determinant of high blood pressure, its
importance may differ over time and by a2 group. We utilised separate data sources to investigate
temporal changes in this association: 2_ i 1dizpendent (newly sampled), repeated cross-sectional
studies (Health Survey for England \. {SE)) at >25 years (1994-2018; N=126,742); and three British
birth cohorts at 43-46 years (horn 2946, 1958, and 1970; N=18,657). In HSE, associations were
weaker in more recent vea. s, wih this trend most pronounced amongst older adults. After adjustment
for sex, anti-hypertensive tr atment and education, the mean difference in systolic blood pressure
(SBP) per 1 kg/m? increase in BMI amongst adults >55 years was 0.75mmHg (95%Cl: 0.60-0.90) in
1994, 0.66mmHg (0.46-0.85) in 2003, and 0.53mmHg (0.35-0.71) in 2018. In the 1958 and 1970
cohorts, BMI and SBP associations were of similar magnitude yet weaker in the 1946 cohort,
potentially due to differences in blood pressure measurement device. Quantile regression analyses
suggested that associations between BMI and SBP were present both below and above the
hypertension threshold. A weaker association between BMI and blood pressure may partly offset the
public health impacts of increasing obesity prevalence. However, despite sizable increases in use of

antihypertensive medication, BMI remains positively associated with SBP in all ages. Our findings



highlight the need to tackle non-medical factors such as population diet which influence both BMI
and blood pressure and the utility of using multiple datasets to obtain robust inferences on trends in
risk factor-outcome associations across time.
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Introduction

High body mass index (BMI) is an important modifiable determinant of high blood pressure, as
evidenced by meta-analyses of observational studies' and weight-loss interventions.” While providing
precise estimates of association between BMI and blood pressure, sucn >tudies have not elucidated
whether this association has changed across time. Evidence from B itisl birth cohorts born in 1946
and 1958 suggested an approximate doubling of the positive co rela.’on between BMI and blood
pressure in midlife from 1989 to 2003.° Other studies have rey. ~rted increasing strength of association,
yet used hypertension as the sole outcome*® (defined as €: ‘ate d blood pressure or use of
antihypertensive medication) and thus may be simply refiecting increases in treatment use.® In
contrast, other studies have reported weakening of t,~ as-.ociation,”® or reported no clear systematic

change.®

Understanding whether the associations b7 2en BMI and blood pressure have changed across time is
important to inform future public he ilu. vesponses to obesity, the prevalence of which has increased

#11 and may continue to increase.'? If the risks of rising BMI on raised blood

markedly since the 1980s
pressure levels are also increasing, *hen the public health impacts of BMI may be greater than
anticipated given the impo’ can 2 of high blood pressure for a range of cardiovascular*® and

neurological outcomes.*

Multiple factors could explain why associations between BMI and blood pressure may differ across
time.'® Recent decades have seen improvements in hypertension awareness, detection, and
treatment—notably via increased use of antihypertensive medication.'” Such interventions, along with
behavioural changes triggered at least in part by hypertension diagnosis in primary care,*® may
weaken such associations by lowering raised blood pressure levels amongst those at highest
cardiovascular risk, including those with higher BMI. However, treatment only applies to the minority
(<25%") of the population above specified treatment thresholds and even if initiated it may not fully
normalise blood pressure levels.?’ % Further, obtaining long-term changes to risk factors such as diet

and physical activity is notoriously challenging. Other changes which may also impact on the strength



of BMI and blood pressure associations include secular changes to body composition. A high BMI

22 23

may reflect more fat mass in more recent decades, and since high fat rather than high muscle mass

is thought to impact on high blood pressure?, associations may in turn have strengthened across time.

We investigated whether BMI and blood pressure associations systematically changed across time
from 1989 to 2018, employing data from two separate sources: British birth cohort studies and
independent (newly-sampled), repeated cross-sectional English studies. Each has complementary
advantages. The birth cohorts have comparable blood pressure measures obtained in midlife—a

purportedly important period for cardiovascular risk®**

—and early life measures of potential
confounding factors. Cross-sectional studies in turn collect data more 1. ularly and generalise to a

broader age span.

Methods

We used two data sources: 1) cross-sectional studies £ !2alth Survey for England; HSE), with
anthropometrics and blood pressure measured in 2.3 n.2~pendent samples of adults (undertaken
annually from 1994-2018, except 1999 and 204 wnheie blood pressure was measured only among
minority ethnic groups); and 2) three British bn .~ cohort studies focussed on health and social
characteristics of persons born in 1946 (194.°), 1958 (1958c) and 1970 (1970c), with anthropometrics
and blood pressure measured in midlife ('n .989, 2003, and 2016; see cohort profiles®?%).* The
purpose of the HSE is to monitor th: heaich of the population, and to feed the results of any analyses
into the development of health pon.. strategy and management®; birth cohort studies are

multidisciplinary longitudinal .*11d’2s with prospective data on health and social factors across life.

For each, participants gave verbal and/or written consent to be interviewed, visited by a nurse, and to
have weight, height, and blood pressure measurements taken during a home visit.* BMI was
calculated as weight (kg) divided by the square of height (m?). Briefly, each study used standardised
protocols after 5 minute rest periods. Omron devices were used in 1958c (705CP) and 1970c (HEM-
907), and in HSE from 2003 onwards. 1946c¢ used the Hawksley random zero sphygmomanometer
and HSE before 2003 used the Dinamap 8100 monitor. The 1946¢ and pre-2003 HSE data were
converted to Omron measures using previously published regression equations based on calibration
studies.** Research ethics approval was obtained from relevant committees and are on file with the

authors' institutions; all data used were anonymised.



The analytical sample size was 145,399—those with outcomes at age 43-46 years (cohorts;
N=18,657) or 25 years and over (HSE; N=136,942 with blood pressure and educational data;
N=126,742 with blood pressure, BMI and educational data); for flowcharts see Supplementary
Figures 1-2. The lower age limit of 25 years was chosen for HSE to enable measurement of highest
educational attainment (a key confounding variable) for the majority of participants after completing
continuous full-time education. The primary outcome for our study was the continuous level of
systolic blood pressure (SBP), chosen a priori given its strong link with cardiovascular disease and

mortality;*? diastolic blood pressure (DBP) was used as a secondary outcome.

Analytical strategy
Accounting for treatment use

Our main analyses accounted for treatment use since changec ‘n trus variable could confound time-
trend differences in BMI and blood pressure associations ¢ We accounted for the expected average
effects of antihypertensive medication use on blood press.re 1L,* adding a constant of 10mmHg (SBP)
and 5mmHg (DBP) to the observed (“raw”) values & unt st those on treatment. This adjustment
method approximates “underlying” SBP/DBP /: 2. .~ SBP/DBP individuals would have if they were
not on treatment);* this method has been fou. 1 .0 reduce bias in the estimated effect of key

determinants on continuous blood pressu: > levels.?*#

Associations between BMI and SEP

Birth cohort and HSE dataset: ‘vere analysed separately using linear regression. Data from each
source was analysed overa [ (i.e , pooled across cohorts/survey years) and also separately by birth
cohort/survey year. We pluted histograms of BMI and SBP/DBP, and used linear regression to
estimate mean difference in SBP per unit increase in BMI. Analyses were first adjusted for sex and
then education attainment—a potential confounder (common cause of both BMI and blood pressure

levels® *

), included as a categorical term comprising four groups: degree/higher (reference), A
levels/diploma, O Levels/GCSEs/vocational equivalent, or none. In cohort studies, additional
adjustment was made for social class at birth, maternal education in childhood, and own social class at
43-46y. HSE models additionally adjusted for age. These analyses were repeated with DBP as the

outcome.



Associations between BMI and SBP by HSE survey year and by age group

A formal test of change across time in the BMI-SBP association was examined in the pooled HSE
dataset by fitting interaction terms (a negative sign indicated a weakening association in subsequent
years). Trend analysis was conducted separately in two time-periods (1994-2002 and 2003-2018) to
examine the influence of change in blood pressure measurement device and introduction of non-

response weights.

Given age differences in body composition® and treatment use,'” the BMI-SBP association may differ
by age. We therefore conducted additional analyses in younger (25-£ 4 years; N=73,750) and older age
groups (55+ years; N=52,992). HSE analyses were also restricted to -4 year-olds (N=25,941) to
compare with cohort data.

Sex-stratified analyses (HSE and cohorts)

We additionally conducted sex-stratified analyses to irve-tigate if the time-trends in BMI and blood

pressure associations differed by sex.

Quantile regression

Quantile regression®” on data poolec ac: >ss cohorts/survey years (HSE) was used to estimate whether
the observed mean difference in C 3P per unit increase in BMI were driven by differences at the upper
or lower part of the SBP distrihutic.>; such analyses help inform the possible impact of treatment use

on BMI and SBP associatirins. =stimates were obtained and plotted at the 5™, 10", 25", 50" (median),
75" 90" and 95" quantil.~ 10 facilitate interpretation, we plotted the quantiles corresponding to the

140mmHg SBP threshold sor initiating blood pressure lowering treatment.*®

Missing data

To address data missingness, multiple imputation by chained equations was completed, with 20
imputations performed for the cohort pooled data and 20 each for the sex-stratified cohort datasets
(including all socioeconomic position indicators and BMI). The blood pressure outcome was included
in the imputation modelling but not imputed. Weighting was used in lieu of multiple imputation in
HSE analyses. Starting from 2003, weights have been created to minimise non-response bias
(including non-participation in the nurse visit among those interviewed at the first stage); the relevant

weights for analysing blood pressure data were therefore used from 2003 onwards.



Results

Table 1 presents descriptive statistics for participants’ characteristics. In later (2016/18) compared
with earlier years (1989-2004), mean BMI and obesity prevalence (BMI >30kg/m?) were higher
(Table 1). In HSE but not cohort datasets, mean SBP and hypertension prevalence (140/90mmHg or
use of antihypertensive medication) were lower in later years. Reported use of blood pressure
lowering medication was more frequent in later years in both data sources (Table 1). The distributions
of BMI were wider and more right-skewed in later compared with earlier years, while SBP was more

normally distributed in each year (Supplementary Figure 3).

Associations between BMI and SBP

BMI was positively associated with SBP in all HSE survey yc rs and cohorts (Figure 1). The trends in
this association (by survey year/cohort) were similar befc-= an'’ after accounting for treatment,
education attainment, and (in cohorts) multiple socioecor omic .ndicators across life (Supplementary

Figure 4).

Associations between BMI and SBP by 'SE survey year and by age group

In HSE across all ages (>25 years), BMi- SE P associations were weaker in subsequent years (Figure
1; BMI*year interaction term: =-C.111 (35% CI: -0.014, -0.008)). Across all time points there was

considerable year-to-year variahili,, in the magnitude of association (Figure 1).

Trend analysis conducted scvarately in 1994-2002 and 2003-2018 (when HSE changed blood pressure
measurement device and non-response weights were introduced) yielded similar findings

(Supplementary Table 1).

In age-stratified linear regression analyses, the BMI-SBP association was stronger in younger (25-54
years) compared with older (=55 years) adults (Figure 2) as shown by the non-overlapping 95% Cls
for data pooled across survey years (25-54 years: p=0.69 (95% ClI: 0.67-0.71); >55 years: f=0.56
(95% CI: 0.52-0.60)). However, a weakening of association across time was more pronounced among
older adults—mean differences in SBP per 1 kg/m? increase in BMI (after accounting for treatment
and education) were 0.75mmHg (0.60, 0.90) in 1994, 0.66mmHg (0.46, 0.85) in 2003, and 0.53mmHg

(0.35, 0.71) in 2018. Owing to the lower sample sizes in the older age group, confidence intervals



were wider. Consistent with this interpretation, evidence for a weakening association in subsequent
years was stronger in older (BMI*year interaction term: $ =-0.010 (-0.015, -0.005)) compared with
younger adults (=-0.006 (-0.009, -0.003)), yet confidence intervals overlapped (Supplementary Table
1).

In contrast to older adults (aged >55 years), our analyses restricted to 40-49 year-olds (to compare
more specifically with cohort data) showed no evidence of a weakening BMI-SBP association in
subsequent years (Supplementary Figure 5 and Supplementary Table 1; BMI*year interaction term:
B=-0.002 (-0.007, 0.003)).

Associations between BMI and SBP by birth cohort

In cohorts (SBP measures at 43-46y only), the magnitude of as.~ciation was substantially smaller in
1946¢; magnitudes were highest in 1958c and slightly wea. »r 7n 1970c—the mean difference in SBP
per 1 kg/m? increase in BMI (after accounting for tre~.ent and all socioeconomic indicators) was
0.30mmHg (0.10, 0.49) in 1946¢c, 0.83mmHg (0.7¢, L.27) in 1958¢, and 0.79mmHg (0.72, 0.85) in
1970c (Figure 1). Highly comparable estimar s w 2re ubserved when cohort data was restricted to

English residents only (Supplementary Figure ,

Quantile regression analyses

Quantile regression results for a.*a pooled across cohorts/survey years suggested that BMI-SBP
associations were present ar*nss ¢ SBP distribution—below and above the treatment threshold—yet
were larger at upper SE.2 v'e, (Figure 3 shows findings after accounting for treatment—findings
were similar using “raw” blr.od pressure values). For example, in cohort-pooled analyses there was a
0.72mmHg (0.67-0.78) difference in SBP at the 50th quantile (median) per 1 kg/m? increase in BMI,
yet a 0.92mmHg (0.80-1.03) difference in SBP at the 90th quantile. Comparable findings were found
in HSE (Figure 3), and in general, this pattern of results was similar in each survey year
(Supplementary Figure 7).

Associations between BMI and DBP

In HSE, the magnitude of BMI-DBP associations were weaker prior to 2003, highest in 2003, and

weaker again in 2018 (Supplementary Figure 8). In cohort analyses, results using DBP yielded



comparable results to those for SBP: BMI-DBP associations were similarly weaker in 1946¢, and

higher in 1958c and 1970c (also Supplementary Figure 8).

Sex-stratified analyses

Overall, trends in the association between BMI and both SBP and DBP were largely similar in men

and women in HSE and cohort datasets (Supplementary Figures 9-10).
Discussion

Using data from 23 independent, repeated cross-sectional English da*asets, we found that associations
between BMI and SBP were weaker from 1994 to 2018; this trend was s.angest in older (>55 years)
compared with younger (25-54 years) adults. Analysis of three Brit.~h k.rth cohorts with data in
midlife (43-46 years) did not provide clear evidence of systema.ic tr.nd in the association; in repeated
cross-sectional data, there was weaker evidence for systematic _hange in the equivalent age group
(40-49 years). However, BMI remained positively associaw. 1 v.ith SBP in all age groups, highlighting
the future adverse consequences of the ongoing obesi:, 2pidemic.

The discrepancy in findings between HSE ana e birth cohorts requires explanation. The fact that the
increasing strength of the cross-sectional b. 11-SBP associations previously reported (from 1946¢ to
1970c—i.e., 1989-2000)3 were not four.d «n L970c, nor in the 23 HSE datasets used (1994-2018),
suggests that this finding may be at* ibuw.9le to particular features of the 1946¢ rather than reflecting
a long-term trend. This may incluu~ chance differences in findings due to sampling. The 1946¢ was
sampled in one week of Marc.” 194v, and only married mothers were included. Unobserved
differences in BMI and blcad p. essure measurement protocols could have also contributed to such
differences. More measure, ent error in calculating BMI would lead to a weakening of BMI-SBP
associations (due to regression dilution bias®®), yet is an unlikely explanation since similar protocols
for BMI measurement were used in each cohort. Notably, the blood pressure measurement devices
used differed in each cohort. While the weaker BMI-SBP association in 1946¢ was observed both
before and after applying calibration equations to account for device differences (data available on
request), it is possible that the calibration did not calibrate SBP measures equivalently. Indeed, the
mean difference in SBP per 1 kg/m? increase in BMI at a later age in 1946¢ (53y, when an Omron
device was used) was substantially larger than at 43y (B(at 53y) =1.09mmHg (0.91-1.27) after
accounting for treatment, vs 0.34mmHg (0.14-0.53) at 43y). Such discrepancies may also explain the
finding that BMI-DBP associations were weaker in HSE prior to 2003, coinciding with a similar
change in device. If the older devices are responsible for these weaker associations with BMI in the

1946¢ and in HSE 1994-2002, it suggests that differential error has occurred (e.g., systematic



underestimation of SBP/DBP among those with higher BMI, or overestimation amongst those with
lower BMI). Datasets with SBP measures obtained using multiple devices and measured
anthropometrics are required to test this possibility—it has broader implications given the possibility

that it may bias comparisons made within (longitudinally) and between studies.

Our study extends and potentially clarifies the equivocal existing literature which examined trends
across time in cross-sectional BMI-blood pressure associations.*®*“° We used two different sets of
studies with complementary features over a long time-span. Considerable year-to-year variability was
observed in the magnitude of these associations, illustrating how comparisons restricted to two survey
years may lead to misleading conclusions regarding long-term trends. .“~vo previous studies (in the

d*® 3 used

United States and Japan) in which an increasing strength of associe ion vas reporte
hypertension as an outcome (i.e., high blood pressure or use of 1lood' pressure lowering treatment),
and their findings may thus be solely explained by the seculai ‘rend of rising treatment use (increasing
hypertension prevalence disproportionately among those .* hig 1est cardiovascular risk) rather than

changes in the BMI and blood pressure association per se.”

In studies that used continuous BMI and blou. r.ressure measures, weakening of the BMI and blood
pressure association across time has also . ~en observed in Germany (1998-2011),2 the Seychelles
(1989 vs 2004),” and the US (1993-2007 #..* 2005-2012, in some but not all model specifications).®
Another in contrast reported a strenc cneing relationship in Taiwan (1998-2006),% yet this study was
restricted to a ‘healthy sample’ agd 2 -59 years who were free of common chronic diseases and who
were not on long-term medication “‘ncluding antihypertensives). We further extend the existing
literature by utilising quantiie . ~gression analysis—findings of which suggest that the influence of
BMI on SBP appears tu L. bicsent across the SBP distribution (below and above the hypertension

treatment threshold).

The magnitude of BMI and underlying blood pressure associations is likely modified both by factors
which could weaken the association across time (such as reduced salt intake amongst those with
higher BMI) and those which strengthen it (such as a higher fat mass for a given BMI value in more
recent decades). While we lack time series data on these factors in the studies utilised, our findings
suggesting persistent associations from 2003-2018 amongst younger-middle aged adults implies that
these differing processes may have offset each other, leading to similar magnitudes of association. In
older adults, the relative balance of these factors seemingly led to a weakening of association across

time. While we lack direct evidence for increases in fat mass percent in this study context, evidence



from the US and elsewhere does suggest that it may have occurred along with the increasing obesity
epidemic.?% Recent public health initiatives in the United Kingdom have included screening
programmes for higher blood pressure levels amongst those at highest cardiovascular disease risk,* *?
leading to increases in hypertension diagnosis and treatment amongst those with high BMI.** While
treatment has increased, as observed in our data, it has seemingly had a modest effect on BMI and
blood pressure associations, particularly in younger age groups. This is evidenced by 1) our analysis
accounting for treatment, and 2) quantile regression analyses suggesting that much of the BMI-SBP
association is present below the 140mmHg threshold for antihypertensive treatment. Changes in
health behaviours may also have played a role in these processes. Salt intake has declined in the
United Kingdom in recent decades,* and this may have been particularly beneficial to those with
higher BMI. Further weakening of the link between BMI and blood prestire could feasibly be
achieved by additional improvements to the risk factor profile amo. ast 'nose with higher BMI—such

as reduced salt and calorie intake, and increased physical activi. .

Strengths and limitations

Strengths include the use of multiple cohort and cras. se.tional datasets. Each data source has
independent sampling and complementary str:ny hs \see Introduction), enabling more robust
inferences than either data source in isolation. . awever, despite the large sample sizes used, we were
potentially underpowered to robustly test to: differences in the BMI and blood pressure association

across time by age.

While our analysis accounted for 1.2 potential confounding role of socioeconomic factors, we cannot
exclude the possibility of ¢her iInmeasured confounders. Many plausible confounders—such as
preceding ill health and be:>avioural factors which influence both BMI and blood pressure—are likely
to be partly but imperfectiy captured by preceding socioeconomic position. We also accounted for
missing data using multiple imputation and analytical weights, yet similarly cannot exclude the
possibility that unmeasured factors associated with non-response may have biased our findings. The
introduction of analytic weights in the HSE series in 2003 means that comparison of trends in
association before and after this year should be treated with caution. While it is challenging to
compare trends when blood pressure measurement devices have changed, we used regression
equations based on calibration studies to account for this.***® Interpretation of trends across time
during these periods is thus dependent on the plausibility of the assumptions inherent in such
calibration. We also accounted for antihypertensive medication by adding constant values to the raw
SBP/DBP values for those on treatment. While the contribution of treatment use to our findings of

change across time in association was estimated to be minimal, our approximation of its effect on



BMI-blood pressure associations is imperfect owing to a lack of data on treatment, dose, and

adherence.®

Conclusion

The consequences of BMI may differ by both time period and age group—associations between BMI
and SBP appear to have weakened in recent decades, particularly at older ages. This trend is less
evident at younger ages. At older ages, the weakening strength of association may offset the impact of
increases in obesity prevalence at the population level. However, BMI remains positively associated
with SBP in all age groups, highlighting the future adverse consequences of the ongoing obesity
epidemic. Finally, our results highlight the utility of using multiple data.~ts to obtain robust
inferences regarding trends in risk factor-outcome associations acrc <s ti' ne; and the potential

limitations of drawing inferences on long-term trends when cor.'bari 1g only two time-points.
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Table 1. Participant characteristics: data from 23 independent, repeated cross-sectional English
studies and three British birth cohort studies

Repeated cross-sectional study Birth cohort study in midlife
(>25y), year of outcome (43-46y), year of outcome
measurement measurement (birth year)
1994 2003 2018 1989 2003 2016
(1946) (1958)  (1970)
Sample size 11427 7910 3748 2186 8610 6861
25-54 7122 4487 1771 - - -
55+ 4305 3423 1977 - - -
Outcomes
Systolic blood pressure, mean (SD) 133.6 129.9 173 125.9 126.4 124.1
mmHg* (18.3) (19.1) (25.8) (15.5) (17.0) (15.5)
Diastolic blood pressure, mean (SD) 75.1(8.9) 749 3.4 81.6 78.8 77.1
mmHg* 11 = (11.2) (10.4) (11.1) (11.2)
Hypertension, %** 35.5% 33.8% 31.6% 23.8% 28.4% 24.1%
Blood-pressure lowering medication, 13.5% 14.275 18.6% 3.8% 6.1% 7.5%
%
Blood-pressure lowering medication, - - - 41 0 1
N missing
Adjusted systolic blood pressure, mean | 13- 9 131.3 127.1 126.3 127.0 124.9
(SD) mmHg*** (10 5) (20.4) (18.3) (15.8) (17.4) (16.1)
Adjusted diastolic blood pressure, 75.8(..3) 75.6 74.3 81.8 79.1 715

mean (SD) mmHg***

Exposure
Body mass index, mean (SD) kg/m’

Body mass index, N missing
Obesity, %

Socioeconomic data

Social class at birth-4y, % manual
Social class at birth-4y, N missing
Own education attainment, % degree
Own education attainment, N
missing****

| 11.7)  (11.4)

262(43) 274 27.9 (5.6)

(4.9)
402 592 376
16.4% 245%  29.7%
11.1% 19.3%  32.7%
226 424 44

(105)  (11.3) (115

25.6 27.4 28.4
4.2) (4.9) (5.5)
11 117 256

12.6% 44.7% 46.9%

74.4% 70.2% 64.7%

187 109 147
6.6% 9.2% 27.3%
174 885 1197

Notes: With valid blood pressure data. 2003 selected in HSE as approximate mid-point in
year range to facilitate comparison with cohort data (same year as 1958c observation) and
because of its relatively large sample size, change in BP measurement device and the
introduction of non-response weighting. N: count. SD: standard deviation. * Raw SBP/DBP
values (i.e., not adjusted for use of antihypertensive medication); HSE sample size is
unweighted, estimates are weighted (2003 and 2018). **Hypertension:
SBP/DBP>140/90mmHg or reported use of antihypertensive medication. ***SBP/DBP
values adjusted for use of antihypertensive medication (by adding a constant of 210mmHg to
SBP and 5mmHg to DBP for those using antihypertensive medication). Estimates for



SBP/DBP include participants with missing BMI1.””
with ‘other’ qualifications.

Health Survey for England:

Cohort-pooled: !

SBP difference per 1

kg/m™ increase
in BMI (95% CI)

2003 (1958 cohort)

2016 (1970 cohort)

" Missing educational data includes those

Cohorts:

—— 0.83 (0.76, 0.90)

—.— 0.79 (0.72, 0.85)

. 0.65 (0.63, 0.67)
1994 | = (.82(0.75, 0.90)
1995 | = (.88 (0.80, 0.96)
1996 ! = (.89 (0.81, 0.96)
1997 : —= (.90 (0.80, 1.00)
1998 | - (.75 (0.68, 0.83)
2000 : —=— (.78 (0.68, 0.88)
2001 1 = (.82 (0.75,0.90)
2002 | —=— (.70 (0.58,0.81)
2003 . - 0.70 (0.62, 0.79)
2005 ! —=— (.76 (0.63, 0.88)
2006 | - 0.63 (0.55, 0.71)
2007 —=— (.82 (0.70, 0.95)
2008 - 0.68 (0.60, 0.76)
2009 —=— (.71 (0.57,0.86)
2010 ! —=— (.73 (0.62,0.85,
2011 ; —— 0.69 (0.58,0.8 )
2012, —— 0.63 (0.52, 0 74)
2013 : —a— 0.62 (0.1, 9./2)
2014 1 = 0.62 (© 51. ).73)
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Figure 1. Associations between body mass index (kg/m?) and systolic blood pressure (mmHg)
across adulthood (>25 years, from independent, repeated cross-sectional English data, left
panel; N=126,742), and midlife (43-46 years, from British birth cohort data, right panel;
N=18,657). Note: raw SBP values adjusted for use of antihypertensive medication (by adding a



constant of 20mmHg for those using antihypertensive medication). HSE models are adjusted for sex,
age, and education. Cohort models are also adjusted for mother’s education and cohort member’s own
education, social class at birth, and social class in midlife. Sample sizes in each cohort / survey year
shown in Supplementary Figures 1 and 2, respectively.

a) Younger-middle aged adults b) Older adults
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Figure 2. Associations between body 'nz.~ index (kg/m?) and systolic blood pressure (mmHg) in
25-54 years (left panel) and 55+ ye~rs (“ir,ht panel, from independent, repeated cross-sectional
English data; N=126,742). Note: £'3P v.lues adjusted for use of antihypertensive medication (by
adding a constant of 10mmHg fo: those using antihypertensive medication). Models are also adjusted
for sex, age, and education. Samy.'= s.zes in each survey year are shown in Supplementary Figure 2.
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Figure 3. Associations between body mass index and systolic blood pressure quantiles (mmHg)
across adulthood (>25 years, from repeated cross-sectional data, left panel; N=126,742), and
midlife (43-46 years, from birth cohort data, right panel; N=18,657). Estimates show the
difference in SBP per 1 unit increase in BMI at specified centiles of the SBP distribution; for
example, Q50 shows the difference at the median. Note: raw SBP values adjusted for use of
antihypertensive medication (by adding a constant of 10mmHg for those using antihypertensive
medication); estimates are adjusted for sex and education attainment.
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Highlights

e We investigated trends ir ooa, mass index (BMI) and blood pressure (BP) associations from
1989-2018.

e Inanalysis of 72 ci1oss-Lectional studies, BMI and BP associations weakened, particularly in
older adults.

e Evidence from 3 birth cohorts was inconsistent and potentially biased by measurement
differences.

e Weakening links between BMI and outcomes may partly offset the impact of the obesity
epidemic.

e Results highlight the utility of using multiple datasets to obtain robust inferences on trends

across time.



