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Abstract

Background: Clinical evidence shows that muscle-strengthening exercise (MSE) is
important for the treatment and management of hypertension. However, the links
between MSE and hypertension in epidemiological research are currently poorly
understood. This study examines the association between MSE duration and volume
with clinically assessed hypertension.

Methods: Cross-sectional data (n = 10,519, adults >16 years) were pooled from the
Health Survey for England (2012, 2016). Self-reported MSE mode (own bodyweight;
gym-based), duration, and volume were tested for associations with
sphygmomanometer measured hypertension (SBP >130 mmHg or DBP > 80 mmHg).
Poisson regressions with robust error variance were used to calculate the prevalence
ratios (PR) of hypertension (outcome variable) across MSE (exposure variables:
duration (minutes (0 [reference]; 10-20; 21-59; >60/session); and volume (0 [reference];
low <mean; high >mean/week) for each mode and the modes combined.

Results: Most adults (81.1%) did no MSE. However, in those who did (n=1,984),
undertaking any MSE, regardless of mode, duration or volume, was associated with a
reduced likelihood of hypertension (adjusted prevalence ratios (APRs) 0.61-0.90).
When compared to the reference groups (no MSE), some modes had more favourable
associations (e.g., >60 minutes/session of own bodyweight MSE; >mean minutes/week
of gym-based MSE).

Conclusions: Irrespective of duration or volume, MSE was associated with a lower
prevalence of clinically assessed hypertension. Public-health campaigns and other
interventions that successfully promote small-to-moderate increases in MSE

participation may reduce the prevalence of hypertension.
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MANUSCRIPT
Background
Hypertension and cardiovascular disease are globally among the leading causes of
morbidity and mortality [1] and are associated with over 10 million deaths annually [2].
Regular physical activity is a key non-pharmacological and relatively side-effect-free
treatment option for the prevention and management of hypertension. For overall health
and well-being, including blood pressure control, the 2020 World Health Organisation
(WHO) ‘Guidelines on physical activity and sedentary behaviour’ state that adults (18—
64 years) should undertake “at least 150-300 minutes of moderate-intensity aerobic
physical activity” or do “at least 75-150 minutes of vigorous-intensity aerobic physical
activity” or “an equivalent combination of moderate- and vigorous-intensity activity”
throughout the week [3] and muscle-strengthening exercise “at moderate or greater
intensity” targeting “all the major muscle groups ... on two or more days a week” [3]. At
present, the epidemiological evidence on linking physical activity to a reduced risk of
hypertension is largely based on studies of aerobic physical activity, i.e. walking,
running or cycling [4,5]. Meta-analysis of cohort studies shows a negative dose-
response association between aerobic moderate-to-vigorous physical activity (aerobic

MVPA: walking, cycling, running etc.) and risk of hypertension [4,5].

More recently, several meta-analyses of evidence from clinical exercise studies suggest
that muscle-strengthening exercise may also be important in the treatment management
of hypertension. For example, a meta-analyses by MacDonald et al [6] found positive
dose-response associations between dynamic muscle-strengthening exercise and

reductions in blood pressure in hypertensive, prehypertensive and normotensive
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populations. Similarly, Cornelissen and Smart [7] found the strongest dose-response
associations within prehypertensive participants rather than in
hypertensive/normotensive participants. Furthermore, Ashton et al., [8] identified
negative blood pressure associations amongst participants who undertook muscle-

strengthening exercise [8].

While these studies provide insights into the benefits of muscle-strengthening exercise
on hypertension in controlled laboratory settings, few studies have examined these
associations at the population level. A recent large cross-sectional study showed that
among a sample of 1.5 million adults, compared to those doing none, any muscle-
strengthening exercise was associated with a lower prevalence of hypertension [9].
However, the key limitations of that study were the sole focus on the frequency of
muscle-strengthening exercise participation (times/week), self-reported hypertension,
and non-reporting of anti-hypertensive medications [9]. Therefore, at the population
level, there is a limited understanding of the links to other muscle-strengthening
exercise participation parameters (i.e., duration, volume) and the association with
clinically assessed blood pressure. It is important to develop an understanding of the
dose-dependent associations between the duration and volume of different muscle-
strengthening exercise modes, and associations with blood pressure. Such information
will be essential for future adjunct therapy recommendations in the treatment and
management of hypertension. Moreover, this research may be used to develop physical

activity guidelines aimed at reducing the risk of hypertension at the population level.
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Therefore, the aim of this study is to describe the association between duration and
volume of muscle-strengthening exercise and the prevalence of clinically assessed

hypertension, among a large population-based sample of adults.

In this cross-sectional study, we drew data from The Health Survey for England (HSE).
Since the background information on the HSE has been described elsewhere [10], we
will provide details relevant to the current study. Since 1991 the HSE has collected
health and related data from free-living members of the English public [11,12]. Physical
activity-related data are assessed every four years from a targeted national
representative population sample of English-speaking children, and adults aged 16 years
and older, living in private households [13]. Each iteration of the HSE is subject to
ethical approval [10,13]. Data are collected face-to-face by trained researchers using a
standard survey instrument, and informed consent was obtained from all participants
[13], with data subsequently made available for research purposes. In the current study,

we used the data from the two most recent HSE waves (2012 and 2016) (n = 20,400).

Data inclusion/exclusion

Data from participants aged 16 years and older, who undertook a clinical blood pressure
assessment, were included in our study. Participants were excluded if they had missing
demographic (age) information (20.1%, n = 4,099) or they did not respond to the

question about taking prescribed drugs for blood pressure (28.3%, n = 5,782). The final
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sample in the present study, therefore, contained 10,519 participants (see Supplemental

Digital Content 1, for the participant flow diagram).

Exposure variable: Muscle-strengthening exercise (mode, frequency, and duration)

Self-reported muscle-strengthening exercise was assessed using an interview-led
questionnaire [10,13]. Participants were shown a card (see Supplemental Digital
Content 2) [14] and asked: “Can you tell me if you have done any activities on this card
during the last 4 weeks?” including “teaching, coaching, training and practice
sessions”. In the current study, we selected the responses: “Workout at a gym/Exercise
bike/Weight training” and “Exercises (e.g. press-ups, sit-ups)” for inclusion. The
frequency of participation was assessed by asking “Can you tell me on how many
separate days you did (name of activity) for at least 10 minutes a time during the past
four weeks?”’; and duration (reported in minutes) was assessed by asking “How much
time did you usually spend doing (name of activity) on each day?” Participants were

asked to only include “times you did it for at least 10 minutes”’.

Participants who reported “Workout at a gym/Exercise bike/Weight training” were then
shown a card (see Supplemental Digital Content 3) [14] and asked: “What did you do
specifically?” (options included: (i) strength work out at the gym using machines or free
weights; (i1) exercise bike; (iii) spinning classes; (iv) stepping machine, rowing machine
or cross trainer; and (v) treadmill running). Participants reporting “Strength work out at
a gym using machines or free weights’” were included in our study, along with their
frequency (number of separate days) and duration (time [reported in minutes] spent

doing the activity on each day, for at least 10 minutes) data. While the reliability and
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validity of the muscle-strengthening items contained within the HSE surveillance
instrument have not been examined [15], similar items have shown evidence of
excellent test-retest reliability (Cohen’s kappa (k) = 0.85; 95% CI: 0.71-0.99) and

moderate validity (k = 0.40; 95% CI: 0.20-0.60) [16].

Based on the above questions, we categorised muscle-strengthening exercise into two
modes: (i) ‘own bodyweight exercises’, or (i1) ‘gym-based strength work’ (working out
with weights). We then combined these data to create a third category ‘all muscle-

strengthening exercise’ (all MSE).

Classification of muscle-strengthening exercise (duration and volume)

Data for muscle-strengthening exercise session duration (minutes) were collapsed into
one of four groups: (i) none/0 minutes; (ii) low duration (10-20 minutes); (iii) moderate
duration (21-59 minutes); or (iv) high duration (>60 minutes) for each muscle-
strengthening exercise mode (own bodyweight exercises, gym-based strength work, and

all MSE) (see Table 2, Figure 1, and Supplemental Digital Content 4).

To classity the weekly volume of muscle-strengthening exercise (own bodyweight
exercises and gym-based strength work), we first multiplied the reported frequency
(days in the last four weeks) by the reported duration (session), then divided this result
by four to obtain the average weekly volume for each mode respectively. For all MSE,
we combined the total volume for each mode (own bodyweight exercises and gym-
based strength work), then divided this result by four to arrive at the average weekly

figure. We then derived the mean volume values (minutes/week) for each of the three
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exposure variables: (i) own bodyweight exercises (76.5 minutes/week); (i1) gym-based
strength work (96.3 minutes/week); and (iii) all MSE (106.2 minutes/week). Data for
each of the three exposure variables were then collapsed into one of three groups: (i)
none (0); (i1) low volume (< mean minutes/week); or (iii) high volume (> mean) (see

Table 2, Figure 2, and Supplemental Digital Content 4).

Outcome variable: Clinically assessed blood pressure (Hypertension)

Following standard protocols, resting blood pressure was measured three times by a
trained research nurse. Using an Omron HEM 907 monitor, systolic (SBP) and diastolic
(DBP) blood pressure was measured in millimetres of mercury (mmHg) [10]. The mean
values for each measure (SBP and DBP) were computed and reported in the available

research data.

Based on existing research and established cut points [17], we classified blood pressure
as follows: (1) normal (<120 mmHg SBP and <80 mmHg DBP); (i1) elevated (120-129
mmHg SBP and <80 mmHg DBP); (iii) hypertensive (2130 mmHg SBP or 280 mmHg
DBP). We categorised the mean values for SBP (as either <130 mmHg or > 130 mmHg)
and DBP (as either <80 mmHg or > 80 mmHg). According to the established cut points
[17], we combined these data and then collapsed them further, categorising each
participant as either: (i) not hypertensive (SBP <130 mmHg and DBP <80 mmHg) or

(1) hypertensive (SBP 2130 mmHg or DBP >80 mmHg).

Covariates/confounders
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Sociodemographic factors, modifiable lifestyle factors, aerobic MVPA, and sedentary
behaviour were selected a priori because previous literature has highlighted their
potential influence on participation in muscle-strengthening exercise and hypertension
[18-23]. Self-reported data included: (i) sex, (either male or female); (ii) age in 10-year
brackets; (ii1) education (assessed as the highest level obtained or level of qualification),
and (iv) total household income before tax (equivalised into income tertiles).
Additionally, data for the consumption of alcohol were collapsed into those who
reported either (i) ‘less than weekly/not at all/non-drinkers’, or (ii) ‘weekly alcohol
consumption’. Smoking status was collapsed into those who (i) ‘never smoked
cigarettes at all’, (ii) ‘ex-smoker’, or (iii) ‘current cigarette smoker’. Data for the taking
of medication due to high blood pressure were collapsed into those either (i) ‘not taking
drug’ or (ii) ‘taking drug’. Concerning longstanding illness, participants were asked “Do
you have any physical or mental health conditions or illnesses lasting or expected to

last 12 months or more?”, with response options either (i) ‘yes’ or (ii) ‘no’.

Anthropometric measures were assessed by a nurse using standard measurement
protocols and included: (i) height (using a portable stadiometer, recorded to the nearest
millimetre) and (i1) weight (using SECA 877 scales, and recorded in kilograms and
grams) [10]. Body mass index (BMI) was calculated by dividing participant weight by
their height in metres squared [12]. Standard classifications for BMI were applied: (1)
underweight <18.5 kg/m?; (ii) normal weight >18.5 kg/m? to <25 kg/m?; (iii)

overweight 25 kg/m? to <30 kg/m?; (iv) obese >30 kg/m? [12].
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For minutes/week of aerobic MVPA (including activities such as heavy housework,
gardening, work-based occupational activities, brisk walking, athletics, aerobic, and
swimming) [24], based on current global guidelines, we classified participants as either:
(1) ‘inactive’(<30 minutes/week), (ii) ‘insufficiently active’ (30-149 minutes/week) and not
meeting the aerobic MVPA guideline; or (iii) ‘active’ (> 150 minutes/week) [12]. To assess
sedentary time, participants were asked to report their average daily time spent: (i)
watching TV (including DVDs and videos) and (i1) in any other sitting (reading,
studying, and computer use). High levels of sedentary time are often classified within
the literature as those with sitting time 2480 minutes a day [25]. Therefore, we
combined the data for these two contexts (watching TV, and other sitting) then
collapsed them into either (i) low sedentary behaviour (<480 mins/day) or (ii) high

sedentary behaviour (>480 mins/day).

Statistical analysis

We pooled data from two existing HSE data sets (2012 and 2016), and harmonised and
reviewed the data for missing values prior to our analysis. To improve the population
representativeness of our analysis we weighted the data, with weighting factors
provided by the HSE [12], to account for clustering and non-response. Descriptive
statistics were used to describe the profile of the sample according to the outcome
variable and covariates (see Table 1) and the three respective muscle-strengthening
exercise exposure variables (see Table 2). Significance was set at p < 0.05 throughout

our analyses.
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The associations of having hypertension with each muscle-strengthening exercise mode
(for duration/session and volume/week) were assessed using Poisson regression
analysis, with robust error variance to calculate prevalence ratios (PR) with 95%
confidence intervals. Poisson regression examined the PR for clinically assessed
hypertension (outcome variable) according to the three muscle-strengthening exercise
categories (exposure variable). In all regression models, the reference category was
those doing no muscle-strengthening exercise (0 minutes = duration; and none =
volume). We conducted four models to examine the potential effects of covariates:
Model A ‘unadjusted’, Model B (adjusted for sociodemographic factors: sex; age;
education; and income tertiles); Model C (adjusted for Model B and lifestyle factors:
BMI; weekly alcohol consumption; smoking status; taking blood pressure medication;
and longstanding illness); and Model D (adjusted for Model C in addition to weekly
aerobic MVPA and weekly sedentary time). Prior to our analysis, we tested for
multicollinearity among the potential covariates, using tests for the variance inflation
factor (VIF). A VIF >2 indicates multicollinearity [26]. The VIF values ranged from

1.04 to 1.30, indicating no evidence of multicollinearity.

To enable a more robust interpretation of the results, we performed several sensitivity
analyses. First, given that hypertension [27,28] and muscle-strengthening exercise have
been shown to differ by sex and age [8,9,29], we conducted sex (males vs females) and
age (16-54 years vs >55 years) stratified analyses. Second, since BMI [30] and smoking
[31] can impact both hypertension and muscle-strengthening exercise [9], we also
stratified the sample by BMI (underweight/normal vs overweight/obese) and smoking

status (never smoked vs current smoker). Third, as the presence of having a
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longstanding illness [18] is likely to affect muscle-strengthening exercise participation,
to minimise the risk of reverse causation, we stratified the sample by reporting having a
longstanding illness (‘no’ vs ‘yes'). Last, to compare the effects of participation in
aerobic MVPA [6], we created two groups (i) ‘insufficiently active’ (<149

minutes/week); and (i1) ‘sufficiently active’ (=150 minutes/week).

In further analysis we compared the HSE data using the American [17] and European
[32] hypertension cut points. For this analyses we applied the established European cut
points [32] which classify blood pressure as: (i) optimal (<120 mmHg SBP and <80
mmHg DBP); (ii) normal (120-129 mmHg SBP and/or 80-84 mmHg DBP); (iii) high
normal (130-139 mmHg SBP and/or 85-89 mmHg DBP); hypertensive (=140 mmHg
SBP and/or 290 mmHg DBP). We categorised the mean values for SBP (as either <140
mmHg or > 140 mmHg) and DBP (as either <90 mmHg or > 90 mmHg). According to
the established cut points [32] we combined these data and then collapsed them further,
categorising each participant as either: (i) not hypertensive (SBP <140 mmHg and DBP
<90 mmHg) or (i1) hypertensive (SBP 2140 mmHg or DBP 290 mmHg). Furthermore,
additional analysis was conducted using mean values for SBP and DBP. All data
analyses were conducted using Statistical Package for the Social Sciences version 26

(SPSS Inc., an IBM Company, Armonk, NY).

<Insert Table 1 here>

Results

Sample description
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Data from 10,519 adults aged >16 years were included in our analysis. The sample
characteristics are shown in Table 1. In brief, over half were female (56.3%), one-third
were either aged between 35-54 years (32.8%) or 55-74 years (34.5%), and 35.3%
represented in the highest household income. Over half were classified as either
overweight or obese (64.8%), reported weekly alcohol consumption, approximately half
had never smoked, and just over a quarter self-reported having a longstanding illness.
Over half (60%) reported sufficient MVPA, and most (86.9%) had low levels of
sedentary behaviour. Just under half were classified as hypertensive (according to the
ACC/AHA guidelines), with is number reducing to ~22% when adopting the ESC/ESH
classification for hypertension, with under a quarter of the sample taking prescribed

medication of blood pressure (18.6%) (see Table 1).

<Insert Table 2 here>

The muscle-strengthening exercise behaviour characteristics of the sample are described
in Table 2. In brief, over 85% of participants reported doing no own bodyweight
exercise, with just over 90% reporting doing no gym-based strength work. Some
participants (18.9%) reported doing both modes of muscle-strengthening. The highest
prevalence of those who reported doing either mode (own bodyweight or gym-based
strength work) or the modes combined (all MSE) was for bouts of between 10-20

minutes/session.

Prevalence ratios for clinically assessed hypertension
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The unadjusted and adjusted prevalence ratios (APRs) for hypertension are shown in
Supplemental Digital Content 4. Since the prevalence ratios (PRs) were similar, after
adjusting for sociodemographic characteristics, sedentary time, and MVPA, we will

only present the results of the most adjusted model (Model D) here (all data shown in

Supplemental Digital Content 4).

Figure 1 shows the associations between the session duration categories of the three
muscle-strengthening exercise exposure modes and hypertension. When compared to
the reference group (0 minutes), the APRs for each muscle-strengthening exercise mode
followed an inverse linear-gradient for own bodyweight (APRs 0.78; 0.75; 0.61), gym-
based strength (APRs 0.90; 0.76; 0.66); and all MSE (APRs 0.83; 0.78; 0.65) for 10-20;

21-59; and 60+ minutes/session respectively.

<Insert Figure 1 here>

Figure 2 shows the associations between muscle-strengthening exercise volume (none,
<mean, >mean) and hypertension. An inverse linear-gradient (< mean; > mean
respectively) was observed for the total weekly volumes for gym-based strength (APRs
0.84; 0.70) and all MSE (APRs 0.79; 0.74) with the lowest APRs observed when
undertaking high volumes (>mean), compared to those doing none (reference group).
However, a linear trend was observed among those doing own bodyweight exercise
(APRs 0.74; 0.80) with the lowest APRs for undertaking < mean (low volume) when

compared to the reference group (none).
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<Insert Figure 2 here>

Analyses using mean data

Furthermore, we completed unadjusted analyses using the calculated mean values for
both SBP and DBP (Supplemental Digital Content 4.3). Overall, the inverse linear
trends remained similar for each muscle-strengthneing exercise mode (own bodyweight
and gym-based strength), and the modes combined. However, the most favourable
reductions in combined SBP and DBP were seen amongst those who reported > 60
minutes/session of gym-based strength exercise. We observed an overall difference in
SBP of 4.99 mmHg in this group, when compared to those who did none (0
minutes/session), and a difference of 5.61 mmHg in DBP. The most favourable
reductions in SBP and DBP were also seen in those reporting >mean/week of gym-
based strength exercise, compared to those reporting none (-4.26 mmHg SBP, and -4.98

mmHg DBP).

Sensitivity analyses

Analyses stratified for sex, age, BMI, smoking status, longstanding illness, and aerobic
MVPA variables are shown in the supplemental digital content files (Supplemental
Digital Content 5 and Supplemental Digital Content 6). In brief, similar associations
between ‘all MSE’ (duration/session) and hypertension were observed among males
(APR range: 0.64-0.92) vs. females (APR range: 0.58-0.72), younger (16-54 years)
(APR range: 0.77-0.90) vs. older adults (=55 years) (APR range: 0.76-0.98), and
underweight/normal BMI (< 24.99 kg/m?) (APR range 0.63-0.70) vs. overweight/obese

(BMI > 25.0 kg/m?) (APR range 0.73-0.99).
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When compared to those who had never smoked (APR range: 0.62-0.84), the
associations between all MSE (duration/session) and hypertension were generally
stronger among current smokers (APR range: 0.57-0.72). Compared to those who
reported having a longstanding illness, (APR range: 0.73-1.05), the associations were
mixed, with only those who reported having no longstanding illness and a
duration/session greater than 60 minutes (APR 0.61; 95% CI: 0.47-0.76) showing the
strongest association. Amongst those assessed as either sufficiently active (=150 MVPA
minutes/week) (APR range 0.68-0.87), or insufficiently active (<149 MVPA
minutes/week), all APRs were lower (APR range 0.66-0.84). For all MSE
durations/session (compared to those doing none), with the strongest associations for

both groups (sufficient/insufficient) amongst those reporting >60 minutes of all MSE.

For volume per week of all MSE, for the sensitivity analyses, we found similar
associations with hypertension as those for duration/session. Briefly, the associations
were stronger in females (APR range 0.59-0.69) vs males (APR range 0.74-0.85),
younger (APR range 0.79-0.84) vs. older adults (APR range 0.92-0.97),
underweight/normal BMI (APR range 0.63-0.76) vs. overweight/obese (0.80-0.94),
current smokers (APR range 0.51-0.72) vs. those who had never smoked (APR range
0.78-0.79), without longstanding illness (APR range 0.72-0.81) vs. reporting having a
longstanding illness (APR range 0.76-0.92), and those assessed as sufficiently active

(APR range 0.76-0.82) vs. insufficiently active (APR range 0.78-1.10).
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Additional stratified analyses were completed using the ESC/ESH classification for
hypertension [32], with adjustments for sex, age, BMI, smoking status, longstanding
illness, and aerobic MVPA variables shown in the supplemental digital content files
(Supplemental Digital Content 5.1 and Supplemental Digital Content 6.1). In brief,
similar associations between ‘all MSE’ (duration/session; volume/week) and
hypertension were found, with the trends remaining similar using the American and
European classifications, except for age (duration per session and volume per week) and

smoking status (duration per session) (see Supplemental Digital Content 5.2 and 6.2).

Discussion

Among a large community sample of adults, any muscle-strengthening exercise,
irrespective of mode, duration or volume, was associated with a lower prevalence of
clinically assessed hypertension. In addition, there was evidence for a dose-dependent
association between the duration and volume of muscle-strengthening exercise and
hypertension. Moreover, all associations remained after the adjustment for key
confounding factors (e.g. age, sex, income, aecrobic MVPA, sedentary behaviour).
Additionally, associations between muscle-strengthening exercise remained overall
similar regardless of the classification used to define hypertension, and when SBP and
DBP were expressed as mean values. While these findings need to be replicated in
future prospective studies, our results suggest that undertaking any muscle-
strengthening exercise (regardless of mode, duration or volume) may be protective

against hypertension.
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The epidemiological evidence describing the relationship between hypertension and the
volume and duration of aerobic MVPA is well established [4,5,33]. However, despite
the strong clinical evidence linking muscle-strengthening exercise to a reduced risk of
hypertension [7,18,20], few epidemiological studies have examined this relationship at
the population level. In comparison to the limited previous research, we found similar
associations between muscle-strengthening exercise and prevalent hypertension as those
from large cross-sectional studies by Bennie et al., [9] and Loprinzi and Loenneke [34] .
However, those studies only focused on muscle-strengthening exercise frequency
(times/week). Our study is important because it is the first to assess the additional
components of duration and volume of muscle-strengthening exercise and their

relationship with prevalent hypertension.

Due to the cross-sectional nature of this study, we are not able to comment on the length
of time that participants have been undertaking muscle-strengthening exercise (data not
provided). However, in comparison to a recent review and meta-analysis [8], on the
effects of muscle-strengthening exercise on cardiometabolic health outcomes, our data
showed similar reductions in SBP and DBP compared to those reporting no muscle-
strengthening exercise. These results add to the body of knowledge regarding the
positive effects of undertaking muscle-strengthening exercise on clinically assessed
blood pressure. Reaffirming the benefit of this exercise modality as possible adjunct

therapy in the treatment and management of hypertension.

The multiple sensitivity analyses (sex, age, BMI, smoking status, longstanding illness,

and aerobic MVPA) suggested that with very few exceptions most associations between
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muscle-strengthening exercise and the risk of hypertension were similar. Amongst our
sample, however, those with a longstanding illness (undertaking all MSE for a
duration/session of >60 minutes), or those reporting insufficient aecrobic MVPA
(undertaking all MSE at volumes >106 minutes/week), were at an increased risk of
hypertension (APR range 1.05-1.10). This possible negative relationship between
hypertension, insufficient acrobic MVPA and higher volumes of muscle-strengthening
exercise was also evident in the study by Bennie et al. [35]. Despite this, overall our
results add further support to future health promotion messaging that doing some
muscle-strengthening exercise is better than none. Additionally, these findings support
the continued prescription of muscle-strengthening exercise might be a valid adjunct

therapy in the prevention and treatment management of hypertension.

There are several physiological mechanisms that may explain the relationship between
muscle-strengthening exercise and hypertension observed in the current study.
However, it should be acknowledged that there is limited, and often conflicting,
evidence concerning the specific mechanisms of this exercise mode and its hypotensive
effect [36,37]. Some studies report mixed findings concerning changes in endothelial
function (e.g., altered sympathetic tone) [38], arterial compliance [39], sympathetic
activity [40-42], variability in cardiac output [42], and arterial elasticity [36,43] as
potential mechanisms explaining the relationship between muscle-strengthening
exercise and hypertension. Importantly, however from a health promotion perspective,
within these studies [36,39,40,43,44] there is no evidence of harm linked with doing
muscle-strengthening exercise. Moreover, it has been argued that the additional

physiological benefits of doing muscle-strengthening exercise (increase in lean body
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mass, improved VO,max, reduced abdominal fat [8,45], and improved insulin
sensitivity [8]) may provide for alternative mechanisms in reducing blood pressure in

prehypertensive and hypertensive populations.

While most physical activity guidelines include recommendations for undertaking
muscle-strengthening exercise “on at least two days a week” [46], currently they do not
include recommendations for duration nor volume. This ongoing gap in research, that
there need to be more studies examining the dose-response association between MSE
and health outcomes, was highlighted in the 2020 WHO guidelines [3]. The largest
portion of our sample undertook own bodyweight exercise for session durations
between 10-20 minutes, and at a lower total weekly volume. However, it should be
highlighted that over 85% of our sample did no own bodyweight exercise, which

suggests most adults do not routinely engage in this exercise mode.

From a public health promotion perspective, our findings suggest that among those
currently doing none, small to moderate increases in muscle-strengthening exercise may
have a positive influence on hypertension, regardless of muscle-strengthening exercise
mode (own body weight vs gym-based). Globally the level of participation in muscle-
strengthening exercise i1s low when compared to other exercise modes such as aerobic
MVPA [35,47,48]. Therefore, a way to increase participation in muscle-strengthening
exercise, at the population level, could be to include messaging that highlights the
relative simplistic nature of performing such exercise, such as own bodyweight
exercises (1.e. no; special equipment; facilities; knowledge; or support required from

trained professionals). Our results may suggest that future promotion of muscle-
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strengthening exercise should also contain the message that “doing some is better than
doing none”, and this is consistent with the 2020 WHO ‘good practice statements’ [49].
As the world continues to face the challenges associated with the COVID-19 pandemic,
it is timely that simple health promotion messaging is at the forefront, as many people
may have had to modify their usual work and or exercise behaviours due to periods of
lockdown or restrictions. Therefore, this portion of the population may be more
receptive to what could be considered simple changes to their exercise behaviours that

may indeed have a long-lasting and positive benefit on their health.

Strengths and limitations

A key strength of this study is that it is the first to explore the relationship between
specific modes of muscle-strengthening exercise and clinically assessed hypertension,
in a large population sample of adults. The use of data that has been gathered through
standardised recruitment and data collection procedure is another strength, as our
findings will be able to be compared with future HSE data and other large population

surveillance studies.

Limitations of this study primarily include the use of cross-sectional data, this
precluding statements regarding causality [50]. A further limitation includes the risks
associated with using self-reported data, as the responses may have been influenced by
responder recall bias (e.g., social desirability or over/under reporting of actual
behaviour). The HSE survey instrument limits participant responses to those
undertaking muscle-strengthening exercise bouts of at least 10 minutes or more, hence,

we were not able to analyse if bouts of less than 10 minutes influenced the prevalence of
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hypertension. Furthermore, the HSE does not assess muscle-strengthening exercise
parameters such as sets, repetitions, target muscle-groups, tempo, or rest periods
between exercises, which further limits the understanding of the benefits of this exercise
modality and hypertension at the population level. Additionally, the indicator of having
hypertension does not account for the temporality or severity of the condition, or for
participant management of their condition. A further limitation was that our sample had
a higher prevalence of those meeting the aerobic MVPA recommendations [24].
Additional research, amongst large populations, that includes the measurement of
muscle-strengthening exercise intensity is also needed, as exercising at a lower intensity
may have greater hypotensive effects than performing muscle-strengthening exercise at

higher intensities [42].

Conclusion

Among a large sample of adults, compared to those doing no muscle-strengthening
exercise, engaging in any (irrespective of mode, duration, or volume) was associated
with a lower prevalence of clinically assessed hypertension. While prospective cohort
studies are needed to confirm these preliminary findings, among those currently doing
no muscle-strengthening exercise, small-to-moderate increase in participation in this
exercise mode are likely to be beneficial in the prevention and management of

hypertension at the population level.



MSE AND HYPERTENSION 24

Acknowledgements
This research has been supported by an Australian Government Research Training
Program Scholarship and a University of Southern Queensland Research Training

Program Stipend Scholarship.

Authors’ contributions

JSD, KDC, SJHB, and JAB conceptualised the study and developed the research plan.
JSD conducted the data analysis. JSD drafted the initial manuscript. JAB, KDC, and
SJHB provided guidance on the study and critically reviewed the manuscript. All
authors read and approved the final version of the manuscript, and agree with the order

of presentation of the authors.



MSE AND HYPERTENSION 25

References

1. World Health Organization. Noncommunicable diseases progress monitor 2020.
Geneva: World Health Organization; 2020. pp. 1-230.

2. Forouzanfar MH, Liu P, Roth GA, Ng M, Biryukov S, Marczak L, et al. Global
burden of hypertension and systolic blood pressure of at least 110 to 115 mm Hg, 1990-
2015. JAMA 2017; 317:165-182.

3. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al. World
Health Organization 2020 guidelines on physical activity and sedentary behaviour.
British Journal of Sports Medicine 2020; 54:1451.

4. Liu X, Zhang D, Liu Y, Sun X, Han C, Wang B, et al. Dose-response association
between physical activity and incident hypertension: A systematic review and meta-
analysis of cohort studies. Hypertension 2017; 69:813-820.

5. Huai P, Xun H, Reilly KH, Wang Y, Ma W, Xi B. Physical activity and risk of
hypertension: A meta-analysis of prospective cohort studies. Hypertension 2013;
62:1021-1026.

6. MacDonald HV, Johnson BT, Huedo- Medina TB, Livingston J, Forsyth KC,
Kraemer WJ, et al. Dynamic resistance training as stand-alone antihypertensive lifestyle
therapy: A meta-analysis. Journal of the American Heart Association 2016; 5:1-34.

7. Cornelissen VA, Smart NA. Exercise training for blood pressure: A systematic
review and meta-analysis. Journal of the American Heart Association 2013; 2:1-9.

8. Ashton RE, Tew GA, Aning JJ, Gilbert SE, Lewis L, Saxton JM. Effects of short-
term, medium-term and long-term resistance exercise training on cardiometabolic health
outcomes in adults: Systematic review with meta-analysis. British Journal of Sports

Medicine 2018:1-9.



MSE AND HYPERTENSION 26

9. Bennie JA, Lee D-c, Brellenthin AG, De Cocker K. Muscle-strengthening exercise
and prevalent hypertension among 1.5 million adults: A little is better than none.
Journal of Hypertension 2020; 38:1466-1473.

10. Bridges S, Mindell J. Health Survey for England 2016: Field documents and
measurement protocols. Health and Social Care Information Centre; 2016.

11. Mindell J, Biddulph JP, Hirani V, Stamatakis E, Craig R, Nunn S, et al. Cohort
profile: The Health Survey for England. International Journal of Epidemiology 2012;
41:1585-1593.

12. Health and Social Care Information Centre. Health Survey for England 2016:
Methods. NHS Digital; 2017.

13. Bridges S, Doyle M, Fuller E, Knott C, Mindell J, Moody A, et al. Health Survey
for England 2012: Volume 2: Methods and documentation. Health and Social Care
Information Centre; 2013.

14. UK Data Service. HSE 2016: HSE Questionnaires and Showcards. 2016.

15. Strain T, Milton K, Dall P, Standage M, Mutrie N. How are we measuring physical
activity and sedentary behaviour in the four home nations of the UK? A narrative
review of current surveillance measures and future directions. British Journal of Sports
Medicine 2019:1-9.

16. Yore MM, Ham SA, Ainsworth BE, Kruger J, Reis JP, Kohl HW, III, et al.
Reliability and validity of the instrument used in BRFSS to assess physical activity.
Medicine & Science in Sports & Exercise 2007; 39:1267-1274.

17. Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Himmelfarb CD, et
al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA

guideline for the prevention, detection, evaluation, and management of high blood



MSE AND HYPERTENSION 27

pressure in adults: A report of the American college of cardiology/American heart
association task force on clinical practice guidelines. Hypertension 2018; 71:e13-e115.
18. Gordon BR, McDowell CP, Hallgren M, Meyer JD, Lyons M, Herring MP.
Association of efficacy of resistance exercise training with depressive symptoms: Meta-
analysis and meta-regression analysis of randomized clinical trials. JAMA Psychiatry
2018; 75:566-576.

19. Rhodes RE, Lubans DR, Karunamuni N, Kennedy S, Plotnikoff R. Factors
associated with participation in resistance training: A systematic review. British Journal
of Sports Medicine 2017; 51:1-9.

20. Saeidifard F, Medina-Inojosa JR, West CP, Olson TP, Somers VK, Bonikowske
AR, et al. The association of resistance training with mortality: A systematic review and
meta-analysis. Eur J Prev Cardiol 2019; 26:1647-1665.

21. Hubert HB, Feinleib M, McNamara PM, Castelli WP. Obesity as an independent
risk factor for cardiovascular disease: A 26-year follow-up of participants in the
Framingham Heart Study. Circulation 1983; 67:968-977.

22. Mente A, O'Donnell MJ, Rangarajan S, McQueen MJ, Poirier P, Wielgosz A, et al.
Association of urinary sodium and potassium excretion with blood pressure. New
England Journal of Medicine 2014; 371:601-611.

23. Carnethon MR, Gidding SS, Nehgme R, Sidney S, Jacobs DR, Jr., Liu K, et al.
Cardiorespiratory fitness in young adulthood and the development of cardiovascular
disease risk factors. JAMA: Journal of the American Medical Association 2003;
290:3092-3100.

24. Scholes S. Health Survey for England 2016: Physical activity in adults. NHS

Digital; 2017.



MSE AND HYPERTENSION 28

25. Van Der Ploeg HP, Chey T, Korda RJ, Banks E, Bauman A. Sitting time and all-
cause mortality risk in 222 497 Australian adults. Archives of Internal Medicine 2012;
172:494-500.

26. Cohen J, Cohen P, West S, Aiken L. Applied multiple regression/correlation
analysis for the behavioral sciences. New York: Routledge; 2003.

27. Karmali KN, Persell SD, Perel P, Lloyd-Jones DM, Berendsen MA, Huffman MD.
Risk scoring for the primary prevention of cardiovascular disease. Cochrane Database
of Systematic Reviews 2017; 2017:1-130.

28. Kearney PM, Whelton M, Reynolds K, Muntner P, Whelton PK, He J. Global
burden of hypertension: Analysis of worldwide data. The Lancet 2005; 365:217-223.
29. Ciccolo JT, Gabriel KKP, Macera C, Ainsworth BE. Association between self-
reported resistance training and self-rated health in a national sample of U.S. men and
women. Journal of Physical Activity and Health 2010; 7:289-298.

30. Kotsis V, Stabouli S, Papakatsika S, Rizos Z, Parati G. Mechanisms of obesity-
induced hypertension. Hypertens Res 2010; 33:386-393.

31. Ussher MH, Taylor AH, Faulkner GE. Exercise interventions for smoking cessation.
Cochrane Database of Systematic Reviews 2014:1-80.

32. Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, et al.
2018 ESC/ESH Guidelines for the management of arterial hypertension: The task force
for the management of arterial hypertension of the European Society of Cardiology
(ESC) and the European Society of Hypertension (ESH). Eur Heart J 2018; 39:3021-

3104.



MSE AND HYPERTENSION 29

33. Whelton SP, Chin A, Xin X, He J. Effect of aerobic exercise on blood pressure: A
meta-analysis of randomized, controlled trials. Annals of Internal Medicine 2002;
136:493-503.

34. Loprinzi PD, Loenneke JP. Engagement in muscular strengthening activities is
associated with better sleep. Preventive Medicine Reports 2015; 2:927-929.

35. Bennie JA, Ding D, Khan A, Stamatakis E, Biddle SJTH, Kim J. Run, lift, or both?
Associations between concurrent aecrobic—muscle strengthening exercise with adverse
cardiometabolic biomarkers among Korean adults. Eur J Prev Cardiol 2018:1-11.

36. Brook RD, Appel LJ, Rubenfire M, Ogedegbe G, Bisognano JD, Elliott WJ, et al.
Beyond medications and diet: Alternative approaches to lowering blood pressure: A
scientific statement from the American Heart Association. Hypertension 2013; 61:1360-
1383.

37. Simao R, Fleck SJ, Polito M, Monteiro W, Farinatti P. Effects of resistance training
intensity, volume, and session format on the postexercise hypotensive response. J
Strength Cond Res 2005; 19:853-858.

38. Rakobowchuk M, McGowan CL, de Groot PC, Hartman JW, Phillips SM,
MacDonald MJ. Endothelial function of young healthy males following whole body
resistance training. J Appl Physiol 2005; 98:2185-2190.

39. Rakobowchuk M, McGowan CL, de Groot PC, Bruinsma D, Hartman JW, Phillips
SM, et al. Effect of whole body resistance training on arterial compliance in young men.
Exp Physiol 2005; 90:645-651.

40. Carter JR, Ray CA, Downs EM, Cooke WH. Strength training reduces arterial blood
pressure but not sympathetic neural activity in young normotensive subjects. Journal of

Applied Physiology 2003; 94:2212-2216.



MSE AND HYPERTENSION 30

41. Collier SR, Kanaley JA, Carhart R, Jr., Frechette V, Tobin MM, Bennett N, et al.
Cardiac autonomic function and baroreflex changes following 4 weeks of resistance
versus aerobic training in individuals with pre-hypertension. Acta physiologica (Oxford,
England) 2009; 195:339-348.

42. Rezk CC, Marrache RC, Tinucci T, Mion D, Jr., Forjaz CL. Post-resistance exercise
hypotension, hemodynamics, and heart rate variability: Influence of exercise intensity.
Eur J Appl Physiol 2006; 98:105-112.

43. Collier SR, Kanaley JA, Carhart Jr R, Frechette V, Tobin MM, Hall AK, et al.
Effect of 4 weeks of aerobic or resistance exercise training on arterial stiffness, blood
flow and blood pressure in pre- and stage-1 hypertensives. Journal of Human
Hypertension 2008; 22:678-686.

44. Rossi AM, Moullec G, Lavoie KL, Gour-Provengal G, Bacon SL. The evolution of
a Canadian hypertension education program recommendation: The impact of resistance
training on resting blood pressure in adults as an example. Can J Cardiol 2013; 29:622-
627.

45. Cornelissen VA, Fagard RH, Coeckelberghs E, Vanhees L. Impact of resistance
training on blood pressure and other cardiovascular risk factors: A meta-analysis of
randomized, controlled trials. Hypertension 2011; 58:950-958.

46. World Health Organization. Global recommendations on physical activity for
health. Geneva, Switzerland: WHO Press; 2010.

47. Bennie JA, De Cocker K, Teychenne MJ, Brown WJ, Biddle SJH. The
epidemiology of aerobic physical activity and muscle-strengthening activity guideline

adherence among 383,928 U.S. adults. Int J Behav Nutr Phys Act 2019; 16:1-11.



MSE AND HYPERTENSION 31

48. Bennie JA, Shakespear-Druery J, De Cocker K. Muscle-strengthening exercise
epidemiology: A new frontier in chronic disease prevention. Sports Medicine - Open
2020; 6:1-8.

49. World Health Organization. WHO guidelines on physical activity and sedentary
behaviour. Geneva: World Health Organization; 2020.

50. Setia MS. Methodology series module 3: Cross-sectional studies. Indian J Dermatol

2016; 61:261-264.



List of Supplemental Digital Content
Supplemental Digital Content 1.pdf
Supplemental Digital Content 2.pdf
Supplemental Digital Content 3.pdf
Supplemental Digital Content 4.pdf
Supplemental Digital Content 4.1.pdf
Supplemental Digital Content 4.2.pdf
Supplemental Digital Content 4.3.pdf
Supplemental Digital Content 5.pdf
Supplemental Digital Content 5.1.pdf
Supplemental Digital Content 5.2.pdf
Supplemental Digital Content 6.pdf
Supplemental Digital Content 6.1pdf

Supplemental Digital Content 6.2pdf

MSE AND HYPERTENSION

32



Table 1

Table 1: Characteristics of participants included in the analysis ?

Total sample of 2012 and 2016 Health Survey for England (n = 10,519)

Total sample

% (n)

Sex

Male 43.7 (4,594)

Female 56.3 (5,925)
Age (years)

16-34 20.6 (2,171)

35-54 32.8 (3,452)

55-74 34.5 (3,625)

>75 12.1 (1,271)
Education

Graduate /degree 26.0 (2,732)

Higher education (below degree) 47.1 (4, 955)

No qualification 21.7 (2,277)

Student (full-time) 5.2 (546)
Income Tertiles

Highest 35.3(3,026)

Middle 34.0 (2,917)

Lowest 30.7 (2,638)
Body Mass Index (kg/m?)

Underweight (<18.5) 1.4 (132)

Normal (>18.5-<25) 33.9(3,184)

Overweight (25— <30) 37.7 (3,541)



Obese (>30)
Smoking status
Never smoked
Ex-smoker
Current smoker
Alcohol
None (0)/less than weekly
Weekly
Hypertension (>130 mmHg or 280 mmHg)"
Yes
No
Prescribed medication for blood pressure
Yes
No
Longstanding illness
Yes
No
Aerobic MVPA level (minutes/week)

<30 minutes/week ‘inactive’

30-149 minutes/week ‘insufficiently active’

> 150 minutes/week ‘active’
Sedentary behavior (min/ day)
Low (<480 minutes/day)

High (>480 minutes/day)

27.1 (2,548)

50.3 (5,271)
33.5 (3,505)

16.2 (1,701)

45.9 (4,805)

54.1 (5,670)

45.2 (4,003)

54.8 (4,858)

18.6 (1,960)

81.4 (8,559)

27.3 (2,865)

72.7 (7,647)

23.2(2,438)
16.6 (1,724)

60.0 (6,233)

86.9 (9,114)

13.1 (1,369)

? Numbers vary slightly because of missing data for some characteristic variables



Missing data equated to: education 0.1% (n=9), household income 18.4% (n=1,938), BMI
10.6% (n=1,114), alcohol consumption 0.4% (n=44), smoking status 0.4% (n=42),
hypertension 15.8% (n=1,658), longstanding illness 0.1% (n=7), aerobic MVPA 1.2%
(n=124), and sedentary behaviour 0.3% (n=36).

® Defined in 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA
guideline for the prevention, detection, evaluation, and management of high blood
pressure in adults: A report of the American college of cardiology/American heart

association task force on clinical practice guidelines.



Table 2

Table 2: Muscle-strengthening exercise behaviour characteristics of participants included in

the analysis

Total sample of 2012 and 2016 Health Survey for England (n = 10,519)

Total Sample
% (n)
Muscle- strengthening exercise — Duration (minutes/session)
Own Bodyweight
0 minutes 85.6 (9,006)
10-20 minutes 9.1 (960)
21-59 minutes 3.4 (355)
60+ minutes 1.9 (198)
Gym-based strength
0 minutes 90.6 (9,530)
10-20 minutes 3.9 (406)
21-59 minutes 3.4 (362)
60+ minutes 2.1 (221)
All MSE ?
0 minutes 81.1 (8,533)
10-20 minutes 8.3 (875)
21-59 minutes 6.1 (637)
60+ minutes 4.5 (474)
Muscle- strengthening exercise — Volume (minutes/week)
Own Bodyweight
None 85.6 (9,006)
Low < mean ° 10.8 (1,141)
High > mean ° 3.5(372)

Gym-based strength

None

90.6 (9,533)



Low <mean ° 6.6 (694)

High > mean ¢ 2.8(292)
All MSE 2

None 81.1(8,535)

Low < mean ¢ 13.9 (1,459)

High > mean ¢ 5.0 (525)

2 All MSE: Own bodyweight and gym-based strength combined
®Mean value: Own bodyweight 76.5 minutes/week
¢Mean value: Gym-based strength 96.3 minutes/week

dMean value: All MSE 106.2 minutes/week
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Figure 1. Analysis of the relationship between muscle-strengthening exercise (duration/ session) between clinically assessed hypertension
relative to two specific modes of muscle-strengthening exercise, and modes combined (APRs; 95% CI).

APRs: adjusted prevalence ratios, with 95% Confidence Interval (CI)

All MSE: Own bodyweight and Gym-based strength combined

Model * adjusted for sociodemographic factors (sex, age, education, income tertiles) and lifestyle factors (BMI, weekly alcohol
consumption, smoking status, blood pressure medication, longstanding illness), weekly acrobic MVPA, and weekly sedentary time



https://www.editorialmanager.com/jh/download.aspx?id=519371&guid=38e7b588-6e0c-45c0-9a96-8c004a4b6206&scheme=1
https://www.editorialmanager.com/jh/download.aspx?id=519371&guid=38e7b588-6e0c-45c0-9a96-8c004a4b6206&scheme=1

Figure 2 Click here to access/download;Figure;Figure 2__.tiff *

Hypertension SBP 2130 mmHg or DBP 280 mmHg (Model 9)

AP (955 C1)
o o © -
- - " - -

(=]
-~

[=3

Nane [ruf) Low <mean High zmean
Volume per wook
® D bodyweght ® Oymlased strangth » NI MSE

Figure 2, Analysis of the relationship between muscle-strengthening exercise (volume/week: frequency/week x duration/session) between
clinically assessed hypertension relative to two specific modes of muscle-strengthening exercise, and modes combined (APRs; 95%Cl).

APRs: adjusted prevalence ratios and 95% Confidence Intervals (CI)

All MSE: Own bodyweight and Gym-based strength combined

Model ! adjusted for sociodemographic factors (sex, age, education, income tertiles) and lifestyle factors (BMI, weekly alcohol consumption,
smoking status, blood pressure medication, longstanding illness), weekly acrobic MVPA, and weekly sedentary time

Mean values: own bodyweight 76.5 minutes/'week, gym-based strength 96.3 minutes/week, all MSE 106.2 minutes/'week
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Supplemental Digital Content 1. Health Survey for England 2012 and 2016 participant flow

diagram.

Health Survey for England
2012, 2016
Baseline participants
n= 20,400

Excluded (n= 9,881)
e Missing demographic information (n =4,099)
e Missing prescribed blood pressure drugs
information (n =3,782)

Final Sample
n=10519




Supplemental Digital Content 2. Health Survey for England exercise show card E6

CARD E6

1 Swimming
2 Cycling

3 Workout at a gym/Exercise bike/Weight
training

4 Aerobics/Keep fit/Gymnastics/ Dance for
fithess

5 Any other type of dancing
6 Running/Jogging

7 Football/Rugby

8 Badminton/tennis

9 Squash

10 Exercises (e.g. press-up, sit-ups)

ActPhy/WhtAct



Supplemental Digital Content 3. Health Survey for England exercise show card E7

CARD E7
1 Strength work out at the gym
using machines or free weights
2 Exercise Bike
3 Spinning Classes

4 Stepping machine, rowing
machine or cross trainer

5 Treadmill running

WorkOut



Supplemental Digital Content 4. Analysis of the relationship between muscle-strengthening exercise (duration per
session and volume per week) between hypertension according to two specific modes of muscle-strengthening exercise,
and both modes combined (PRs; APRs; 95% CI).

Duration per session

Own bodyweight exercises

Model A?

Model B®

Model C*©

Model D¢

0 minutes
10-20 minutes
21-59 minutes

60+ minutes

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.80 (0.71-0.89)

0.80 (0.70-0.91)

0.78 (0.68-0.89)

0.78 (0.68-0.89)

0.78 (0.64-0.94)

0.78 (0.62-0.96)

0.76 (0.61-0.94)

0.75 (0.60-0.93)

0.69 (0.52-0.89)

0.65 (0.48-0.87)

0.61 (0.43-0.83)

0.61 (0.43-0.83)

Gym-based strength exercises

0 minutes
10-20 minutes
21-59 minutes

60+ minutes

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.86 (0.72-1.01)

0.87 (0.72-1.04)

0.90 (0.74-1.08)

0.90 (0.74-1.08)

0.73 (0.60-0.89)

0.77 (0.62-0.94)

0.76 (0.61-0.93)

0.76 (0.61-0.93)

0.70 (0.53-0.89)

0.65 (0.47-0.87)

0.66 (0.47-0.88)

0.66 (0.48-0.89)

All MSE

0 minutes
10-20 minutes
21-59 minutes

60+ minutes

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.83 (0.74-0.93)

0.85 (0.74-0.96)

0.83(0.72-0.95)

0.83(0.72-0.95)

0.77 (0.67-0.89)

0.78 (0.67-0.91)

0.78 (0.66-0.92)

0.78 (0.66-0.91)

0.70 (0.59-0.83)

0.67 (0.55-0.82)

0.65 (0.52-0.79)

0.65 (0.52-0.79)

Volume per week (frequency x duration)

Own bodyweight exercises °

None
Low < mean

High > mean

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.76 (0.68-0.84)

0.76 (0.67-0.85)

0.74 (0.65-0.84)

0.74 (0.64-0.84)

0.84 (0.70-1.00)

0.84 (0.69-1.01)

0.81 (0.65-0.98)

0.80 (0.65-0.98)

Gym-based strength exercises

None
Low < mean

High > mean

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.82 (0.71-0.93)

0.82 (0.71-0.95)

0.84 (0.72-0.97)

0.84 (0.72-0.97)

0.69 (0.55-0.86)

0.71 (0.55-0.90)

0.70 (0.53-0.90)

0.70 (0.53-0.89)

All MSE ¢

None
Low < mean

High > mean

1 (reference)

1 (reference)

1 (reference)

1 (reference)

0.78 (0.71-0.86)

0.80 (0.72-0.89)

0.79 (0.70-0.88)

0.79 (0.70-0.88)

0.78 (0.66-0.90)

0.76 (0.63-0.91)

0.74 (0.61-0.89)

0.74 (0.61-0.88)

MSE = muscle-strengthening exercise, PRs = prevalence ratios, APRs = adjusted prevalence ratios, CI = confidence

interval

2 Unadjusted model (Model A)

® Model B - adjusted for sociodemographic factors (sex, age groups in 10 years brackets, education, income tertiles)

¢ Model C - adjusted for sociodemographic factors (sex, age groups in 10 years brackets, education, income tertiles) and
lifestyle factors (BMI, weekly alcohol consumption, smoking status, blood pressure medication, longstanding illness)

4 Model D adjusted for sociodemographic factors (sex, age groups in 10 years brackets, education, income tertiles) and
lifestyle factors (BMI, weekly alcohol consumption, smoking status, blood pressure medication, longstanding illness) and
weekly aerobic MVPA and weekly sedentary time
¢ mean value: own bodyweight 76.5 minutes/week, gym-based strength 96.3 minutes/week, all MSE 106.2 minutes/week
[low = below the mean, high = above the mean]




Supplemental Digital Content 4.3 Analysis of the relationship between muscle-strengthening exercise (duration
per session and volume per week) between hypertension (mean values for SBP and DBP) according to two specific
modes of muscle-strengthening exercise, and both modes combined (SD).

Duration per session

Own bodyweight exercises

Mean SBP mmHg (SD)

Mean DBP mmHg (SD)

0 minutes

126.99 (17.48)

73.21 (10.88)

10-20 minutes

123.55 (15.91)

71.41 (10.34)

21-59 minutes

123.57 (16.24)

71.46 (11.88)

60+ minutes

121.49 (13.43)

70.42 (9.99)

Gym-based strength exercises

0 minutes

126.79 (17.49)

73.15 (10.79)

10-20 minutes

123.97 (15.40)

72.56 (11.28)

21-59 minutes

123.34 (14.83)

71.07 (11.32)

60+ minutes

121.80 (13.41)

67.54 (10.91)

All MSE

0 minutes

127.19 (17.57)

73.31 (10.83)

10-20 minutes

123.86 (16.61)

72.09 (10.46)

21-59 minutes

123.41 (15.51)

71.89 (11.40)

60+ minutes

122.40 (13.82)

69.33 (10.81)

Volume per week (frequency x duration)

Own bodyweight exercises °

None

126.99 (17.48)

73.21 (10.88)

Low < mean

123.09 (15.71)

71.25 (10.47)

High > mean

123.86 (15.63)

71.42 (11.25)

Gym-based strength exercises

None

126.79 (17.49)

73.15 (10.79)

Low < mean

123.57 (14.96)

72.05 (11.32)

High > mean

122.53 (14.36)

68.17 (11.03)

AllMSE ¢

None

127.18 (17.57)

73.30 (10.83)

Low < mean

123.39 (15.80)

71.83 (10.69)

High > mean

123.37 (15.24)

70.10 (11.38)

SBP = Systolic Blood Pressure
DBP = Diastolic Blood Pressure
MSE = muscle-strengthening exercise, SD = standard deviation

¢ mean value: own bodyweight 76.5 minutes/week, gym-based strength 96.3 minutes/week, all MSE 106.2

minutes/week [low = below the mean, high = above the mean]




Supplemental Digital Content 5. Adjusted Prevalence ratios (APR)? of hypertension® according to duration per session of
all muscle-strengthening exercise (MSE) among Health Survey for England (2012-2016): stratified by sex, age, body mass

index, smoking, long standing illness, and aerobic physical activity level.

Hypertension”
Sex
Males Females
All MSE APR® (95% CI) APR® (95% CI)
0 minutes 1 (reference) 1 (reference)
10-20 minutes 0.92 (0.76-1.09) 0.72 (0.58-0.88)
21-59 minutes 0.83 (0.68-1.02) 0.65 (0.49-0.84)
60+ minutes 0.64 (0.49-0.82) 0.58 (0.40-0.82)
Age
16-54 years >55 years
All MSE APR? (95% CI) APRY (95% CI)
0 minutes 1 (reference) 1 (reference)
10-20 minutes 0.80 (0.65-0.98) 0.98 (0.82-1.17)
21-59 minutes 0.90 (0.72-1.10) 0.92 (0.70-1.19)
60+ minutes 0.77 (0.59-0.99) 0.76 (0.52-1.07)
Body Mass Index (kg/m?)
<24.99 (underweight/normal) >25.0 (overweight/obese)
All MSE APR® (95% CI) APR® (95% CI)
0 minutes 1 (reference) 1 (reference)
10-20 minutes 0.70 (0.53-0.91) 0.99 (0.84-1.15)
21-59 minutes 0.64 (0.45-0.88) 0.89 (0.74-1.07)
60+ minutes 0.63 (0.42-0.89) 0.73 (0.56-0.94)
Smoking

Never smoked '

Current smoker

All MSE

APR’ (95% CI)

APR! (95% CI)

0 minutes
10-20 minutes
21-59 minutes
60+ minutes

1 (reference)
0.84 (0.70-1.01)
0.82 (0.65-1.01)
0.62 (0.46-0.82)

1 (reference)
0.57 (0.31-0.96)
0.72 (0.39-1.20)
0.69 (0.33-1.27)

Longstanding illness

No Yes
All MSE APRE (95% CI) APRE (95% CI)
0 minutes 1 (reference) 1 (reference)

10-20 minutes
21-59 minutes
60+ minutes

0.87 (0.74-1.01)
0.80 (0.67-0.96)
0.61 (0.47-0.76)

0.74 (0.51-1.03)
0.73 (0.48-1.08)
1.05 (0.63-1.63)

Aerobic physical activity level

Insufficiently active Sufficiently active
(0-149 MVPA minutes/week) (=150 MVPA minutes/week)

All MSE APR" (95% CI) APR" (95% CI)

0 minutes
10-20 minutes

1 (reference) 1 (reference)
0.84 (0.60-1.14) 0.87 (0.74-1.01)
21-59 minutes 0.74 (0.36-1.35) 0.82 (0.69-0.97)
60+ minutes 0.66 (0.24-1.42) 0.68 (0.54-0.84)

2PR calculated using Poisson regression with a robust error variance.

To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP >130mmHg
or DBP >80mmHg.

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, acrobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

 Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

h Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness and weekly sedentary behaviour.

i excludes ex-smokers




Supplemental Digital Content 5.1 Adjusted Prevalence ratios (APR)? of hypertension® according to duration per session of
all muscle-strengthening exercise (MSE) among Health Survey for England (2012-2016): stratified by sex, age, body mass

index, smoking, long standing illness, and aerobic physical activity level.

Hypertension®
European classification
Sex¢
Males Females
All MSE APR® (95% CI) APR® (95% CI)
0 minutes 1 (reference) 1 (reference)
10-20 minutes 0.91 (0.70-1.16) 0.67 (0.48-0.90)
21-59 minutes 0.55 (0.38-0.77) 0.60 (0.39-0.88)
60+ minutes 0.47 (0.30-0.70) 0.28 (0.12-0.54)
Age!
16-54 years >55 years
All MSE APRY (95% CI) APRY (95% CI)
0 minutes 1 (reference) 1 (reference)

10-20 minutes
21-59 minutes
60+ minutes

0.66 (0.44-0.94)
0.62 (0.40-0.91)
0.54 (0.31-0.86)

1.06 (0.83-1.33)
0.92 (0.63-1.29)
0.59 (0.33-0.98)

Body Mass Index (kg/m?)¢

<24.99 (underweight/normal)

>25.0 (overweight/obese)

All MSE

APR® (95% CI)

APR® (95% CI)

0 minutes
10-20 minutes
21-59 minutes
60+ minutes

1 (reference)
0.55(0.34-0.82)
0.41 (0.21-0.71)
0.42 (0.20-0.76)

1 (reference)
1.02 (0.81-1.27)
0.71 (0.52-0.94)
0.48 (0.30-0.73)

Smoking’

Never smoked !

Current smoker

All MSE

APRf (95% CI)

APR' (95% CI)

0 minutes
10-20 minutes
21-59 minutes
60+ minutes

1 (reference)
0.85 (0.65-1.10)
0.57 (0.38-0.82)
0.41 (0.24-0.65)

1 (reference)
0.60 (0.25-1.18)
0.54 (0.19-1.17)
0.30 (0.05-0.94)

Longstanding illness®

No Yes
All MSE APRS® (95% CI) APR# (95% CI)
0 minutes 1 (reference) 1 (reference)

10-20 minutes
21-59 minutes
60+ minutes

0.85 (0.68-1.05)
0.57 (0.41-0.76)
0.37 (0.23-0.56)

0.74 (0.45-1.16)
0.79 (0.44-1.29)
0.86 (0.39-1.62)

Aerobic physical activity level®

Insufficiently active Sufficiently active
(0-149 MVPA minutes/week) (=150 MVPA minutes/week)

All MSE APR" (95% CI) APR" (95% CI)

0 minutes 1 (reference) 1 (reference)

10-20 minutes 0.96 (0.61-1.42) 0.84 (0.67-1.05)
21-59 minutes 0.31 (0.05-0.97) 0.68 (0.51-0.89)
60+ minutes 0.25 (0.01-1.10) 0.49 (0.33-0.70)

* APR calculated using Poisson regression with a robust error variance.

®To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP >140mmHg or
DBP 290mmHg (Defined in 2018 ESC/ESH Guidelines for the management of arterial hypertension: The task force for the
management of arterial hypertension of the European Society of Cardiology (ESC) and the European Society of Hypertension
(ESH)).

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

f Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

" Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness and weekly sedentary behaviour.




! excludes ex-smokers




Supplemental Digital Content 5.2 Adjusted Prevalence ratios (APR)? of hypertension® and hypertension’ according to
duration per session of all muscle-strengthening exercise (MSE) among Health Survey for England (2012-2016):
stratified by sex, age, body mass index, smoking, long standing illness, and aerobic physical activity level.

Sex
Males Females
Hypertension® Hypertension’ Hypertension® Hypertension’
US classification European US classification European
classification classification
All MSE APR® (95% CI) APR® (95% CI) APR® (95% CI) APR® (95% CI)
0 minutes 1 (reference) 1 (reference) 1 (reference) 1 (reference)

10-20 minutes
21-59 minutes
60+ minutes

0.92 (0.76-1.09)
0.83 (0.68-1.02)
0.64 (0.49-0.82)

0.91 (0.70-1.16)
0.55 (0.38-0.77)
0.47 (0.30-0.70)

0.72 (0.58-0.88)
0.65 (0.49-0.84)
0.58 (0.40-0.82)

0.67 (0.48-0.90)
0.60 (0.39-0.88)
0.28 (0.12-0.54)

Age
16-54 years >55 years
All MSE APRY (95% CI) APRY (95% CI) APRY (95% CI) APRY (95% CI)
0 minutes 1 (reference) 1 (reference) 1 (reference) 1 (reference)
10-20 minutes 0.80 (0.65-0.98) 0.66 (0.44-0.94) 0.98 (0.82-1.17) 1.06 (0.83-1.33)
21-59 minutes 0.90 (0.72-1.10) 0.62 (0.40-0.91) 0.92 (0.70-1.19) 0.92 (0.63-1.29)
60+ minutes 0.77 (0.59-0.99) 0.54 (0.31-0.86) 0.76 (0.52-1.07) 0.59 (0.33-0.98)
Body Mass Index (kg/m?)
<24.99 (underweight/normal) >25.0 (overweight/obese)
All MSE APR® (95% CI) APR® (95% CI) APR® (95% CI) APR® (95% CI)
0 minutes 1 (reference) 1 (reference) 1 (reference) 1 (reference)
10-20 minutes 0.70 (0.53-0.91) 0.55 (0.34-0.82) 0.99 (0.84-1.15) 1.02 (0.81-1.27)
21-59 minutes 0.64 (0.45-0.88) 0.41 (0.21-0.71) 0.89 (0.74-1.07) 0.71 (0.52-0.94)
60+ minutes 0.63 (0.42-0.89) 0.42 (0.20-0.76) 0.73 (0.56-0.94) 0.48 (0.30-0.73)
Smoking
Never smoked Current smoker
All MSE APRf (95% CI) APR! (95% CI) APRf (95% CI) APR! (95% CI)
0 minutes 1 (reference) 1 (reference) 1 (reference) 1 (reference)

10-20 minutes
21-59 minutes
60+ minutes

0.84 (0.70-1.01)
0.82 (0.65-1.01)
0.62 (0.46-0.82)

0.85 (0.65-1.10)
0.57 (0.38-0.82)
0.41 (0.24-0.65)

0.57 (0.31-0.96)
0.72 (0.39-1.20)
0.69 (0.33-1.27)

0.60 (0.25-1.18)
0.54 (0.19-1.17)
0.30 (0.05-0.94)

Longstanding illness

Yes

All MSE

APRE (95% CI)

APRE (95% CI)

APRE (95% CI)

APRE (95% CI)

0 minutes
10-20 minutes
21-59 minutes
60+ minutes

1 (reference)
0.87 (0.74-1.01)
0.80 (0.67-0.96)
0.61 (0.47-0.76)

1 (reference)
0.85 (0.68-1.05)
0.57 (0.41-0.76)
0.37 (0.23-0.56)

1 (reference)
0.74 (0.51-1.03)
0.73 (0.48-1.08)
1.05 (0.63-1.63)

1 (reference)
0.74 (0.45-1.16)
0.79 (0.44-1.29)
0.86 (0.39-1.62)

Aerobic physical activity level

Insufficiently active
(0-149 MVPA minutes/week)

Sufficiently active
(=150 MVPA minutes/week)

All MSE

APR! (95% CI)

APRF (95% CI)

APR" (95% CI)

APRF (95% CI)

0 minutes
10-20 minutes
21-59 minutes
60+ minutes

1 (reference)
0.84 (0.60-1.14)
0.74 (0.36-1.35)
0.66 (0.24-1.42)

1 (reference)
0.96 (0.61-1.42)
0.31 (0.05-0.97)
0.25 (0.01-1.10)

1 (reference)
0.87 (0.74-1.01)
0.82 (0.69-0.97)
0.68 (0.54-0.84)

1 (reference)
0.84 (0.67-1.05)
0.68 (0.51-0.89)
0.49 (0.33-0.70)

* APR calculated using Poisson regression with a robust error variance.
®To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP

2130mmHg or DBP 280mmHg (Defined in 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA

guideline for the prevention, detection, evaluation, and management of high blood pressure in adults: A report of the

American college of cardiology/American heart association task force on clinical practice guidelines).

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

f Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for
blood pressure, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.




b Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for
blood pressure, longstanding illness, and weekly sedentary behaviour.

! excludes ex-smokers

iTo be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP >140mmHg
or DBP >90mmHg (Defined in 2018 ESC/ESH Guidelines for the management of arterial hypertension: The task force
for the management of arterial hypertension of the European Society of Cardiology (ESC) and the European Society of
Hypertension (ESH)).




Supplemental Digital Content 6. Adjusted Prevalence ratios (APR)? of hypertension® according to volume per week
(frequency x duration) of all muscle-strengthening exercise (MSE) among Health Survey for England (2012-2016): stratified by
sex, age, body mass index, smoking, long standing illness, and aerobic physical activity level.

Hypertension”
Sex
Males Females
All MSE J APR® (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference)

Low <mean
High > mean

0.85 (0.74-0.99)
0.74 (0.59-0.92)

0.69 (0.58-0.82)
0.59 (0.40-0.83)

16-54 years >55 years
All MSE J APRY (95% CI) APRY (95% CI)
None 1 (reference) 1 (reference)

Low <mean
High > mean

0.84 (0.72-0.99)
0.79 (0.61-1.01)

0.92 (0.78-1.07)
0.97 (0.72-1.27)

Body Mass Index (kg/m?)
<24.99 (underweight/normal) >25.0 (overweight/obese)
All MSE i APR® (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference)

Low <mean
High > mean

0.63 (0.50-0.79)
0.76 (0.54-1.04)

0.94 (0.82-1.06)
0.80 (0.63-0.99)

Never smoked !

Current smoker

All MSE J

APR' (95% CI)

APR' (95% CI)

None
Low < mean
High > mean

1 (reference)
0.78 (0.67-0.91)
0.79 (0.61-1.01)

1 (reference)
0.72 (0.47-1.05)
0.51 (0.24-0.93)

Longstanding illness

No Yes
All MSE J APRE (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference)
Low < mean 0.81 (0.71-0.91) 0.76 (0.57-0.99)

High > mean

0.72 (0.59-0.89)

0.92 (0.56-1.40)

Aerobic physical activity level

Insufficiently active
(0-149 MVPA minutes/week)

Sufficiently active
(=150 MVPA minutes/week)

All MSEJ

APR" (95% CI)

APR"(95% CI)

None
Low <mean
High > mean

1 (reference)
0.78 (0.57-1.03)
1.10 (0.39-2.37)

1 (reference)
0.82 (0.73-0.93)
0.76 (0.62-0.92)

2PR calculated using Poisson regression with a robust error variance.

To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP >130mmHg or
DBP 280mmHg.

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, acrobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aecrobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

f Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood pressure,
longstanding illness, aecrobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

" Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness and weekly sedentary behaviour.

" excludes ex-smokers

i Mean value 106.2 minutes/week




Supplemental Digital Content 6.1 Adjusted Prevalence ratios (APR)? of hypertension® according to volume per week
(frequency x duration) of all muscle-strengthening exercise (MSE) among Health Survey for England (2012-2016): stratified by
sex, age, body mass index, smoking, long standing illness, and aerobic physical activity level.

Hypertension®
European classification
Sex*
Males Females
All MSE J APR® (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference)

Low < mean
High > mean

0.72 (0.57-0.89)
0.59 (0.40-0.82)

0.59 (0.45-0.76)
0.49 (0.26-0.82)

16-54 years >55 years
All MSE J APR‘ (95% CI) APRY (95% CI)
None 1 (reference) 1 (reference)

Low < mean
High > mean

0.61 (0.45-0.81)
0.63 (0.39-0.96)

0.95 (0.77-1.17)
0.91 (0.60-1.32)

Body Mass Index (kg/m?)

<24.99 (underweight/normal)

>25.0 (overweight/obese)

All MSE J

APR® (95% CI)

APR® (95% CI)

None
Low < mean
High > mean

1 (reference)
0.44 (0.30-0.64)
0.56 (0.30-0.94)

1 (reference)
0.84 (0.69-1.01)
0.67 (0.46-0.94)

Never smoked !

Current smoker

All MSE J

APRf (95% CI)

APR' (95% CI)

None
Low < mean
High > mean

1 (reference)
0.65 (0.51-0.82)
0.69 (0.46-0.99)

1 (reference)
0.59 (0.30-1.04)
0.33 (0.08-0.87)

Longstanding illness®

No Yes
All MSE J APR® (95% CI) APRE (95% CI)
None 1 (reference) 1 (reference)
Low < mean 0.68 (0.56-0.82) 0.73 (0.49-1.04)
High > mean 0.55 (0.38-0.76) 0.98 (0.50-1.69)
Aerobic physical activity level"
Insufficiently active Sufficiently active
(0-149 MVPA minutes/week) (=150 MVPA minutes/week)
All MSE J APR" (95% CI) APR"(95% CI)
None 1 (reference) 1 (reference)
Low < mean 0.72 (0.46-1.06) 0.73 (0.60-0.88)
High > mean 1.25 (0.31-3.25) 0.64 (0.46-0.86)

* APR calculated using Poisson regression with a robust error variance.

®To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP >140mmHg or
DBP 290mmHg (Defined in 2018 ESC/ESH Guidelines for the management of arterial hypertension: The task force for the
management of arterial hypertension of the European Society of Cardiology (ESC) and the European Society of Hypertension
(ESH)).

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

f Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, aerobic moderate-to-vigorous physical activity and weekly sedentary behaviour.

" Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness and weekly sedentary behaviour.

! excludes ex-smokers

J Mean value 106.2 minutes/week




Supplemental Digital Content 6.2 Adjusted Prevalence ratios (APR)? of hypertension® and hypertension® according to
volume per week (frequency x duration) of all muscle-strengthening exercise (MSE) among Health Survey for England
(2012-2016): stratified by sex, age, body mass index, smoking, long standing illness, and aerobic physical activity level.

Sex
Males Females
Hypertension® Hypertension® Hypertension® Hypertension®
US classification European Classification US classification = European Classification
All MSE J APR* (95% CI) APR® (95% CI) APR* (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference) 1 (reference) 1 (reference)
Low <mean 0.85 (0.74-0.99) 0.72 (0.57-0.89) 0.69 (0.58-0.82) 0.59 (0.45-0.76)
High > mean 0.74 (0.59-0.92) 0.59 (0.40-0.82) 0.59 (0.40-0.83) 0.49 (0.26-0.82)
Age
16-54 years >55 years
All MSE J APRY (95% CI) APRY (95% CI) APRY (95% CI) APRY (95% CI)
None 1 (reference) 1 (reference) 1 (reference) 1 (reference)
Low <mean 0.84 (0.72-0.99) 0.61 (0.45-0.81) 0.92 (0.78-1.07) 0.95 (0.77-1.17)
High > mean 0.79 (0.61-1.01) 0.63 (0.39-0.96) 0.97 (0.72-1.27) 0.91 (0.60-1.32)
Body Mass Index (kg/m?)
<24.99 (underweight/normal) >25.0 (overweight/obese)
All MSE J APR* (95% CI) APR* (95% CI) APR* (95% CI) APR® (95% CI)
None 1 (reference) 1 (reference) 1 (reference) 1 (reference)
Low <mean 0.63 (0.50-0.79) 0.44 (0.30-0.64) 0.94 (0.82-1.006) 0.84 (0.69-1.01)
High > mean 0.76 (0.54-1.04) 0.56 (0.30-0.94) 0.80 (0.63-0.99) 0.67 (0.46-0.94)
Smoking

Never smoked '

Current smoker

Al MSE | APR! (95% CI) APRf (95% CI)

APR (95% CI) APR' (95% CI)

None
Low < mean
High > mean

1 (reference) 1 (reference)
0.78 (0.67-0.91) 0.65 (0.51-0.82)
0.79 (0.61-1.01) 0.69 (0.46-0.99)

1 (reference) 1 (reference)
0.72 (0.47-1.05) 0.59 (0.30-1.04)
0.51 (0.24-0.93) 0.33 (0.08-0.87)

Longstanding illness

No

Yes

All MSE J APR® (95% CI) APR® (95% CI)

APRE (95% CI) APRE (95% CI)

None
Low < mean
High > mean

1 (reference)
0.81 (0.71-0.91)
0.72 (0.59-0.89)

1 (reference)
0.68 (0.56-0.82)
0.55 (0.38-0.76)

1 (reference)
0.76 (0.57-0.99)
0.92 (0.56-1.40)

1 (reference)
0.73 (0.49-1.04)
0.98 (0.50-1.69)

Aerobic physical activity level

Insufficiently active
(0-149 MVPA minutes/week)

Sufficiently active
(=150 MVPA minutes/week)

All MSE | APR! (95% CI) APR" (95% CI)

APR" (95% CI) APR" (95% CI)

None 1 (reference) 1 (reference)
Low < mean 0.78 (0.57-1.03) 0.72 (0.46-1.06)

High > mean 1.10 (0.39-2.37) 1.25 (0.31-3.25)

1 (reference) 1 (reference)
0.82 (0.73-0.93) 0.73 (0.60-0.88)
0.76 (0.62-0.92) 0.64 (0.46-0.86)

* APR calculated using Poisson regression with a robust error variance.

b To be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP 2130mmHg or
DBP 280mmHg (Defined in 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA guideline for the
prevention, detection, evaluation, and management of high blood pressure in adults: A report of the American college of
cardiology/American heart association task force on clinical practice guidelines).

¢ Adjusted for age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

4 Adjusted for sex, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, weekly alcohol consumption, smoking, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

f Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, prescription medication for blood pressure,
longstanding illness, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

¢ Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, aerobic moderate-to-vigorous physical activity, and weekly sedentary behaviour.

" Adjusted for sex, age, education, income, BMI, weekly alcohol consumption, smoking, prescription medication for blood
pressure, longstanding illness, and weekly sedentary behaviour.

! excludes ex-smokers

i Mean value 106.2 minutes/week

kTo be classified as having hypertension, a respondent had to have clinically assessed blood pressure of SBP 2140mmHg or
DBP 290mmHg (Defined in 2018 ESC/ESH Guidelines for the management of arterial hypertension: The task force for the
management of arterial hypertension of the European Society of Cardiology (ESC) and the European Society of Hypertension
(ESH)).




