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Abstract: The joint effects between smoke exposure (SE) and physical activity (PA) on hypertension
are still unclear, and the effect of SE is still debated. To explore associations and joint effects of SE
and PA on hypertension, the data of 14,456 selected participants from the NHANES (2013–2018)
were used for analyses. SE status was divided by serum cotinine concentrations. Moderate-to-
vigorous intensity PA (MVPA) and insufficient or no PA (INPA) were divided by the Global Physical
Activity Questionnaire. Hypertension was assessed by blood pressure and questionnaires. Survey
logistic multivariable regression models were conducted for data analyses. In fully adjusted models,
hypertension risk among SE participants increased (OR = 1.175, 95% CI: 1.036–1.332), especially
those who were <40 years or female. However, the risk among MVPA participants decreased
(OR = 0.747, 95% CI: 0.663–0.841), especially those who were ≥40 years. Additionally, the OR for
MVPA participants without SE when compared with INPA ones without SE was 0.740 (95% CI:
0.654–0.837), especially those who were <60 years. However, the OR for MVPA participants with SE
was 0.880 (95% CI: 0.747–1.037). For INPA participants, we did not observe significant ORs for SE
compared with non-SE participants (p > 0.150). In conclusion, SE increased the risk of hypertension
and MVPA reduced it, but SE could reduce such protective effect.

Keywords: serum cotinine concentrations; smoke exposure; physical activity; joint effects; hyperten-
sion; NHANES

1. Introduction

Hypertension and hazardously high blood pressure (BP) are responsible for 8.5 million
deaths from cardiovascular disease and renal disease worldwide [1,2]. In 2019, the number
of people aged 30–79 years with hypertension was 652 (95% confidence interval (CI):
604–698) million men and 626 (95% CI: 584–668) million women [3]. However, the rates of
diagnosis, treatment, and control are all less than 50% globally [3,4]. Control and reducing
the prevalence of hypertension is a major global health challenge and a primary public
health issue. There are a lot of factors that put persons at risk for developing hypertension.
Some of them are related to genetic and biological features, such as family history, age, race,
and so on [5]. In addition, many behaviors in daily life can also increase the risk, and most
of them are modifiable factors, including smoke exposure (SE), lack of physical activity
(PA), stress, and high-sodium diet [5].

SE, including smoking and secondhand smoke exposure, is an essential environmental
pollution problem nowadays, and is an independent risk factor for many diseases. For
smoking, although it has declined over the past several years, about 19.0% of USA adults
(47.1 million) reported using tobacco products, in 2020, such as cigarettes, e-cigarettes,
etc. [6]. Some longitudinal studies have indicated that smoking is an independent risk factor
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for hypertension [7,8]. Additionally, the harm of secondhand smoke exposure is nearly as
large as smoking [9]. However, the effect of SE on hypertension is still debated, some studies
did not observe the significant negative associations between SE and hypertension [10,11].

The Physical Activity Guidelines for Americans recommends adults partake in at least
150 min of moderate-intensity PA or 75 min of vigorous-intensity PA a week, which could
make them sleep, feel, and function better and reduce the risk of many chronic diseases [12].
Previous studies have pointed out that moderate-to-vigorous intensity PA (MVPA) could
improve cardiorespiratory fitness and lower hypertension incidence [13]. Additionally,
some professional organizations throughout the world recommend PA to lower BP [14].

Nowadays, many people not only have PA habits but also face SE in daily life. That
is, they both have protective and risk factors for hypertension at the same time. However,
current literature does not explore the joint effects of SE and PA on hypertension, which
is an important evidence gap for preventing hypertension. Thus, in this study, we aim to
explore the associations of SE and PA on hypertension, and the joint effects between them.

2. Materials and Methods
2.1. Study Participants

We used data, including demographic information, exposure assessments, outcome
assessments, and confounders, from the National Health and Nutrition Examination Survey
(NHANES) 2013–2018. The details about the NHANES are shown on the website of the
Centers for Disease Control and Prevention of the USA (www.cdc.gov/nchs/nhanes/
index.htm, accessed on 30 November 2022). In brief, the NHANES is a program of studies
designed to assess the health and nutritional status of adults and children in the USA,
which uses a cross-sectional, complex, multistage probability sample design to examine
a nationally representative sample. In this study, we excluded participants who (1) were
<20 years or recorded as 80 years; (2) did not complete the questionnaire; (3) did not
have their serum cotinine concentration measured; and (4) could not determine whether
participants had hypertension or not. At last, we included a total of 14,456 participants
aged 20–79 years.

2.2. Exposure Assessments
2.2.1. Smoke Exposure

The half-life of cotinine is about 16 h, making it a reliable biomarker of tobacco smoke
exposure in both smokers and non-smokers [15]. In epidemiological studies, cotinine
concentration is a better indicator of quantifying risks from smoking than a self-reported
questionnaire, and serum is one of the fluids of choice for a quantitative assessment of such
exposure [16,17]. On the other hand, cotinine is also a biomarker of secondhand smoke expo-
sure [18,19]. Thus, we used serum cotinine level as the SE indicator instead of self-reported
behavior. The detection method of serum cotinine concentration is provided in the Supple-
mentary Materials. Based on a previous study on the USA population, 3.08 ng/mL of serum
cotinine concentration was taken as the cut-off value to distinguish SE (≥3.08 ng/mL) from
non-SE (<3.08 ng/mL) [17]. In this study, more than 30% of participants’ serum cotinine con-
centrations were below the limit of detection (LOD) (0.015 ng/mL), thus we used LOD/

√
2

(0.011 ng/mL) as a replacement.

2.2.2. Physical Activity

The weekly PA habits of participants were collected by the Global Physical Activity
Questionnaire (GPAQ). Briefly, the GPAQ was created by the World Health Organiza-
tion (WHO) for collecting PA information in a typical week, including the time spent per
week for PA in three domains (work, transportation, and recreation) at moderate and
vigorous intensities (www.cdc.gov/nchs/nhanes/Default.aspx, accessed on 30 Novem-
ber 2022). According to the suggestions of The Physical Activity Guidelines for Americans
and WHO, adults should partake in at least (1) 150 min/week of moderate-intensity
PA, (2) 75 min/week of vigorous-intensity PA, or (3) an equivalent combination of PA
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achieving at 600 metabolic equivalent (MET)-minutes/week, including work, transport,
or recreational activities [12,20]. In this study, we divided all the selected participants
into two categories: (1) those with MVPA; (2) those with insufficient or no PA (INPA). We
defined “MVPA” as participants with ≥600 MET-minutes/week, and others were defined
as “INPA”. The relevant information about the GPAQ is provided in Table S1.

2.3. Outcome Assessments

BP, including systolic blood pressure (SBP) and diastolic blood pressure (DBP), was
measured by BP examiners, who were certified for BP measurement through a training
program from Shared Care Research and Education Consulting. Briefly, after resting quietly
in a seated position for at least 5 min and after the participant’s maximum inflation level had
been determined, three consecutive BP readings were obtained. The average of the three
measurements of BP was calculated. Information about the self-reported hypertension was
collected by questionnaires. We defined hypertension as a mean SBP ≥ 140 mmHg and/or
a DBP ≥ 90 mmHg [21], self-reported use of anti-hypertensive medicine, or self-reporting
himself/herself as a hypertension patient. The others were defined as healthy participants.

2.4. Confounders

Firstly, we considered potential confounders according to the following criteria: (1) a
risk factor for hypertension; (2) associated with SE or PA; (3) not be an “effect” of both two
exposure assessments [22]. Then, we constructed a directed acyclic graph (DAG) with the
help of DAGitty V3.0 (www.dagitty.net, accessed on 30 November 2022) [23,24] (Figure 1A).
After that, we identified the following confounders based on the principle of the minimal
sufficient adjustment sets: age (years), sex (male and female), race (Mexican American,
other Hispanic, non-Hispanic White, non-Hispanic Black, and other race), educational
level (<high school, high school graduate or equivalent, some college or AA degree, and
>college graduate), marital status (living with spouse and living without spouse), and
family poverty income ratio (PIR) (family PIR < 1, 1 ≤ family PIR < 2, 2 ≤ family PIR < 4,
family PIR ≥ 4, and missing) [25] (Figure 1B). Additionally, we also included the survey
wave as a confounder to control the potential differences among different waves.
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2.5. Statistical Analyses

We used mean ± standard deviation (SD), median (interquartile range (IQR)), or n (%)
to describe the different variables, including exposure and outcome assessments.

The NHANES used the complex and multistage probability sample design. Hence,
we conducted survey logistic multivariable regression models to assess the associations of
SE and PA with hypertension [26], using the R “survey” package, which is an analytical
package for complex design survey data, such as NHANES (www.cran.r-project.org/web/
packages/survey/index.html, accessed on 30 November 2022). Five levels of confounder
adjustments were used: (1) crude models without any confounders (Model 1); (2) adjusted
for age and sex in addition (Model 2); (3) adjusted for race, education level, marital status,
and family PIR in addition (Model 3); (4) adjusted for survey wave in addition (Model 4);
and (5) adjusted for another exposure assessment in addition (Model 5). The results were
presented as odds ratios (ORs) for hypertension risk, and their corresponding 95% CI.

For evaluating the robustness of such results, we conducted several sensitivity analyses
as follows. Model A: the participants without a family PIR (miss rate was 9.86%) were
deleted. Model B: serum cotinine concentration was used as the exposure assessment
instead of SE status. The other variables and statistical analysis methods of Model A and
Model B were the same as Model 5.

Referring to previous studies [27–29], the joint effects of SE and PA on hypertension
were examined after adjusting for all confounders (Model 5). First, we incorporated cross-
product terms into regression models to identify interactions. Then, we divided each SE
and PA variable into two groups. SE was divided into no and yes, and PA was divided into
INPA and MVPA. We used the combinations of these categorical variables and classified
them into the following four groups: non-SE with INPA (reference group), non-SE with
MVPA, SE with INPA, and SE with MVPA.

All statistical analyses were performed in R V4.1.1 (R Foundation for Statistical Com-
puting). A two-tailed p < 0.05 was considered as statistically significant.

3. Results
3.1. General Characteristics

A total of 14,456 participants were included from the NHANES with a mean age of
47.96 ± 16.28 years and the median (IQR) serum cotinine concentration was 0.04 (12.99)
ng/mL. In this study, the weighted prevalence of hypertension was 37.42%, and the
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weighted proportions of SE participants and MVPA participants were 26.45% and 66.26%,
respectively. The other general characteristics are shown in Table 1.

Table 1. General characteristics of participants.

Variables Overall (n = 14,456)
Hypertension or Not

No (n = 8444) Yes (n = 6012)

Age (years), mean ± SD 47.96 ± 16.28 41.58 ± 14.88 56.94 ± 13.73
Sex, n (%)

Male 6929 (47.93%) 3949 (56.99%) 2980 (43.01%)
Female 7527 (52.07%) 4495 (59.72%) 3032 (40.28%)

Serum cotinine concentration (ng/mL), median (IQR) 0.04 (12.99) 0.04 (10.89) 0.04 (19.04)
SE, n (%)

No 10,542 (72.92%) 6150 (58.34%) 4392 (41.66%)
Yes 3914 (27.08%) 2294 (58.61%) 1620 (41.39%)

PA, n (%)
INPA 5538 (38.31%) 2807 (50.69%) 2731 (49.31%)

MVPA 8918 (61.69%) 5637 (63.21%) 3281 (36.79%)
Race, n (%)

Mexican American 2259 (15.63%) 1456 (64.45%) 803 (35.55%)
Other Hispanic 1586 (10.97%) 954 (60.15%) 632 (39.85%)

Non-Hispanic White 5072 (35.09%) 2992 (58.99%) 2080 (41.01%)
Non-Hispanic Black 3106 (21.49%) 1459 (46.97%) 1647 (53.03%)

Other race 2433 (16.83%) 1583 (65.06%) 850 (34.94%)
Education level, n (%)

<High school 3074 (21.26%) 1658 (53.94%) 1416 (46.06%)
High school graduate or equivalent 3254 (22.51%) 1798 (55.26%) 1456 (44.74%)

Some college or AA degree 4531 (31.34%) 2627 (57.98%) 1904 (42.02%)
>College graduate 3597 (24.88%) 2361 (65.64%) 1236 (34.36%)

Marital status, n (%)
Living without spouse 5664 (39.20%) 3225 (56.94%) 2439 (43.06%)

Living with spouse 8792 (60.80%) 5219 (59.36%) 3573 (40.64%)
Family PIR, n (%)

<1.0 2786 (19.27%) 1592 (57.14%) 1194 (42.86%)
1.0–2.0 3474 (24.03%) 1970 (56.71%) 1504 (43.29%)
2.0–4.0 3460 (23.93%) 2062 (59.60%) 1398 (40.40%)
≥4.0 3311 (22.90%) 2016 (60.89%) 1295 (39.11%)

Missing 1425 (9.86%) 804 (56.42%) 621 (43.58%)

Abbreviations: SD, standard deviations; IQR, interquartile range; SE, smoke exposure; PA, physical activity;
INPA, insufficient or no physical activity; MVPA, moderate-to-vigorous intensity physical activity; PIR, poverty
income ratio.

3.2. Associations of SE and PA on Hypertension

Figure 2 and Table S2 present the results from the survey logistic multivariable regres-
sion analyses. In the fully adjusted model, the risk of hypertension for the participants
with SE increased (OR = 1.175, 95% CI: 1.036–1.332), compared with those without SE. On
the other hand, compared with participants who had INPA habits, participants who had
MVPA habits had a lower risk of hypertension (OR = 0.747, 95% CI: 0.663–0.841).
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Figure 2. ORs for hypertension according to (A) SE (n = 14,456), (B) MVPA (n = 14,456). Model 1:
crude model. Model 2: adjusted for age and sex. Model 3: adjusted for age, sex, race, education level,
marital status, and family PIR. Model 4: adjusted for age, sex, race, education level, marital status,
family PIR, and survey wave. Model 5: adjusted for age, sex, race, education level, marital status,
family PIR, survey wave, and another exposure assessment. Abbreviations: ORs, odds ratios; other
abbreviations as in Table 1.

3.3. Stratification Analyses by Age and Sex

Tables S3–S7 show the general characteristics by different subgroups for age and sex.
Meanwhile, Table 2 shows the weighted prevalence of hypertension and the weighted
proportions of SE participants and MVPA participants for different subgroups. In stratified
analyses by age, we found stronger associations between SE and hypertension among
younger participants (<40 years), and stronger associations for MVPA among older partici-
pants (≥40 years) (Figure 3 and Table S8). In addition, we also found female participants
had a significant association between SE and hypertension (OR = 1.260, 95% CI: 1.030–1.541),
but no significance for male participants (p = 0.125) (Figure 3A and Table S8).
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Figure 3. The results of stratification analyses by age and sex. (A) Associations between SE and
hypertension stratified by age and sex (n = 14,456). (B) Associations between MVPA and hypertension
stratified by age and sex (n = 14,456). Models were adjusted for age, sex, race, education level, marital
status, family PIR, survey wave, and another exposure assessment. Abbreviations same as in Figure 2.

Table 2. Weighted prevalence of hypertension, and proportions of SE participants and MVPA
participants among the different subgroups.

Subgroup n
Weighted Prevalence/Proportions

Hypertension SE MVPA

Age
20–39 5018 15.90% 31.22% 75.78%
40–59 5121 40.39% 27.19% 63.92%
60–79 4317 65.65% 18.05% 55.35%
Sex

Male 6929 39.28% 31.77% 72.47%
Female 7527 35.67% 21.42% 60.40%

Abbreviations same as in Table 1.
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3.4. Sensitive Analyses

In sensitivity analyses, the results were also consistent with those from the main
models (Model 5), when we deleted participants whose family PIR was missing or replaced
SE status with serum cotinine concentrations (Table S9). That is, results from the main
models had strong robustness.

3.5. Joint Effects between SE and PA on Hypertension

Figure 4 and Table S10 show the joint effects of SE and PA on hypertension. The OR
for MVPA participants without SE when compared with the reference group was 0.740
(95% CI: 0.654–0.837). However, the OR for MVPA participants with SE was not significant
(p = 0.122). In addition, the participants aged <60 years were the sensitive population (p for
interaction = 0.043). General characteristics of this age group are shown in Table S11. Briefly,
the weighted prevalence of hypertension was 28.16%, and the weighted proportions of
SE participants and MVPA participants were 29.20% and 69.84%, respectively. Similar to
the above results, the OR for MVPA participants without SE, when compared with the
reference, was 0.739 (95% CI: 0.634–0.861). For INPA participants, we did not observe
significant ORs for the participants with SE (p for all participants = 0.180, p for participants
aged <60 years = 0.155).
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4. Discussion

From our study, SE is a risk factor for hypertension, which increased the risk by 17.5%
(95% CI: 3.6–33.2%), especially for those aged 20–39 years or female. While MVPA reduced
the risk of hypertension by 25.3% (95% CI: 15.9–33.7%), and participants aged 40–79 years
were the sensitive population. Moreover, we observed SE reduced the protective effect of
PA on hypertension, as the OR for hypertension among participants who had MVPA habits
without SE was 0.740 (95% CI: 0.654–0.837). Oppositely, we did not observe significant
associations among participants with SE (p = 0.122). In addition, participants aged <60 years
were the sensitive population for the joint effects (p for interaction = 0.043).

A 14-year longitudinal study of Japanese male workers indicated that the OR for
smoking was 1.13 (95% CI: 1.03–1.23) for hypertension [8]. Additionally, a study based
on the Korea Community Health Survey found smoking was significantly associated
with hypertension risk (risk ratio (RR) = 1.016, 95% CI: 1.004–1.029), whilst secondhand
smoke exposure at home (RR = 1.010, 95% CI: 1.006–1.014) or the workplace (RR = 1.004,
95% CI: 1.002–1.006) was also significantly associated [30]. An other study based on the
NHANES database had shown that, compared with the serum cotinine concentrations of
participants ≤ 0.025 ng/mL, the OR of hypertension among those with serum cotinine
concentrations ≥ 0.218 ng/mL was 1.44 (95% CI: 1.01–2.04) [31]. Though SE has widely
been considered an independent risk factor for hypertension, this conclusion is still in-
consistent. A 5-year follow-up study among Japanese men found chronic smoking could
reduce changes in BP and the 5-year cumulative incidence of hypertension [11]. Addi-
tionally, a Mendelian randomization study did not find a significant association between
cigarettes per day and hypertension (p = 0.073) [32]. In our study, we found the OR for the
association between SE and hypertension was 1.175 (95% CI: 1.036–1.332). These differences
may be caused by study designs, exposure assessments, and population. Additionally,
different subjects may consume different kinds of cigarettes and/or exposed to different
concentrations of nicotine or other hazardous chemical substance. Meanwhile, the subjects
of the above Japanese study were volunteers, which may cause more selection bias [11]. For
different age and sex groups, the younger (20–39 years) or female population were more sen-
sitive. An Iran study indicated a protective effect of smoking on hypertension (OR = 0.50,
95% CI: 0.41–0.60) among elderly persons (≥60 years) [33]; however, our research did not
find a significant association among participants aged ≥60 years (p = 0.216). Similar to
our results, a study from China Health and Nutrition Survey (CHNS) also did not find
smoking as a significant risk factor for hypertension among male subjects (p > 0.05) [34].
Differences in genetic susceptibility or tolerance may be the reasons for the different results
in different subgroups.

For PA, especially more than or equal to moderate-intensity is one of the lifestyles
commonly recognized to reduce the risk of hypertension [12,35]. An interventional study,
which was the first to explore the PA effects on reducing BP, found that an aerobic interval
training program of 2 days per week could reduce BP among hypertension patients and
normotensive men [36]. A review of 27 randomized controlled studies had shown that
regular aerobic MVPA could reduce BP by a mean of 11/5 mmHg [37]. In addition to the
daily activity, a longitudinal study according to the CHNS had also shown that moderate-
intensity occupational PA is associated with a lower risk of new-onset hypertension [38].
Similarly, our study found that MVPA, including daily or occupational, was a protective
factor against hypertension. However, there are also studies that did not find this protective
effect of PA, such as a cohort study of young pre-hypertension patients, which did not find
a significant association between PA and hypertension (p > 0.05) [39]. From our results, we
also found that the middle-aged and elderly (40–79 years) may be the sensitive population,
and the protective effect of PA was not found among the younger participants (20–39 years)
(p = 0.291). Thus, these results indicate that the protective effect of PA on hypertension may
differ among different age groups.

SE, mainly via the stimulation of the sympathetic nervous system, increases BP levels
and the risk of hypertension [40]. In addition, SE can accelerate the atherothrombotic pro-
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cess because of the impairment of endothelial function, arterial stiffness, inflammation, etc.,
thus hypertension patients with SE are more likely to develop malignant and renovascular
hypertension [40]. While an animal study suggested that one of the reasons for aerobic
exercise reducing BP levels was improving the autonomic nervous system function [41].
Furthermore, PA could, through several other reasons, control BP levels, including reducing
vascular resistance, inflammation level, and psychosocial stress, and increasing endothelial
function, renal function, and angiogenesis [35]. From these insights, SE and PA have the
same process to change BP levels and the risk of hypertension, which may be the reason
why PA and SE have joint effects on it. From our results, compared with the INPA without
SE and the MVPA without SE participants, hypertension risk reduced by 26.0% (95% CI:
16.3–34.6%). However, the risk effect of SE may be more serious than the protective effect
of MVPA, and continual SE was more likely than continuing to exercise. These may be the
reasons why our results found that SE could reduce the protective effects of PA.

To our knowledge, this is the first study to explore the joint effects between SE and PA
on hypertension, which could provide reasonable suggestions for reducing hypertension.
The NHANES is a national survey that examines a nationally representative sample, whose
results are more persuasive by reflecting the overall situation in the USA. In addition to this,
we used serum cotinine concentrations rather than self-reported questionnaires to assess
the SE status, which is a better indicator to distinguish the SE status in epidemiological
studies and could reduce information bias compared with self-reported questionnaires. We
used survey logistic multivariable regression models to assess the associations between
exposure assessments and outcome assessments. This is a better statistical method to
process databases of the complex and multistage probability sample design, such as the
NHANES.

However, our study also has several limitations. Firstly, the NHANES adopted a
cross-sectional design, which precludes us from inferring any causal relationships. We
cannot exclude reverse causality, though it is very unlikely. Secondly, the PA assessment
was collected by self-reported questionnaires (GPAQ) according to memory and used MET
scores to calculate the total MET value, thus the activity level of the participants may
have information bias. Thirdly, the participants in this study were selected just from the
USA, thus the results are not representative of other national populations, especially from
developing countries. A longitudinal study with populations from more countries as well
as a more detailed investigation should be considered in future.

5. Conclusions

The results of this study show that SE and PA both play important roles in the risk of
hypertension, and the effect of SE may be more serious than the protective effect of MVPA
on hypertension. All in all, MVPA can reduce the risk of hypertension but SE can increase
it. In addition, SE can reduce this protective effect. Our findings suggest that the best way
to enhance the protective effect of PA on hypertension is to avoid SE, including smoking
and secondhand smoke exposure.
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