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Hypertension is the most common preventable risk factor for the onset of
cardiovascular disease and mortality. We aimed to investigate the association
between incident hypertension and 4-year leisure-time physical activity (PA)
levels and resistance training (RT). In this community-based Korean cohort, 5,075
participants without hypertension were included. To evaluate cumulative PA, the
average PA time (the total time of moderate-intensity leisure-time PA) at baseline,
2-year follow-up, and 4-year follow-up were calculated. Based on participation in
RT and compliance to PA guidelines (=150 min/week of PA time), the participants
were divided into the following four groups: Low-PA, Low-PA+RT, High-PA, and
High-PA+RT. A multivariate Cox proportional hazards regression model was used to
evaluate the 12-year incidence of hypertension in relation to leisure-time PA levels
and RT reqgularity. During a mean 7.86 £+ 4.20-year follow-up, 2,544 participants
(1,366 women) were diagnosed with hypertension. Compared with Low-PA, High-
PA, and High-PA+RT decreased the risk for hypertension by 30 and 39%, respectively.
Participation in RT without compliance to PA guidelines did not affect the incidence
of hypertension. The additive effect of RT on hypertension in the High-PA group
was further examined. Although sex-based comparisons indicated that men had a
significantly longer training period for RT than women, an additional reduction in the
risk for hypertension in relation to the addition of RT was observed only in women
(35%). PA may confer protective effects against hypertension, whereas the addition
of RT to high levels of PA can further reduce the risk for hypertension in women.

hypertension, physical activity, resistance training, population study, prevention

1. Introduction

High blood pressure (BP), clinically known as hypertension, is the most common
preventable risk factor for cardiovascular disease (CVD)-related incidence and mortality,
including those attributable to peripheral or coronary artery disease, heart failure, myocardial
infarction, and stroke (1, 2). Worldwide, in 2019, the prevalence of hypertension was estimated
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at 1.3 billion, which indicated a twofold increase since 1990 (3).
Therefore, hypertension is an important public health concern that
imperatively necessitates the establishment of strategies to prevent
hypertension to avoid life-threatening conditions.

The adoption and maintenance of lifestyle modifications, such
as increased physical activity (PA), have been recommended for
preventing and/or treating hypertension. To improve health-related
physical fitness and prevent non-communicable diseases, including
hypertension, diabetes mellitus, and CVD, the World Health
Organization (WHO) has advised at least 150 min/week of moderate-
intensity leisure-time PA (4). Epidemiological research revealed
an inverse relationship between increased leisure-time PA levels
and the risk for hypertension (5, 6). Randomized controlled trials
(RCTs) have revealed that regular aerobic exercise training effectively
decreases systolic BP (SBP) and diastolic BP (DBP) in patients who
are diagnosed with resistant hypertension (7, 8). Taken together,
participation in regular aerobic-related PA may confer protection
against hypertension.

Unlike aerobic exercise training, which has a protective effect
against hypertension, the association between resistance training
(RT) and the risk of incident hypertension is controversial. RT-a type
of PA characterized by muscle contraction against a force or weight—
has been recommended for improving body composition, muscular
fitness, BP levels, blood glucose levels, and insulin sensitivity (9-
12). In RCTs with patients who had hypertension, moderate-
intensity or progressive (from low- to moderate-intensity) RT was
effective for decreasing both SBP and DBP (13, 14), whereas no
changes in BP were noted following low-intensity isometric handgrip
training (15); similarly, progressive (from low- to moderate-intensity)
RT did not change BP in normotensive individuals (16). To
the best of our knowledge, few prospective cohort studies have
investigated the longitudinal association between RT and the risk
for hypertension in initially normotensive participants. Recently,
Mielke et al. (6) reported an inverse association between RT and a
6-year incidence of hypertension in an Australian cohort. However,
as these authors did not consider clinical confounders that are
related to incident hypertension, such as baseline BP, body mass
index (BMI), and diabetes mellitus, further cohort studies are
required to enhance the evidence of the association after adjusting
for the known confounders. Moreover, data from other cohorts
should be used to examine potential variations among races and
ethnicities. There is a lack of studies investigating the combined
associations of RT regularity and leisure-time PA levels with risk of
incident hypertension.

Therefore, the present study was conducted to examine the
association of hypertension with cumulative leisure-time PA levels
and RT regularity in Korean adults from a population-based
prospective cohort. Furthermore, we determined whether RT had
an additive effect on hypertension in participants with high leisure-
time PA levels.

2. Materials and methods

2.1. Study participants

The present study used data from the Korean Genome and
Epidemiology Study (KoGES), conducted by the Korea National
Institute of Health. The KoGES is a large consortium project that

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.1068852

consists of six prospective cohort studies and that has been initiated
with an aim to establish comprehensive healthcare guidelines for
non-communicable diseases, such as obesity, metabolic syndrome,
hypertension, diabetes mellitus, CVD, and cancer (17). In the present
study, we used data from the KoGES Ansan and Ansung study,
an ongoing prospective and population-based cohort study. As
the amount of moderate-intensity leisure-time PA was measured
from the third wave of the KoGES_Ansan and Ansung study,
we performed the analysis considering these data as the baseline.
Accordingly, this cohort included 7,515 participants aged 43-74 years
who resided in Ansan (urban area) and Ansung (rural area) at
baseline and were followed up biennially during a 12-year period,
from the baseline (the third wave) in 2005-2006 to the ninth wave
in 2017-2018. All participants underwent physical examinations and
face-to-face surveys that were conducted by trained medical staff
and a detailed description of these cohort studies was provided
previously (17).

Among the 7,515 participants from the cohort, 2,440 participants
were excluded from the present study based on the following
exclusion criteria: lack of data on BP (n = 33), lack of data on
PA levels (n = 529), no data available for the covariates (n = 86),
and previously diagnosed with hypertension at baseline (n = 1,792).
Thus, 5,075 participants (2,726 women) were included in the final
analysis (Supplementary Figure 1). This study was approved by
the Institutional Review Board Committee of the Korea National
Institute of Health, Korea Disease Control and Prevention Agency
(Approval No. 2021-04-02-P-A).

2.2. Measurement of PA

Figure 1 shows the overall scheme of the study. All participants
completed questionnaires to provide details of their regular leisure-
time PA, including RT at baseline, 2-year follow-up, and 4-year
follow-up. With regard to leisure-time PA, the frequency (per week),
intensity, and duration (min) in a typical week were assessed. To
evaluate the cumulative levels of PA over time, the average PA-time
(total duration of moderate-intensity leisure-time PA; min/week)
was calculated from the values reported at baseline, 2-year follow-
up, and 4-year follow-up. Moderate-intensity leisure-time PA was
considered as participation in exercise or sports to the point of
sweating. However, to examine the cause-and-effect associations
between PA levels and hypertension, if hypertension occurred during
the PA measurement period, the average PA-time before the onset of
hypertension was calculated. For example, in the case of participants
who were diagnosed with hypertension at the 4-year follow-up, the
average PA-time at baseline and 2-year follow-up was calculated. In
the case of participants who were diagnosed with hypertension at
the 2-year follow-up, the baseline PA-time was used in the analysis.
Participants were classified into two groups in accordance with
cutoffs specified on the basis of the WHO guideline of at least 150 min
per week of moderate-intensity leisure-time PA as (4): “Low-PA” (not
meeting the guideline) and “High-PA” (meeting the guideline).

RT was defined as any training program which involves muscle
contraction against external resistance using body weight, weight
machines, dumbbells, and barbells. For regularity of RT, the
frequency (per week) and training period (months) of the most
recent evaluation during the PA measurement period were assessed.
However, to examine the cause-and-effect associations between
RT and hypertension, if hypertension occurred during the PA
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FIGURE 1
Scheme depicting the study grouping and follow-up over time.

measurement period, the most recent evaluation before the onset of
hypertension was used. Regular RT was considered as participation
in an RT program for more than 1 day per week. Participants were
assigned to one of four subgroups based on RT regularity and leisure-
time PA levels as follows: “Low-PA;” “Low-PA+RT; “High-PA,” and
“High-PA+RT.”

2.3. Definition of incident hypertension

Incident hypertension was defined as the first occurrence
of hypertension in any follow-up period that was defined
as SBP > 140 mmHg, DBP > 90 mmHg, treatment with
antihypertensive drugs, or a diagnosis of hypertension by a
physician (18). Trained healthcare providers measured BP using
standard methods. SBP and DBP were considered as the average
of two readings for the arm, with the highest SBP obtained after
resting for 5 min while seated. For the comparison of baseline
characteristics, the participants were divided into two groups based
on incident hypertension during the follow-up period as follows:
“Normotensive” (those without hypertension) and “Hypertension”
(those with hypertension).

2.4. Covariates

Sociodemographic and health-related factors, including age, sex,
drinking and smoking habits, education level, PA-time, BMI, waist
circumference (WC), diabetes mellitus, and laboratory parameters,
were included in our analyses. All covariates were derived from
the baseline data, except the PA-time. Smoking and drinking habits
were categorized as “never;” “former,” and “current.” The education
level was divided into elementary school graduate or lower, middle
or high school graduates, and college graduate or higher. PA-time
was defined as the average value of the total time (min/week)
of moderate-intensity leisure-time PA during the PA measurement
period (baseline, 2-year follow-up, and 4-year follow-up).

Anthropometric data such as height, body weight, and WC
were measured by trained healthcare providers using standardized
protocols. BMI (kg/m?) was calculated as the body weight (kg)
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divided by height (m) squared. Blood samples were obtained
after overnight fasting for at least 8 h. Furthermore, biochemical
assays were performed to determine total cholesterol (T-Chol),
high-density lipoprotein cholesterol (HDL-C), triglyceride (TG),
fasting blood glucose (FBG), and creatinine levels. The estimated
glomerular filtration rate (¢GFR) was calculated using the following
formula, with creatinine expressed in mg/dL (19): eGFR (ml/min
per 1.73 m?) = 175 x (creatinine) ™15 x (age)*0'2°3 x (0.742, if
female). Diabetes mellitus was defined based on a previous diagnosis
by a physician, current use of anti-diabetes medications, including
insulin and oral anti-diabetes agents, FBG > 126 mg/dL, or glycated
hemoglobin > 6.5. A detailed description of the biochemical analysis
is available elsewhere (17).

2.5. Statistical analysis

All statistical analyses were conducted using SAS (version 9.4;
SAS Institute, Cary, North Carolina, United States). The baseline
characteristics of the participants are presented as descriptive
statistics. Continuous variables are shown as mean =+ standard
deviation, whereas categorical variables are expressed as absolute
frequency and percentages (%). The chi-square test was used
to determine intergroup differences in sex ratios, drinking and
smoking habits, education levels, participation in RT, and prevalence
of diabetes mellitus. Post-hoc pairwise comparisons were used if
significant differences were found when there were three or more
levels of the categorical variables. Independent ¢-tests were used to
compare age, PA-time, BMI, WC, SBP, DBP, T-Chol, HDL-C, TG,
FBG, creatinine, and eGFR between the groups. The folded F-test was
used to assess assumptions of equal variances. The pooled t-test was
used when the variance was homogeneous between the two groups,
whereas the Satterthwaite ¢-test was used when the variance was
assumed unequal.

A multivariate Cox proportional hazards regression model was
used to evaluate the hazard ratios (HRs) and 95% confidence intervals
(CIs) for the incidence of hypertension. The models were adjusted
for age, sex, drinking, smoking, education level, BMI, T-Chol, SBP,
eGFR, PA-time, and diabetes mellitus. Kaplan-Meier curves and log-
rank tests were used to compare the cumulative risk of hypertension
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among the groups. We performed a subgroup analysis of the
association between leisure-time PA levels and incident hypertension
according to age (<55 and >55 years), sex (male and female), BMI
(<25 and >25 kg/m?), current drinking habits (no and yes), smoking
status (never or ever), and diabetes mellitus (no and yes). The p-value
for the interaction was estimated to investigate the consistency of the
patterns of associations across subgroups. All tests were two-tailed,
and statistical significance was set ata p < 0.05.

3. Results

A total of 5,075 participants (2,726 women) were enrolled in the
present study. The mean follow-up period was 7.86 £ 4.20 years
(range 1.33-12.59 years). During the follow-up period, 2,544
participants (50.1%) developed hypertension. Table 1 shows the
baseline characteristics of the participants based on their leisure-time
PA levels and sex. In both sexes, the mean age, SBP, and DBP were
significantly lower in the High-PA group compared with the Low-
PA group. The prevalence of current drinking was lower only in
women in the Low-PA group, whereas the eGFR and the proportion
of current smokers were higher only in men in the Low-PA group.
Both men and women in the Low-PA group showed a considerably
higher prevalence of low educational levels (<elementary school)
than that in those in the High-PA group. In men, compared to the
Low-PA group, the High-PA group was significantly associated with
higher regularity of RT, BMI, T-Chol, creatinine, and prevalence of
diabetes mellitus. In women, compared to the Low-PA group, the
High-PA group had significantly higher regularity of RT, T-Chol,
HDL-C, and creatinine, but lower WC, TG, and FBG.

The baseline characteristics of the participants, stratified based on
incident hypertension and sex during the follow-up period, are shown
in Supplementary Table 1. The incidence rates for hypertension in
our study population were similar in both sexes (50.15 and 50.11%
in men and women, respectively). Importantly, compared to the
Normotensive group, the Hypertension group had significantly lower
PA-time and proportion of regularity of RT. The mean age, BMI, and
WC were significantly higher in the Hypertension group than in the
Normotensive group. Furthermore, the prevalence of low educational
level (<elementary school) was higher in the Hypertension group in
both sexes, whereas the proportion of current drinking was lower
only in women in the Hypertension group. In both sexes, compared
to the Normotensive group, the Hypertension group had significantly
higher SBP, DBP, TG, FBG, and prevalence of diabetes mellitus, but
had lower HDL-C.

Table 2 presents the inverse association between leisure-time PA
levels and incidence of hypertension after adjusting for covariates.
High levels of leisure-time PA were related to a decrease in the risk
of hypertension in 31 and 35% of men and women, respectively (all
p < 0.0001).

The additional effect of RT on hypertension among participants
with low or high leisure-time PA levels was further investigated. The
proportion of male and female participants who engaged in RT was
12.01 and 8.14%, respectively. The participants were divided into
four subgroups based on leisure-time PA levels and RT. As shown
in Figure 2, the Low-PA group exhibited the highest cumulative
incidence rate of hypertension (log-rank p < 0.0001). RT showed no
significant impact in the Low-PA group with regard to hypertension
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(Table 3). However, compared to the Low-PA group, the High-
PA, and High-PA+RT groups had 30 and 39% lower risks for
hypertension, respectively (all p < 0.0001; p for trend <0.0001).
These associations remained significant, even after stratifying the
participants by sex. Among men, the High-PA+RT group had a
markedly higher training frequency (p < 0.0001) and a higher rate
of long-term RT program (>1 year; p < 0.01) than the Low-PA+RT
group. Among women, the High-PA+RT group had a significantly
higher training frequency (p < 0.01), a longer RT period (p < 0.05),
and a higher rate of long-term RT program (>1 year; p < 0.0001)
than the Low-PA+RT group. The baseline characteristics of the four
subgroups are shown in Supplementary Table 2.

We analyzed the additive effect of RT on hypertension in the
High-PA group (Supplementary Table 3). Interestingly, although
the sex-stratified comparisons indicated that men had a considerably
longer training period for RT than women (p < 0.0001), further
reduction in the risk of hypertension related to the addition of RT
was seen only in women (HR, 0.65; 95% CI, 0.46-0.91; p < 0.05).

Subgroup analysis was performed based on age, sex, BMI,
current drinking habits, smoking status, and the diabetes mellitus
(Supplementary Table 4). The protective benefit of high leisure-time
PA levels against hypertension was consistent across all subgroups
in the analyses based on age, sex, BMI, current drinking habits,
smoking status, and diabetes mellitus. A significant interaction was
observed for current drinking habits (no and yes; p for interaction
<0.01); however, in both subgroups, high leisure-time PA conferred
a protective benefit against hypertension.

4. Discussion

The present study indicates that satisfying the leisure-time
PA guideline (>150 min/week of moderate-intensity PA) may be
associated with protective benefits against hypertension, whereas the
addition of RT to high levels of PA seemed to be relatively more
effective in preventing hypertension. In the subgroup analysis that
was conducted to examine whether RT had an additive effect on
the risk reduction for hypertension in the High-PA group, further
decrease in risk related to the addition of RT was seen only in women.
To the best of our knowledge, this is the first study to examine the
longitudinal associations of hypertension with cumulative leisure-
time PA levels and RT regularity in Korean adults using population-
based data from a large cohort.

The adoption of lifestyle modifications is recommended to
prevent and/or treat hypertension. In particular, current guidelines
recommend at least 150 min per week of moderate-intensity leisure-
time PA or sports to prevent and/or treat hypertension (4, 10).
It is well known that high levels of leisure-time PA levels are
inversely associated with hypertension. The majority of studies on
hypertension have focused on the effect of regular aerobic-related
leisure-time PA. Several epidemiological studies have reported an
inverse longitudinal association between increased moderate-to-
vigorous intensity leisure-time PA levels and the risk for hypertension
(5, 6, 20, 21). In our study, compliance with the leisure-time PA
guidelines was associated with a 32% reduction in the risk of incident
hypertension when compared with PA levels below the current
recommendation, after adjusting for other confounders. Moreover,
this protective association persisted even after subgroup analysis
performed by age, sex, BMI, current drinking habit, smoking status,
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and diabetes mellitus. Our results are consistent with those of
previous studies. A meta-analysis of cohort studies revealed a linear
dose-response association between leisure-time PA and incident
hypertension, even after adjusting for BMI, and this indicated that
the protective effect on hypertension increased with an increased
amount of PA (22). Potential mechanisms for the reduction in BP
after regular aerobic-related leisure-time PA include an improvement
in vascular endothelial function based on increased nitric oxide (NO)
bioavailability (23) and a reduction in microvascular rarefaction
through enhanced endothelial progenitor cell-mediated angiogenesis
(24). Taken together, our findings and those of previous studies
suggest that increasing leisure-time PA levels is likely to be effective
for mitigating the risk of incident hypertension.

Unlike aerobic-related leisure-time PA, which has a protective
effect on hypertension, the association between muscular strength or
muscle-strengthening PA, such as RT, and the risk for hypertension
is controversial. In a recent cross-sectional study, we found that
higher levels of handgrip strength were related to a reduction in

10.3389/fcvm.2023.1068852

the risk for hypertension (25). However, considering the nature of
this cross-sectional study, further research is required. Recently, a
prospective cohort study showed that participation in RT was related
to a lower risk for hypertension in an Australian cohort, although
baseline BP, BMI, leisure-time PA levels, and diabetes mellitus were
not considered as confounders that are related to hypertension (6).
Accordingly, we further investigated the longitudinal associations
of hypertension with cumulative leisure-time PA levels and RT
regularity in Korean adults. The present study indicates that RT had
no effect on the risk for hypertension in the Low-PA group. Both the
rate of participation in the long-term RT program (>1 year) and RT
frequency were significantly higher in the High-PA group than in the
Low-PA group for both sexes; however, information on the training
intensity was unavailable. Compared with the Low-PA group, high
levels of leisure-time PA reduced the risk of incident hypertension
by 30%, and the addition of RT to high levels of leisure-time PA
further reduced the risk by 39% even after adjusting for covariates.

TABLE 1 Baseline characteristics of study participants stratified by leisure-time physical activity (PA) levels.

Variables Men (n = 2,349) Women (n = 2,726)
Low-PA Low-PA
(n =1,401) (n =1,744)

Age (years) 56.32 + 8.80 53.54 £+ 7.90 <0.0001 56.81 £ 8.99 52.84 £ 7.58 <0.0001
Education level, n (%) <0.0001 <0.0001

< Elementary school 355 (25.34) 87 (9.18)% 864 (49.54) 266 (27.09)2

Middle/high school 897 (64.03) 641 (67.61)° 818 (46.90) 654 (66.60)°

> College 149 (10.63) 220 (23.21)¢ 62 (3.56) 62 (6.31)b
Drinking habit, n (%) 0.69 <0.001

Never drinker 287 (20.49) 193 (20.36) 1,307 (74.94) 662 (67.41)2

Ex-drinker 134 (9.56) 81 (8.54) 26 (1.49) 15 (1.53)*"b

Current drinker 980 (69.95) 674 (71.10) 411 (23.57) 305 (31.06)b
Smoking habit, n (%) <0.0001 0.32

Never smoker 337 (24.05) 250 (26.37)* 1,694 (97.13) 956 (97.35)

Ex-smoker 475 (33.91) 401 (42.30)* 8(0.46) 8(0.81)

Current smoker 589 (42.04) 297 (31‘33)b 42 (2.41) 18 (1.84)
PA-time (min/week) 34.39 £ 50.52 334.72 £170.85 <0.0001 37.93 £52.42 318.69 £ 159.03 <0.0001
RT, n (%) 56 (4.00) 226 (23.84) <0.0001 37 (2.12) 185 (18.84) <0.0001
BMI (kg/mz) 23.64 £2.99 24.25+£2.53 <0.0001 2449 £3.17 24.57 £2.92 0.53
WC (cm) 84.45 + 8.09 84.07 £7.13 0.24 84.22 £9.58 80.87 £ 8.92 <0.0001
SBP (mmHg) 112.76 +11.49 110.79 4+ 10.85 <0.0001 111.77 £ 12.76 108.13 £ 12.55 <0.0001
DBP (mmHg) 76.23 £7.43 75.03 £ 7.42 <0.001 74.12 £ 8.18 72.14 £ 8.30 <0.0001
T-Chol (mg/dL) 183.76 4 33.48 190.15 4 32.59 <0.0001 192.90 + 34.23 195.66 + 33.46 <0.05
HDL-C (mg/dL) 42.49 £+10.33 43.00 £ 10.06 0.23 4491 £+ 9.65 46.80 & 10.58 <0.0001
TG (mg/dL) 146.74 +£ 121.91 144.80 £ 95.69 0.67 127.59 £+ 80.24 117.31 £ 66.43 <0.001
FBG (mg/dL) 93.02 £ 13.42 94.15 £ 16.05 0.09 89.91 £ 12.80 88.35 £ 11.21 <0.01
Creatinine (mg/dL) 1.05+0.13 1.09 +£0.13 <0.0001 0.87 £0.11 0.89 4 0.24 <0.05
eGFR (ml/min per 1.73 m?) 7449 £11.11 72.22 £ 9.66 <0.0001 68.27 £9.49 67.80 & 8.56 0.19
DM, n (%) 134 (9.56) 115 (12.13) <0.05 164 (9.40) 74 (7.54) 0.10

PA, physical activity; PA-time, total time spent for regular participation in any sport or exercise to the point of sweating; min, minute; RT, resistance training; BMI, body mass index; WC, waist
circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; T-Chol, total cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; FBG, fasting blood glucose; eGFR,

estimated glomerular filtration rate; DM, diabetes mellitus. Categories marked with the same letter are not significantly different by post-hoc pairwise comparisons.
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TABLE 2 Leisure-time physical activity (PA) level- and sex-stratified hazard ratios for incident hypertension.

10.3389/fcvm.2023.1068852

PA-time Total Participants with Event rate Crude model
(min/week) | person- | hypertension, n | (1,000-person
years (%) year)
HR (95% Cl) HR (95% Cl) HR (95% CI)
Total
Low-PA 3,145 36.35 £+ 51.61 20,894.85 1,776 (56.47) 85.00 1 (reference) 1 (reference) 1 (reference)
High-PA 1,930 326.56 £ 165.09 16,002.79 768 (39.79) 47.99 0.58 (0.53-0.64)**** | 0.70 (0.64-0.77)**** | 0.68 (0.62-0.74)**
Men
Low-PA 1,401 34.39 + 50.52 9,135.43 788 (56.25) 86.26 1 (reference) 1 (reference) 1 (reference)
High-PA 948 334.72 £170.85 7,659.42 390 (41.14) 50.92 0.64 (0.56-0.73)**** | 0.71 (0.62-0.81)**** | 0.69 (0.60-0.79)****
Women
Low-PA 1,744 37.93 +52.42 11,759.42 988 (56.65) 84.02 1 (reference) 1 (reference) 1 (reference)
High-PA 982 318.69 £ 159.03 8,343.37 378 (38.49) 45.31 0.53 (0.47-0.60)**** | 0.70 (0.62-0.81)**** | 0.65 (0.57-0.75)****

PA, physical activity; PA-time, time spent for regular participation in any sport or exercise to the point of sweating; HR, hazard ratio; CI, confidence interval; BMI, body mass index; T-Chol, total

cholesterol; SBP, systolic blood pressure; eGFR, estimated glomerular filtration rate.
ok < 0.0001.
Model 1 was adjusted for age, sex, drinking, smoking, and education level.

Model 2 was adjusted for the variables in Model 1, in addition to BMI, T-Chol, SBP, eGFR, and diabetes mellitus.

Log-rank p-value <0.0001
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FIGURE 2
Cumulative incidence of hypertension in the four subgroups.

However, the subgroup analysis of participants with high leisure-
time PA levels revealed that RT further decreased the incidence
of hypertension, particularly in women. This is consistent with
the findings of recent meta-analyses of RCTs, which reported that
moderate-intensity RT significantly reduced SBP and DBP in pre-
hypertensive and hypertensive individuals (26, 27). However, several
RCTs have indicated the lack of change in BP following progressive
(from low- to moderate-intensity) RT (16), low-intensity isometric
handgrip training (15), and high-intensity RT (28, 29). Thus, the
antihypertensive effects of RT remain unclear. Considering that

Frontiers in Cardiovascular Medicine

meta-analyses have revealed a dose-response association whereby
an increase in RT frequency or volume produces larger increases in
muscular fitness and hypertrophy (30, 31), these differences in RT
frequency and the rate of participation in a long-term program could
have contributed to the difference in the risk of incident hypertension
between the Low-PA and High-PA groups. Moreover, a recent meta-
analysis indicated that an RT frequency of three times a week or more
produced greater BP-lowering effects compared with an RT frequency
of two times a week (27). The mechanism of action of RT in BP has
not been elucidated. Low-intensity RT decreased BP by enhancing
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TABLE 3 Leisure-time physical activity (PA) level-, resistance training (RT) regularity-, and sex-stratified hazard ratios for incident hypertension.

ota pa PA e R eve de ode Ad ed ode
pDerso perte O 000-pe ee 05% R (95%
eque 3 period

Total
Low-PA 3,052 20,255.66 1,726 (56.55) 85.21 34.69 £ 50.94 - - - 1 (reference)?® 1 (reference)®
Low-PA+RT 93 639.19 50 (53.76) 78.22 90.74 £ 43.11 3.72 + 1.68¢ 59.69 £ 110.81 49.464 0.85 (0.62-1.17) 1.13 (0.82-1.56)
High-PA 1,519 12,358.07 629 (41.41) 50.90 312.30 & 158.39 - - - 0.61 (0.55-0.67)**** 0.70 (0.63-0.77)****
High-PA+RT 411 3,644.72 139 (33.82) 38.14 379.28 £ 178.36 4.69 + 1.48¢ 67.12 +81.23 74.214 0.48 (0.40-0.57)**** 0.61 (0.51-0.74)****
Men
Low-PA 1,345 8,800.11 756 (56.21) 85.91 32.53 £ 49.98 - - - 1 (reference)® 1 (reference)?
Low-PA+RT 56 335.32 32 (57.14) 95.43 79.12 £ 42.61 3.49 +1.75¢ 87.54 £137.10 60.71¢ 1.02 (0.68-1.53) 1.29 (0.85-1.97)
High-PA 722 5,747.93 307 (42.52) 53.41 321.62 £ 162.71 - - - 0.66 (0.58-0.77)**** 0.71 (0.61-0.83)****
High-PA+RT 226 1,911.49 83 (36.73) 43.42 376.58 £ 188.96 4.66 & 1.624 85.47 £96.78 77.88¢ 0.56 (0.44-0.71)**** 0.66 (0.51-0.84)**
Women
Low-PA 1,707 11,455.55 970 (56.82) 84.68 36.40 £+ 51.65 - - - 1 (reference)? 1 (reference)?
Low-PA+RT 37 303.87 18 (48.65) 59.24 108.32 4 38.03 4.00 & 1.56° 25.09 = 47.82° 32.434 0.69 (0.41-1.15) 0.97 (0.58-1.63)
High-PA 797 6,610.14 322 (40.40) 48.71 303.86 £ 153.99 - - - 0.56 (0.49-0.65)**** 0.67 (0.58-0.77)****
High-PA+RT 185 1,733.23 56 (30.27) 32.31 382.59 & 164.95 4.724+1.32°¢ 45.80 + 50.66 ° 69.734 0.39 (0.29-0.52)**** 0.56 (0.42-0.76)***
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PA, physical activity; RT, resistance training; PA-time, total time spent for regular participation in any sport or exercise to the point of sweating; HR, hazard ratio; CI, confidence interval; BMI, body mass index; T-Chol, total cholesterol; SBP, systolic blood pressure; eGFR,
estimated glomerular filtration rate.

2p < 0.0001 in the test for trend of HRs.

bp < 0.05 compared Low-PA+RT with High-PA+RT.

°p < 0.01 compared Low-PA+RT with High-PA+RT.

dp <0.0001 compared Low-PA+RT with High-PA+RT.

*p < 0.01; **p < 0.001; ****p < 0.0001; Adjusted for age, sex, drinking, smoking, education level, BMI, T-Chol, SBP, eGFR, and diabetes mellitus.
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endothelial NO-mediated vasodilatory function without concomitant
increases in plasma norepinephrine levels, whereas high-intensity
RT and concurrent Valsalva maneuver are likely to increase arterial
stiffness by chronically increasing sympathetic activity and BP during
exercise (32).

Nonetheless, although the risk of incident hypertension was
significantly lower in women in the High-PA+RT group than in those
in the High-PA group, the difference was not significant in men.
To the best of our knowledge, only a few studies have examined
sex-based differences in the antihypertensive effects of RT. A recent
meta-analysis showed that RT significantly reduced SBP and DBP
in women, but did not improve BP in men (27). According to an
RCT, women exhibited a significant DBP-lowering effect without a
concomitant increase in arterial stiffness after 4 weeks of moderate-
intensity RT, whereas the RT program produced an increase in
arterial stiffness in men (33). In another study, after 16 weeks of
moderate-intensity RT, a significant reduction in arterial stiffness was
observed in women but not in men (34). These results were consistent
with the findings of the present study. Taken together, based on
the above mentioned studies, potential sex differences in RT-related
changes in arterial stiffness are likely due to sex-based differences
in the risk of incident hypertension in the High-PA+RT group.
However, training intensity, which was not considered in the present
study, possibly plays an important role in the vascular benefits of RT.
Therefore, additional RCTs are needed to investigate sex differences
in RT-related antihypertensive effects by simultaneously considering
both sex-specific effects and training intensity. Further longitudinal
studies that consider long-term changes in arterial stiffness and
BP are required to verify whether sex differences in RT-related
changes in arterial stiffness could explain the difference in the risk
of incident hypertension.

The major strength of our study is the long-term follow-up of up
to 12 years in a prospective cohort of Korean adults. Moreover, we
considered crucial confounders, including baseline BP, BMI, leisure-
time PA levels, and diabetes mellitus, which are directly related to the
risk for hypertension but were not considered in previous research.
However, the present study had several limitations. First, there could
be a recall bias because information on RT regularity and leisure-time
PA levels was collected using self-reported questionnaires. Second,
detailed information on RT intensity was unavailable for the present
cohort. Therefore, we could not investigate the association between
the RT intensity and the risk of incident hypertension. Further
studies are needed to verify the optimal frequency, intensity, and
training period to prevent hypertension. Finally, we only included
Korean participants; thus, our findings may not be applicable to
other populations.

In conclusion, our findings show that compliance with the
leisure-time PA guidelines (>150 min/week of moderate-intensity
PA) may have preventive advantages against hypertension, whereas
adding on RT to high levels of PA seems to be relatively more
effective in preventing hypertension. In the subgroup analysis to
examine whether there was an additive effect of RT on hypertension
in the High-PA group, an additional reduction as observed only in
women. However, as the training intensity, which was not considered
in the present study, plays an important role in explaining the
vascular benefits of RT, further studies are required to investigate sex
differences in RT-related antihypertensive effects by simultaneously
considering both sex and training intensity.
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