
Original Article
Association between lung function and hypertension
and home hypertension in a Japanese population:
the Tohoku Medical Megabank Community-Based
Cohort Study
Masato Takasea, Mitsuhiro Yamadaa, Tomohiro Nakamuraa,b, Naoki Nakayaa,b, Mana Kogurea,b,
Rieko Hatanakaa,b, Kumi Nakayaa,b, Ippei Chibaa,b, Ikumi Kannoa,b, Kotaro Nochiokaa,b,c,
Naho Tsuchiyaa,b, Takumi Hiratab,d, Yohei Hamanakab, Junichi Sugawaraa,b,c,
Tomoko Kobayashib, Nobuo Fuseb, Akira Urunob, Eiichi N. Kodamab,e,
Shinichi Kuriyamaa,b,e, Ichiro Tsujia,b, and Atsushi Hozawaa,b
Journal of Hypertension 2023, 41:443–452
aGraduate School of Medicine, bTohoku Medical Megabank Organization, cTohoku
University Hospital, Tohoku University, Aoba-ku, Sendai, Miyagi, dInstitute for Clinical
and Translational Science, Nara Medical University, Shijo-cho, Kashihara, Nara and
eInternational Research Institute of Disaster Science, Tohoku University, Aoba-ku,
Sendai, Miyagi, Japan

Correspondence to Atsushi Hozawa, Tohoku Medical Megabank Organization,
Tohoku University, Aoba-ku, Sendai, Miyagi, Japan. E-mail: hozawa@megabank.
tohoku.ac.jp

Received 1 September 2022 Revised 27 October 2022 Accepted 22 November
2022

J Hypertens 41:443–452 Copyright © 2023 The Author(s). Published by Wolters
Kluwer Health, Inc. This is an open access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially without
permission from the journal.

Jo
Background: Although several studies have shown an
inverse association between lung function and
hypertension, few studies have examined the association
between lung function and hypertension among never-
smokers, and no study has investigated the association
between lung function and home hypertension. We
investigated the associations between lung function and
hypertension in a Japanese population.

Individuals and methods: We conducted a cross-
sectional study of 3728 men and 8795 women aged
20 years or older living in Miyagi Prefecture, Japan. Lung
function was assessed using forced expiratory volume at
1 s (FEV1) and forced vital capacity (FVC), measured by
spirometry. Hypertension was defined as a casual blood
pressure at least 140/90mmHg and/or self-reported
treatment for hypertension. Home hypertension was
defined as morning home blood pressure at least 135/
85mmHg and/or self-reported treatment for hypertension.
Multivariate logistic regression models adjusted for
potential confounders were used to assess the association
between lung function and hypertension.

Results: The mean ages (�SD) of men and women were
60.1 (�14.0) years and 56.2 (�13.4) years, respectively,
and 1994 (53.5%) men and 2992 (34.0%) women had
hypertension. In the multivariable models, FEV1 and FVC
were inversely associated with hypertension. Inverse
associations between lung function and hypertension were
observed even among never-smokers. Furthermore,
reduced lung function was associated with higher
prevalence of home hypertension in men and women.

Conclusion: Reduced lung function was associated with
higher prevalence of hypertension, independent of
smoking status. Assessment of the lung function or blood
pressure may be required in individuals with reduced lung
function or hypertension.

Keywords: blood pressure, epidemiology, hypertension,
lung function
urnal of Hypertension
Abbreviations: ACE, angiotensin-converting enzyme; BP,
blood pressure; CIs, confidence intervals; COPD, chronic
obstructive pulmonary disease; CRP, C reactive protein;
FEV1, forced expiratory volume at 1s; FVC, forced vital
capacity; HbA1c, glycated hemoglobin A1c; HDL-C, high-
density lipoprotein cholesterol; IQR, interquartile range;
LDL-C, low-density lipoprotein cholesterol; METs, metabolic
equivalents; ORs, odds ratios; Q, quartile; SD, standard
deviation; TC, total cholesterol; TMM CommCohort Study,
Tohoku Medical Megabank community-based cohort
study; WBC, white blood cell
INTRODUCTION
M
any prospective cohort studies have shown that
reduced lung function, that is, forced expiratory
volume at 1 s (FEV1) and forced vital capacity

(FVC), is associated with a higher risk of stroke, myocardial
infarction, and cardiovascular mortality [1–4]. Furthermore,
several studies have shown that these associations
remained, even when restricted to never-smokers [1–3].
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Hypertension is a well known leading risk factor for
cardiovascular disease [5]. Therefore, several studies have
examined the association between lung function and hy-
pertension [6–14], and these studies have shown that lung
function is inversely associated with blood pressure (BP)
and hypertension [6–13]. However, only a few studies have
reported an association between lung function and hyper-
tension among never-smokers [7,8], although smoking is
closely associated with reduced lung function and is posi-
tively associated with BP [15–18]. In addition, age is closely
associated not only with increased BP but also with de-
creased lung function because of decreased elastic recoil
[10,15,19–21]. Hence, age-related confounding may have a
strong impact on the association between lung function and
hypertension; however, no studies have reported an asso-
ciation between lung function and hypertension, stratified
age. Furthermore, previous studies showed that home BP is
better than casual BP at predicting the onset of cardiovas-
cular disease [22–25]. However, the association between
lung function and home hypertension is unknown. Finally,
to the best of our knowledge, no reports on the association
between lung function and hypertension have yet been
reported in a Japanese population.

Thus, we examined the cross-sectional association be-
tween lung function and the prevalence of hypertension
and home hypertension in a Japanese Tohoku Medical
Megabank Community-Based Cohort Study (TMM Comm-
Cohort Study) population.

METHODS

Study design and population
We conducted a cross-sectional study using data from the
TMM CommCohort Study. The details have been published
elsewhere [26,27]. In brief, this cohort study was aimed to
contribute to the development of personalized healthcare
and medicine worldwide, for which many genomic and
epidemiological studies have been conducted [26–33]. To
recruit participants, we used three approaches: a type 1
survey (40 433 participants) was conducted at specific
municipal health check-up sites; an additional type 1 survey
(664 participants) was conducted on different dates at
specific municipal health check-ups; and a type 2 survey
(13 855 participants) was conducted at a community sup-
port center. The same basic information was obtained
through blood and urine samples, a questionnaire, and
municipal health check-ups among the three approaches.
Additionally, several physiological measurements (i.e.
body composition and lung function tests) were performed
only in type 2 survey. This study included men and women
aged at least 20 years living in the Miyagi Prefecture, north-
eastern Japan. The survey and recruitment were conducted
between May 2013 and March 2016. Informed consent was
obtained from 54 952 participants. This study was approved
by the Institutional Review Board of the Tohoku Medical
Megabank Organization (approval number: 2022-4-047;
approval date: 30 June 2022).

In this study, we only used data from type 2 survey
(n¼ 13 855) participants who underwent several physio-
logical measurements, including lung function tests. We
excluded those who withdrew from the study by 13 July
444 www.jhypertension.com
2021, failed to return the self-reported questionnaire, did not
undergo physiological measurements, or had missing data
regarding lung function, SBP,DBP, plasma glucose, glycated
hemoglobinA1c (HbA1c), total cholesterol (TC), triglyceride,
high-density lipoprotein cholesterol (HDL-C), urinary creati-
nine, estimated urinary 24-h sodium excretion, estimated
urinary 24h potassium excretion and white blood cell
(WBC) count (n¼ 1332). Finally, data from 12523 partici-
pants (3728 men and 8795 women) were analyzed.

Assessment of the lung function
Lung function, including FEV1, FVC, and vital capacity (VC),
was measured using a spirometer (HI-801; Chest M. I.,
Incorporation). The measurements were taken with the
participants in a sitting position with a nose clip attached.
The FEV1 and FVC were categorized into the following sex-
specific quartiles: For men, Q1 (<2.56), Q2 (2.56–2.95), Q3
(2.96–3.43), Q4 (�3.43) in FEV1; and Q1 (<3.28), Q2
(3.28–3.73), Q3 (3.74–4.26), Q4 (�4.26) in FVC. For wom-
en, Q1 (<1.96), Q2 (1.96–2.25), Q3 (2.26–2.58), Q4
(�2.58) in FEV1; and Q1 (<2.44), Q2 (2.44–2.77), Q3
(2.78–3.14), Q4 (�3.14) in FVC. Restrictive and obstructive
ventilatory impairments were defined as reduced vital
capacity of less than 80% of the predicted and reduced
FVC ratio of less than 70% of FEV1 : FVC, respectively.

Hypertension
After resting for at least 2min in a sitting position, BP was
measured twice in the upper right arm using a digital auto-
matic BPmonitor (HEM-9000AI;OmronHealthcareCo., Ltd.,
Kyoto, Japan) at the community support center. The
mean values of the two recorded measurements were used.
Hypertension was defined as SBP at least 140mmHg, and/or
DBP at least 90mmHg, and/or self-reported treatment
for hypertension. Home BP was measured using a cuff-
oscillometric device (HEM-7080IC; Omron Healthcare Co.,
Ltd.) and was recorded for 10days in the morning [34,35].
Home hypertension was defined as morning home SBP at
least 135mmHg, and/or homeDBPat least 85mmHg, and/or
self-reported treatment for hypertension [36].

Other measurements
We used a self-reported questionnaire to assess demo-
graphic characteristics, smoking status, drinking status,
education level, physical activity, and history of respiratory
disease. Age was determined at the time of visit to the
community support center. Smoking status was classified
into four categories: never-smokers (had smoked <100
cigarettes in their lifetime), ex-smokers (had smoked
�100 cigarettes in their lifetime and were not current
smokers), current smokers (smoked�100 cigarettes in their
lifetime and were currently smoking) [37], and unknown
status. Drinking status was classified into five categories:
never drinkers (had consumed little or no alcohol or were
constitutionally incapable of alcohol consumption), ex
drinkers (had stopped drinking alcohol), current drinker
(<23 g/day), current drinker (�23 g/day), and unknown.
To calculate the amount of ethanol consumed, alcohol
types were classified into six categories: sake, distilled
spirits, shochu-based beverages, beer, whiskey, and wine.
Alcohol intake frequency was also classified into the
Volume 41 � Number 3 � March 2023
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following six categories: almost never, 1–3 days/month,
1–2 days/week, 3–4 days/week, 5–6 days/week, and daily.
To calculate the amount of ethanol, for each type of alco-
hol, we multiplied the frequency of alcohol by the amount.
We set the cutoff value at 23 g of ethanol, which is the
traditional Japanese unit of sake [30,31,38]. Education level
was classified into five categories: below high school;
vocational school, junior college, or technical college;
university or graduate school; other; and unknown. To
calculate the amount of leisure-time physical activity
(METs-min/week), the average frequency (times/week)
and duration (min/time) of normal walking, brisk walking,
moderate-intensity exercise, and hard-intensity exercise
during leisure time were obtained using a self-reported
questionnaire. Metabolic equivalents (METs) were assigned
for each physical activity [39]. The value of METs-min/week
was calculated by multiplying the corresponding METs,
duration, and frequency. Participants answered whether
they had a history of asthma, chronic bronchitis, or chronic
obstructive pulmonary disease (COPD).

Height was measured to the nearest 0.1 cm using a
stadiometer (AD6400; A&DCo., Ltd., Tokyo, Japan).Weight
was measured in increments of 0.1 kg, and 1.0 kg was
subtracted to account for the weight of the participant’s
clothing using a body composition analyzer (InBody720;
Biospace Co., Ltd., Seoul, Korea). The BMI was calculated
as weight (kg) divided by height [meters squared (m2)].

Blood samples were collected under nonfasting condi-
tions. Plasma glucose and HbA1c levels were measured
using enzymatic methods. Diabetes was defined as plasma
glucose at least 200mg/dl, HbA1c at least 6.5%, and/or self-
reported treatment for diabetes. TC was measured using an
ultraviolet-end method with cholesterol dehydrogenase.
The TG levels were measured using an enzymatic method.
HDL-C levels were measured using a direct method. We
could not calculate the low-density lipoprotein cholesterol
(LDL-C) because the Friedewald formula, used to calculate
LDL-C, only holds for fasting blood samples [40]. Hyper-
cholesterolemia was defined as TC at least 240mg/dl and/
or treatment for dyslipidemia. The cut-off point was set
according to the International Conference on Low Blood
Cholesterol [41]. The WBC count was measured using the
sheath flow electrical resistance method and sodium lauryl
sulfate hemoglobin method. Casual spot urine samples
from each participant were collected. Estimates of 24-h
urinary excretion of sodium and potassium from the spot
urine sampleswere calculated using theTanaka formula [42].

Statistical analysis
Data are presented as mean [standard deviation (SD)] or
median [interquartile range (IQR)] for continuous variables,
and as numbers (%) for categorical variables. All analyses
were performed separately for men and women because
the distributions of lung function and the prevalence of
hypertension differed between them.

In terms of the characteristics of the FEV1 quartiles, a
trend test was performed for continuous variables using a
simple linear model to evaluate the linear association. We
also conducted a chi-square test to compare the character-
istics of categorical variables among the FEV1 quartiles.
We performed a similar analysis to evaluate the linear
Journal of Hypertension
associations and compare the characteristics of the categor-
ical variables among the FVC quartile groups.

Multivariate logistic regression analysis was used to
examine the association between FEV1 and the prevalence
of hypertension. Adjusted odds ratios (ORs) and 95% con-
fidence intervals (CIs) were calculated. In model 1, we
adjusted for age, height, and education level. In model 2,
we further adjusted for smoking status, weight, diabetes,
hypercholesterolemia, drinking status, estimated 24-h uri-
nary excretion of sodium and potassium. Furthermore, in
model 3, METs and WBC counts were included to confirm
whether the association between lung function and hyper-
tension could be explained by physical activity and inflam-
mation. The P values for the analysis of linear trends were
calculated by scoring the categories from 1 (the lowest
category) to 4 (the highest category) and entering the
number as a continuous term in the regression model.
We also examined the association between FVC and prev-
alence of hypertension using the same statistical models.
Furthermore, we performed an analysis with home hyper-
tension as outcome using above same model, among
participants who measured home BP more than 10 times,
in order to investigate whether the inverse association
between lung function and hypertension observed in ca-
sual blood pressure is also observed in home BP (n¼ 2526
for men and n¼ 6119 for women).

We conducted several sensitivity analyses. First, as smok-
ing is strongly associated with lung function and hyperten-
sion, we stratified the analysis by smoking status (never-
smoker, ex-smoker, current smoker). Second, we stratified
the analysis by age (young, 20–39 years; middle-aged 40–
64 years; elderly, 65–74 years; and very old, �75 years).
Third, to rule out the effects of respiratory disease, we
restricted the participants to those who had no restrictive
ventilatory impairment, obstructive ventilatory impairment,
or history of respiratory diseases such as asthma, chronic
bronchitis, and COPD. Forth, previous studies have shown
that antihypertensive drugs are associated with reduced
lung function [11,43]. Hence, to rule out the influence of
hypertension treatment, we selected only participants who
were not undergoing treatment for hypertension.

P< 0.05 was considered significant. All analyses were
performed using R, version 4.1.2. (R Core Team, Vienna,
Austria).

RESULTS

Tables 1 and 2 presents the characteristics of the study
participants.Thedataof 3728menand8795women,whomet
all inclusion criteria were analyzed. The mean age (�SD) of
the study participants was 60.1years (�14.0years) for men
and 56.2years (�13.4years) for women. Seven hundred and
fifty-four (20.2%) men and 622 (7.1%) women were current
smoker. The FEV1 and FVC were higher in men than in
women. The prevalence of hypertension was also higher in
men [1994 (53.5%)] than inwomen [2992 (34.0%)]. Among the
participants, the higher the FEV1, the lower the age, preva-
lence of hypertension, diabetes, and hypercholesterolemia.
Moreover,participantswithhigherFEV1hadhighereducation
levels and were current smokers (Table 1). Similar patterns
were observed when the FVC quartiles were used (Table 2).
www.jhypertension.com 445
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TABLE 3. Association between forced expiratory volume at 1 s and prevalence of hypertension

The quartile groups of FEV1 (range)

Men Q1 (<2.56) Q2 (2.56–2.95) Q3 (2.96–3.43) Q4 (�3.43)

Number of participants 919 934 925 950 P for linear trend

Number of cases 641 (69.8) 583 (62.4) 487 (52.7) 283 (29.8)

Crude 1.00 (reference) 0.72 (0.59–0.87) 0.48 (0.40–0.58) 0.18 (0.15–0.22) <0.001

Model 1 1.00 (reference) 0.91 (0.75–1.12) 0.78 (0.62–0.96) 0.52 (0.40–0.69) <0.001

Model 2 1.00 (reference) 0.90 (0.73–1.12) 0.79 (0.63–0.99) 0.54 (0.40–0.72) <0.001

Model 3 1.00 (reference) 0.92 (0.74–1.13) 0.81 (0.64–1.02) 0.56 (0.42–0.75) <0.001

The quartile groups of FEV1 (range)

Women Q1 (<1.96) Q2 (1.96–2.25) Q3 (2.26–2.58) Q4 (�2.58)

Number of participants 2198 2174 2166 2257 P for linear trend

Number of case 1144 (52.1) 877 (40.3) 655 (30.2) 316 (14.0)

Crude 1.00 (reference) 0.62 (0.55–0.70) 0.40 (0.35–0.45) 0.15 (0.13–0.17) <0.001

Model 1 1.00 (reference) 0.94 (0.83–1.07) 0.93 (0.80–1.07) 0.72 (0.59–0.88) 0.006

Model 2 1.00 (reference) 0.93 (0.82–1.07) 0.91 (0.78–1.06) 0.69 (0.56–0.85) 0.003

Model 3 1.00 (reference) 0.94 (0.82–1.08) 0.93 (0.79–1.08) 0.70 (0.57–0.86) 0.005

Analysis by multivariable logistic regression model. Model 1 was adjusted for age (continuous), height (continuous), and educational status (below high school, vocational school, junior
college, technical college, university or graduate school, others, unknown). Model 2 was adjusted for age, height, educational status, smoking status (never smoker, ex-smoker, current
smoker, unknown), weight (continuous), diabetes, hypercholesterolemia, drinking status (never drinker, ex-drinker, current drinker, unknown), estimated 24-h sodium excretion, and
potassium excretion. Model 3 was adjusted for Model 2 plus METs (quartile groups) and WBC count (quartile groups). The P values for the analysis of linear trends were calculated by
scoring the FEV1 category from 1 for the lowest to 4 for the highest, entering the number as a continuous term in the regression model. FEV1, forced expiratory volume at 1 s; METs,
metabolic equivalents; Q, quartile; WBC, white blood cell.

Takase et al.
Table 3 shows the association between FEV1 and preva-
lence of hypertension. We found that FEV1 was inversely
associated with the prevalence of hypertension (P for linear
trend <0.001). Even with the addition of several potential
confounders (METs and WBC count) at adjustments, these
associations remained statistically significant. In model 3,
for Q1 (reference), Q2, Q3, and Q4, the multivariate ORs
were 1.00, 0.92 (0.74–1.13), 0.81 (0.64–1.02), and 0.56
(0.42–0.75) in men; and 1.00, 0.94 (0.82–1.08), 0.93
(0.79–1.08), and 0.70 (0.57–0.86) in women, respectively.

We also found that FVCwas inversely associatedwith the
prevalence of hypertension (P for linear trend<0.001). This
association remained significant even after adjusting for
TABLE 4. Association between forced vital capacity and prevalence o

The quartile grou

Men Q1 (<3.28) Q2 (3.28–3.73)

Number of participants 930 917

Number of cases 647 (69.6) 575 (62.7)

Crude 1.00 (reference) 0.74 (0.61–0.89)

Model 1 1.00 (reference) 0.95 (0.78–1.17)

Model 2 1.00 (reference) 0.98 (0.79–1.21)

Model 3 1.00 (reference) 0.99 (0.80–1.22)

The quartile grou

Women Q1 (<2.44) Q2 (2.44–2.77)

Number of participants 2156 2194

Number of cases 1138 (52.8) 865 (39.4)

Crude 1.00 (reference) 0.58 (0.52–0.66)

Model 1 1.00 (reference) 0.88 (0.77–1.00)

Model 2 1.00 (reference) 0.90 (0.79–1.03)

Model 3 1.00 (reference) 0.91 (0.80–1.04)

Analysis by multivariable logistic regression model. Model 1 was adjusted for age (continuous),
college, technical college, university or graduate school, others, unknown). Model 2 was adjuste
smoker, unknown), weight (continuous), diabetes, hypercholesterolemia, drinking status (never
potassium excretion. Model 3 was adjusted for Model 2 plus METs (quartile groups) and WBC c
scoring the FVC category from 1 for the lowest to 4 for the highest, entering the number as a
equivalents; Q, quartile; WBC, white blood cell.
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several confounding variables. In model 3, for Q1 (refer-
ence), Q2, Q3, and Q4, the multivariate ORs were 1.00, 0.99
(0.80–1.22), 0.71 (0.57–0.90), and 0.59 (0.44–0.78) in men;
and 1.00, 0.91 (0.80–1.04), 0.87 (0.74–1.01), and 0.69
(0.57–0.84) in women, respectively (Table 4).

Moreover, we performed an analysis with home hyper-
tension as outcome. The prevalence of home hypertension
was 1492 (59%) for men and 2187 (36%) for women. In the
multivariable analysis, lower FEV1 was significantly related
to an increased prevalence of home hypertension. In model
3, the multivariate ORs were 1.00, 0.68 (0.52–0.88), 0.62
(0.47–0.82), and 0.40 (0.28–0.56) in men; and 1.00, 0.77
(0.66–0.91), 0.71 (0.59–0.86), 0.50 (0.39–0.64) in women,
f hypertension

ps of FVC (range)

Q3 (3.74–4.26) Q4 (�4.26)

938 943 P for linear trend

468 (49.9) 304 (32.2)

0.44 (0.36–0.53) 0.21 (0.17–0.25) <0.001

0.70 (0.56–0.87) 0.53 (0.40–0.69) <0.001

0.70 (0.56–0.88) 0.57 (0.43–0.75) <0.001

0.71 (0.57–0.90) 0.59 (0.44–0.78) <0.001

ps of FVC (range)

Q3 (2.78–3.14) Q4 (�3.14)

2218 2227 P for linear trend

634 (28.6) 355 (15.9)

0.36 (0.32–0.41) 0.17 (0.15–0.20) <0.001

0.82 (0.71–0.95) 0.67 (0.55–0.80) <0.001

0.85 (0.73–0.99) 0.68 (0.56–0.83) <0.001

0.87 (0.74–1.01) 0.69 (0.57–0.84) <0.001

height (continuous), and educational status (below high school, vocational school, junior
d for age, height, educational status, smoking status (never smoker, ex-smoker, current
drinker, ex-drinker, current drinker, unknown), estimated 24-h sodium excretion, and
ount (quartile groups). The P values for the analysis of linear trends were calculated by
continuous term in the regression model. FVC, forced vital capacity; METs, metabolic
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TABLE 5. Association between forced expiratory volume at 1 s and prevalence of home hypertension

The quartile groups of FEV1 (range)

Men Q1 (<2.53) Q2 (2.53–2.89) Q3 (2.90–3.30) Q4 (>3.30)

Number of participants 623 638 625 640 P for linear trend

Number of case 467 (75.0) 410 (64.3) 363 (58.1) 252 (39.4)

Crude 1.00 (reference) 0.60 (0.47–0.77) 0.46 (0.36–0.59) 0.22 (0.17–0.28) <0.001

Model 1 1.00 (reference) 0.68 (0.53–0.87) 0.58 (0.45–0.76) 0.36 (0.45–0.76) <0.001

Model 2 1.00 (reference) 0.67 (0.52–0.87) 0.60 (0.45–0.78) 0.38 (0.27–0.53) <0.001

Model 3 1.00 (reference) 0.68 (0.52–0.88) 0.62 (0.47–0.82) 0.40 (0.28–0.56) <0.001

The quartile groups of FEV1 (range)

Women Q1(<1.94) Q2(1.94–2.24) Q3(2.25–2.55) Q4(>2.55)

Number of participants 1490 1563 1523 1543 P for linear trend

Number of case 849 (73.9) 652 (41.7) 467 (30.7) 219 (14.2)

Crude 1.00 (reference) 0.54 (0.47–0.62) 0.33 (0.29–0.39) 0.12 (0.10–0.15) <0.001

Model 1 1.00 (reference) 0.78 (0.67–0.91) 0.73 (0.61–0.87) 0.53 (0.42–0.66) <0.001

Model 2 1.00 (reference) 0.76 (0.65–0.90) 0.69 (0.58–0.84) 0.49 (0.38–0.62) <0.001

Model 3 1.00 (reference) 0.77 (0.66–0.91) 0.71 (0.59–0.86) 0.50 (0.39–0.64) <0.001

Analysis by multivariable logistic regression model. Home hypertension was defined as morning home SBP at least 135mmHg, and/or home DBP at least 85mmHg, and/or self-reported
treatment for hypertension. Model 1 was adjusted for age (continuous), height (continuous), and educational status (below high school; vocational school, junior college, or technical
college; university or graduate school; others; unknown). Model 2 was adjusted for age, height, educational status (below high school; vocational school, junior college, or technical
college; university or graduate school; others; unknown), smoking status (never-smoker, ex-smoker, current smoker, unknown), weight (continuous), diabetes, hypercholesterolemia,
drinking status (never drinker, ex-drinker, < 23g, � 23g, unknown) and estimated 24-h sodium excretion, and potassium excretion. Model 3 was adjusted as for model 2 plus METs
(quartile category) and WBC count (quartile category). The P values for the analysis of linear trends were calculated by scoring the FEV1 category from 1 for the lowest to 4 for the
highest, entering the number as a continuous term in the regression model. cIMT carotid intima–media thickness; FEV1, forced expiratory volume at 1 s; METs, metabolic equivalents; Q,
quartile; WBC, white blood cell.

Lung function and hypertension
respectively (Table 5). Similarly, FVC was inversely associ-
ated with the prevalence of home hypertension. Inmodel 3,
the multivariate ORs were 1.00, 0.81 (0.62–1.05), 0.62
(0.47–0.82), 0.41 (0.29–0.58) in men; and 1.00, 0.79
(0.67–0.93), 0.69 (0.58–0.84), 0.50 (0.40–0.64) in women,
respectively (Table 6).

Several sensitivity analyses were conducted. First, we
performed stratified analysis by smoking status. FEV1 and
FVC were inversely associated with the prevalence of
hypertension in both men and women even among
TABLE 6. Association between forced vital capacity and prevalence o

The quartile group

Men Q1 (<3.25) Q2 (3.25–3.68)

Number of participants 617 637

Number of cases 456 (73.9) 420 (65.9)

Crude 1.00 (reference) 0.68 (0.54–0.87)

Model 1 1.00 (reference) 0.77 (0.60–0.99)

Model 2 1.00 (reference) 0.79 (0.61–1.03)

Model 3 1.00 (reference) 0.81 (0.62–1.05)

The quartile group

Women Q1 (<2.43) Q2 (2.43–2.76)

Number of participants 1500 1503

Number of cases 862 (57.5) 622 (41.4)

Crude 1.00 (reference) 0.52 (0.45–0.60)

Model 1 1.00 (reference) 0.76 (0.65–0.89)

Model 2 1.00 (reference) 0.78 (0.66–0.92)

Model 3 1.00 (reference) 0.79 (0.67–0.93)

Analysis by multivariable logistic regression model. Home hypertension was defined as morning
treatment for hypertension. Model 1 was adjusted for age (continuous), height (continuous), an
college; university or graduate school; others; unknown). Model 2 was adjusted for age, height
college; university or graduate school; others; unknown), smoking status (never-smoker, ex-smo
drinking status (never drinker, ex-drinker, less than 23g, at least 23g, unknown) and estimated
METs (quartile category) and WBC count (quartile category). The P values for the analysis of line
highest, entering the number as a continuous term in the regression model. FVC, forced vital ca
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never-smoker (e-Tables 1 and 2, http://links.lww.com/
HJH/C118). These association was also confirmed among
ex-smokers (e-Tables 3 and 4, http://links.lww.com/HJH/
C118). In current smoker, an inverse association between
lung function and hypertension was observed in men but
not in women (e-Tables 5 and 6, http://links.lww.com/
HJH/C118). Second, we conducted analysis stratified by
age. In general, the highest quartile of FEV1 showed a lower
OR for hypertension than the lowest quartile. In terms of
P for trend, FEV1 was inversely and significantly associated
f home hypertension

s of FVC (range)

Q3 (3.69–4.17) Q4 (>4.17) P for linear trend

635 637

359 (56.5) 257 (40.4)

0.46 (0.36–0.58) 0.24 (0.19–0.30) <0.001

0.58 (0.44–0.75) 0.37 (0.27–0.51) <0.001

0.60 (0.46–0.80) 0.40 (0.28–0.56) <0.001

0.62 (0.47–0.82) 0.41 (0.29–0.58) <0.001

s of FVC (range)

Q3 (2.77–3.10) Q4 (>3.10) P for linear trend

1551 1565

455 (29.3) 248 (15.9)

0.31 (0.26–0.36) 0.14 (0.12–0.16) <0.001

0.64 (0.54–0.77) 0.48 (0.38–0.59) <0.001

0.67 (0.56–0.81) 0.49 (0.39–0.61) <0.001

0.69 (0.58–0.84) 0.50 (0.40–0.64) <0.001

home SBP at least 135mmHg, and/or home DBP at least 85mmHg, and/or self-reported
d educational status (below high school; vocational school, junior college, or technical
, educational status (below high school; vocational school, junior college, or technical
ker, current smoker, unknown), weight (continuous), diabetes, hypercholesterolemia,
24h sodium excretion, and potassium excretion. Model 3 was adjusted for model 2 plus
ar trends were calculated by scoring the FVC category from 1 for the lowest to 4 for the
pacity; METs, metabolic equivalents; Q, quartile; WBC, white blood cell.
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with the prevalence of hypertension among middle-aged,
elderly, and very old men (e-Tables 7–10, http://links.lww.
com/HJH/C118). In women, FEV1 was inversely and
significantly associated with age only in middle-aged
participants. Similarly, in FVC, an inverse and significant
association was observed among middle-aged, elderly, and
very old men as well as in middle-aged women (e-Tables
11–14, http://links.lww.com/HJH/C118). Third, we ex-
cluded participants with respiratory diseases. Consequent-
ly, FEV1 and FVC were inversely associated with the
prevalence of hypertension in men and women (e-Tables
15 and 16, http://links.lww.com/HJH/C118). Fourth, when
we excluded participants’ treatment for hypertension, FEV1

was inversely associated with the prevalence of hyperten-
sion among men but not in women (e-Tables 17, http://
links.lww.com/HJH/C118). For FVC, an inverse association
was observed in both men and women (e-Tables 18, http://
links.lww.com/HJH/C118).

DISCUSSION

The present study showed that higher lung function was
associated with a lower prevalence of hypertension in the
Japanese population, even after adjustment for several
potential confounders. These inverse associations were
also observed among never-smokers. Furthermore, re-
duced lung function was also associated with higher prev-
alence of home hypertension.

Several studies have examined the association between
lung function and hypertension. A normative aging study
reported a significantly inverse association between FVC
and the incidence of hypertension [6]. The People’s Repub-
lic of China-United States cardiopulmonary epidemiologic
study showed an inverse association between FVC and
FEV1 and hypertension [8]. In the Seattle Nikkei Health
Study, poor lung function was significantly associated with
the prevalence of hypertension in a Japanese American
population [10]. The Coronary Artery Risk Development in
Young Adults Study reported that a decline in FVC is
inversely associated with the incidence of hypertension
[12]. Our results showed that FEV1 and FVC were inversely
associated with the prevalence of hypertension, which is
consistent with the results of previous studies.

In the additional analyses of the association between
lung function and home hypertension, we showed that
reduced lung function was associated with higher preva-
lence of home hypertension. Previous studies have
reported that home BP have strong prediction of the risk
of cardiovascular disease when compared with casual BP
[22–25]. This is because home BP might avoid regression
dilution bias and the white-coat effect [22,23,34,35,44,45].
However, no study has investigated the association be-
tween lung function and home hypertension, our results
extend previous findings of the association between lung
function and hypertension.

Although this observational study could not clarify the
potential mechanisms of our findings, we raised some
possibilities of confounding and performed stratified anal-
ysis. First, smoking may have been an important confound-
ing factor. Several previous studies have shown that lung
function is related to cardiovascular disease even among
450 www.jhypertension.com
nonsmokers [1–3]. However, only a few studies have
examined the association between lung function and hy-
pertension among never-smokers [7,8]. The Cardiovascular
Health Study showed that lung function is inversely associ-
ated with hypertension while excluding participants with a
history of current smoking and ex-smokers of at least 20
pack-years [7]. In the People’s Republic of China-United
States cardiopulmonary epidemiologic study, lung function
was inversely related to BP even among never-smokers [8].
Similar to previous studies, this study showed an inverse
association even among never-smokers. Thus, we consid-
ered that the inverse association between lung function and
hypertension might be independent of the smoking status.

Second, age-related confounding is a possibility. Both
BP and respiratory function were strongly associated with
age [10,15,19,20]. Moreover, the age-related decrease in
elastic recoil might influence decreased vital capacity
[21]. Therefore, we conducted stratified analysis based on
age. In general, participants in the highest quartile of lung
function showed lower odds of hypertension among all
age–sex subgroups. Even in the stratified subgroups, lung
function was inversely and significantly associated with the
prevalence of hypertension among middle-aged, elderly,
and very old men. In women, lung function was inversely
associated with the prevalence of hypertension in middle-
aged participants. Third, weight may be a common factor
underlying decreased lung function and increased BP
[46,47]. In this study, even after adjusting for weight, an
inverse association between lung function and hyperten-
sion was observed. Therefore, we considered that the
inverse association between lung function and hyperten-
sion might be independent of the smoking status, age and
weight. Fourth, physical activity may explain the associa-
tion between lung function and the prevalence of hyper-
tension. Many previous studies have shown that physical
activity is associated with increased lung function and a
decreased risk of hypertension [48,49]. However, even after
adjusting for physical activity, lung function was inversely
associated with the prevalence of hypertension. Inflamma-
tion is also considered to be a potential mechanism. Several
previous studies have shown that reduced lung function is
associated with increased levels of markers of inflammation
[50–54]. Additionally, high levels ofmarkersof inflammation,
including circulating C-reactive protein (CRP), high-sensitiv-
ity CRP, interleukin 6, and WBC count were associated with
an increased risk of hypertension [53,54]. Although we ad-
justed for WBC count, an inverse association between lung
function and hypertension remained. To elucidate the con-
tributionof inflammation, further studies arewarrantedusing
detailed inflammatorymarkers suchasCRPand interleukin6.

Other potentially harmful mechanisms might be consid-
ered. The lungs are a major organ that expresses high levels
of angiotensin-converting enzyme (ACE) 1 and ACE2,
which play important roles in the renin–angiotensin system
[55,56]. Renin converts angiotensinogen to angiotensin I.
ACE1 removes the carboxy-terminal dipeptide from the
angiotensin I to produce the potent vasoconstrictor angio-
tensin II and degrades the vasodilator bradykinin [55,56,57].
Conversely, ACE2 converts angiotensin II to the vasodila-
tors angiotensin 1–7 thereby reducing BP [56,58–60]. These
might contribute the association between lung function and
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hypertension, though, as far as we know, there is no study
to explain the clear mechanism of this association in terms
of ACEs. Further studies are required to elucidate the
potential mechanisms underlying respiratory function
and hypertension.

This study has several strengths. First, this was a large
population-based cohort study, which allowed stratification
by confounding factors including smoking status and includ-
ed various confounding factors such as sodium and potassi-
umexcretion.Second, to thebestofourknowledge, this is the
first study to show an association between lung function and
hypertensionbasedoncasualBPandhomeBP.Furthermore,
this is also the first study to show an association between
lung function and hypertension in the Japanese population.

Our study has several limitations. First, lung function
might have been measured with some errors because lung
function is dependent on the effort of the participants.
Second, although we restricted never-smokers to eliminate
the effects of smoking, we could not completely eliminate
the effects of smoking because never-smokers included
participants who had smoked less than 100 cigarettes in
their lifetime. Third, lung function and prevalence of hy-
pertension vary with ethnicity [61,62]. As this study included
only the Japanese population, it is difficult to apply our
results to other races. Fourth, as we did not collect the
fasting blood samples and information on detailed inflam-
matory marker such as interleukin 6, tumor necrosis factor-
a, and C-reactive protein, further studies using fasting
blood samples and detailed inflammatory marker may be
preferable. Finally, we could not confirm causal relation-
ships as this was a cross-sectional study. Prospective cohort
studies are warranted to clarify the causal relationships.

In conclusion, this study showed that reduced lung
function was significantly associated with an increased
prevalence of hypertension in the Japanese population
after adjusting for several potential confounding factors.
This association was observed among never-smokers. Ad-
ditionally, we found that reduced lung function was signifi-
cantly associated with an increased prevalence of home
hypertension. Therefore, participants with reduced lung
function or hypertension, especially middle-aged, elderly,
and very old men and middle-aged women, might be
required to measure their lung function or BP.
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