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Abstract

Abnormalities in circadian blood pressure (BP) variation have been suggested to be associated with cardiovascular diseases
and mortality. Factors affecting this variability need to be clarified to precisely evaluate the risk of circadian BP
abnormalities. Given the seasonal differences in casual BP, it was hypothesized that nocturnal BP may also differ by season.
Here, we aimed to clarify the seasonality of circadian BP variation, as well as the factors associated with this seasonality, in a
large-scale general population (n =4780). This is a cross-sectional study based on multiday BP values measured in the
evening, during sleep, and in the morning. Measurements were taken at home using an automatic cuff-oscillometric device.
The sleeping period was objectively defined by actigraphy. The nocturnal systolic BP fall was significantly less in
individuals whose BP was measured during the summer season (summer, —5.8 + 7.8%; middle (spring or autumn), —8.2 +
7.5%; winter, —11.0 £ 7.7%; p < 0.001), resulting in higher frequencies of riser (summer, 19.9; middle, 12.8; winter, 7.8%)
and non-dipper (summer, 51.4; middle, 46.3; winter, 37.0%) patterns in the summer season (p < 0.001). The results of linear
regression analysis identified the middle (# = 0.154, p < 0.001) and summer season (f = 0.261, p < 0.001) as strong positive
determinants for decreasing the nocturnal SBP fall. No seasonality was observed in day-to-day variability of the dipping
pattern (Kendall’s coefficient: winter, 0.527; middle, 0.539; summer, 0.515). The nocturnal BP fall was largely different by
season, with a higher frequency of riser and non-dipper patterns in the summer. The seasonality might not be due to the
seasonal difference in day-to-day variability of nocturnal BP changes.

Introduction damage independently of daytime average BP levels [1] in
various populations [2—-6]. It has been reported that a

Abnormalities in circadian blood pressure (BP) variation, decrease in nocturnal BP fall was associated with total

particularly the disappearance of the nocturnal BP fall (non-
dipping) or rising of nocturnal BP vs. daytime BP, have
been consistently reported to be associated with the inci-
dence of cardiovascular diseases and subclinical organ
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mortality [7, 8]. A known determinant for a rise in BP
during sleep is obstructive sleep apnea and probably lower
sleep quality; the mechanism for increasing sleep BP might
be the activation of sympathetic neural tone by episodic
hypoxia [9]. We also reported that increasing the oxygen
desaturation index during sleep, as well as carotid arterial
hypertrophy, was an independent determinant for the non-
dipping pattern in a general population [10]. In addition to
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these known risk factors, we further clarified that the plasma
level of B-type natriuretic peptide (BNP) was another
independent determinant for nocturnal BP rising [10],
which might represent excessive body fluid retention that
increases sleep BP to facilitate sodium excretion and diur-
esis. However, given a low frequency of individuals
showing high BNP levels in a general population, additional
factors need to be clarified to further understand the
mechanisms underlying circadian BP variations.

BP is regulated by both physiological and environmental
factors, and the strongest environmental factor for BP is
ambient temperature. It has been repeatedly reported that
there is an apparent seasonal variation in BP levels, with
lower BP levels in the hotter season [11]. Further, a recent
longitudinal study in the Japanese population involving long-
term repeated measurements of home BP reported clear
periodic intra-individual seasonal BP variations [12]. Given
these previous reports, it can be easily hypothesized that not
only daytime BP but also sleep BP levels might be affected
by temperature. However, the results of epidemiological
studies regarding seasonal variations in nocturnal BP are
limited in hypertensive patients [13—17]. The largest study
based on approximately 8500 patients at a hypertension
clinic reported a positive association between outdoor air
temperature and nighttime BP, particularly in treated patients
[13]. Fedecostante et al. reported higher night-time SBP
levels and a more frequent non-dipper pattern in the summer
season in approximately 1400 hypertensive individuals [14].
A similar association was observed in a small-scale study
[15, 16], although conflicting results were reported [17].

Against this background, we aimed to clarify seasonal
variations in nocturnal BP fall, as well as factors associated
with this seasonality, in a general population living in Japan;
a large seasonal temperature variation occurs in this location,
which will further clarify the seasonal effect on circadian BP
variation. Furthermore, previous studies involving seasonal
variation [13, 14] were based on nocturnal BP measured on a
given day, and the reproducibility of nocturnal BP mea-
surement was not considered. We therefore further investi-
gated the association between day-to-day nocturnal BP
variability and seasonality by analyzing multiday BP values
measured during the night. Seasonality in nocturnal BP fall
might be an important factor in epidemiological studies,
particularly in studies aiming to evaluate the prognostic and
diagnostic significance of circadian BP abnormalities.

Methods
Study participants

This is a cross-sectional study using a dataset describing
participants in the Nagahama Prospective Cohort for

Comprehensive Human Bioscience (the Nagahama Study).
Participants in this community-based prospective cohort
study were recruited between 2008 and 2010 from the
general population of Nagahama City, a rural city of
125,000 inhabitants located in central Japan. Community
residents aged 30-74 years, living independently, and
without physical impairment or dysfunction were eligible.
Of the 9804 included participants, 14 withdrew consent to
participate, and 26 were excluded based on genetic analysis
demonstrating a differing ethnic background. Thus, the total
number of cohort participants was 9764.

Participants in the Nagahama cohort were invited to a
follow-up assessment conducted 5 years after baseline
evaluations (2013-2015), and 8289 of the original 9764
cohort members participated. After excluding 137 indivi-
duals who died and 279 who had moved away from
Nagahama City, the follow-up rate was 88.7%. Among the
8289 participants in the follow-up investigation, individuals
who met the following criteria were excluded from the
analysis: pregnant women (n =24), pacemaker implanta-
tion (n=12), hemodialysis therapy (rn=735), obstructive
sleep apnea therapy by continuous positive airway pressure
(n=136) or oral appliance (n =9), severe renal functional
decline (estimated glomerular filtration rate [eGFR] <45 ml/
min/1.73 m* or urinary albumin 2300 mg/day, n=453),
incomplete or wide deviation of clinical values required for
the present study (n = 16), and no measurement of home BP
(n=1711). Participants who were considered shift workers
(n =15) according to home BP monitoring time were also
excluded.

All study procedures were approved by the ethics
committee of Kyoto University Graduate School of Med-
icine and by the Nagahama Municipal Review Board.
Written informed consent was obtained from all
participants.

Home and sleep BP monitoring

BP monitoring at home was provided as an optional
examination upon request. An automatic cuff-oscillometric
device (HEM-7080IC, Omron Healthcare, Kyoto, Japan)
was provided to participants who intended to undergo
home BP monitoring. Participants were required to mea-
sure home BP (morning and evening BP) for 7 days and
sleep BP for the last 5 nights (day 3 to day 7) according to
the following procedures: [home BP]: measure BP by
themselves in a sitting position within 1 h after awakening
(morning BP) or just before going to bed (evening BP),
before taking antihypertensive drugs (morning BP mea-
surement), after urination, and after a few minutes of rest
in a sitting position; [sleep BP]: sleep while wearing a cuff
on the upper arm. The BP monitor was programmed to
automatically measure BP at midnight, 2 am, and 4 am. All
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Table 1 Clinical characteristics of study subjects (n =4780)

Age (years) 59.0+£12.3
Sex (men, %) 31.5
BMI (kg/m?) 22.2+3.3
Alcohol 3.6+7.3
consumption
(Go/week)
Antihypertensive 24.5
medication (%)
Sleep duration (h) 6.7+1.1
Evening Sleeping Morning
Home BP
SBP (mmHg) 122+ 16 113+15 127+ 18
DBP (mmHg) 71+£10 66 +9 77+ 11
HR (beats/min) 68 +9 61 +8 66 +8
Measurement
1 day (n) 633
2 days (n) 672
3 days (n) 828
4 days (n) 1044
5 days (n) 1215
6 days (n) 243
7 days (n) 145
Mean (times) 3.6+1.6
BNP (pg/ml) 21.4+203
Renal function
Serum Cre 0.69 +0.14
(mg/dl)
eGFR (ml/ 77.1+£14.0
min/1.73 m?)
Urinary 12.5+23.1

albumin (g/day)

Values are mean =+ standard deviation or frequency. Alcohol consump-
tion was calculated by multiplying the amount consumed in a single day
and the number of drinking days per week and was described in Japanese
traditional units of alcohol (Go), where 1 Go corresponds to 22 g of
ethanol. Estimated glomerular filtration rate (€GFR) was calculated using
the following formula: 194 x Cre™"%* x age™%%%7 x 0.739 [if female]

BMI body mass index, SBP systolic blood pressure, DBP diastolic BP,
HR heart rate, BNP b-type natriuretic peptide, Cre creatinine

BP and heart rate (HR) values were recorded in the built-in
memory of the device.

The daily sleeping period was defined using an acti-
graphy device (Actiwatch 2, Philips Respironics, Murrys-
ville, PA, USA). This device can measure physical activity
and illuminance using a built-in three-dimensional accel-
erometer and silicon photodiode, respectively. Well-trained
technicians defined the individual’s daily sleeping period
using computed actigraphy (Actiware, Philips Respironics)
and a self-reported sleep diary. BP values measured during
the sleeping period, within 1 h after awakening, and within
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1 h before sleeping were considered as sleep, morning, and
evening BP, respectively. If there were multiple readings in
each slot, the mean value was calculated as a representative
value.

Individuals whose evening, sleep, and morning BP
values for a given day were available (n=4780) were
included in the final analysis. Home BP monitoring was
performed from June to February.

Nocturnal BP dipping

The daily nocturnal BP dipping level was calculated as a
percent change of sleep BP to awakening BP (average of
morning and evening BPs); [(sleep BP—awake BP)/awake
BP] x 100. The nocturnal dipping pattern was defined by
the mean of daily nocturnal SBP change as follows:
extreme-dipper, nocturnal SBP change <—20%; dipper, >
—20% to =—10%; non-dipper, >—10%; and riser, increase
in sleep SBP compared with awakening SBP.

Day-to-day variability

Day-to-day variability of BP values (mmHg) and nocturnal
BP dipping (%) were assessed using the coefficient of
variation (CV; standard deviation/mean). The CV was cal-
culated for individuals whose home BP readings were
available for more than 3 days (n = 3475).

Clinical parameters

Other clinical parameters used in this study were obtained
from a personal record of measurements taken at the
follow-up investigation. Details regarding alcohol con-
sumption and medical treatment, including anti-
hypertensive drug use and sleep apnea therapy, were
obtained using a structured self-reporting questionnaire.
Alcohol consumption was calculated by multiplying the
amount consumed in a single day and the number of
drinking days per week and was described in Japanese
traditional units of alcohol (Go), where 1 Go corresponds
to 22 g of ethanol.

Temperature data

Daily maximum, minimum, and mean temperatures in
Nagahama city were obtained from a database of the Japan
Meteorological Agency.

Statistical analysis

Group differences in numeric variables were assessed using

analysis of variance, and frequency differences were
assessed using the chi-squared test. Multiple linear
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;sznztegi{)f;ringjnilglcg;ical Extreme-dipper Dipper (1660)  Non-dipper Riser (651) p
dipping pattern (307 (2162)
Age (years) 62.1+11.6 59.1+£12.0 581+124 60.0+12.6  <0.001
Sex (men, %) 31.3 28.9 325 35.0 0.018
BMI (kg/m?) 226+3.2 22.6+33 22.1+33 21.6 +3.1 <0.001
Alcohol consumption 4.6+9.0 3.6+7.7 34+69 34+6.8 0.067
(Go/week)
Antihypertensive 29.3 253 23.7 232 0.122
medication (%)
SBP
Awake (mmHg) 136 +17 128 + 16 122+ 16 118+ 16 <0.001
Sleeping (mmHg) 104 +12 110+13 115+ 15 123 +17 <0.001
Nocturnal dipping (%) —23+3 —14+3 —6+3 5+5 <0.001
DBP
Awake (mmHg) 79+ 10 76 + 10 7310 70+ 10 <0.001
Sleeping (mmHg) 60+ 8 64 +8 67+9 71+10 <0.001
Nocturnal dipping (%) —24+6 —15+6 —7+6 2+8 <0.001
BNP (pg/ml) 20.2+16.1 20.0+18.7 21.7+20.8 24.7+23.6 <0.001
eGFR (ml/min/1.73 m?) 77.3+14.8 772+13.5 773+14.2 76.0+14.1  0.197

Values are mean =+ standard deviation or frequency. Statistical significance was assessed by analysis of

variance or chi-squared test

Percentage decline in sleep SBP was calculated using the following equation: [(sleep SBP—awake SBP)/
awake SBP] x 100. Extreme-dipper, nocturnal SBP change <—20%; dipper, >—20% to <—10%; non-
dipper, >—10%; and riser, increase in sleep SBP compared with awake SBP

regression was used to identify factors that were indepen-
dently associated with nocturnal SBP dipping. Multinomial
logistic regression analysis with extreme-dipper as a refer-
ence was used to identify factors for dipper, non-dipper, and
riser. Reproducibility of that nocturnal BP dipping pattern
was assessed using k statistics, while the intra-individual
concordance ratio of the dipping pattern during the latest
three nights was assessed using Kendall’s coefficient of
concordance.

Statistical analyses were performed using statistical
software (JMP ver. 12.2.0; SAS Institute, Cary, NC, USA).
Kendall’s coefficient of concordance was calculated using R
software and the Kendall command packaged in the irr
library. A p-value of <0.05 was considered to be statisti-
cally significant.

Results

The clinical characteristics of the study subjects are sum-
marized in Table 1. Sleep BP values were slightly lower
than evening and morning BP values, and mean systolic and
diastolic BP differences between sleeping and awakening
were —10.8+10.5 and —7.5+7.3 mmHg, respectively.
Home BP monitoring was performed for 1-7 days by the
participants.

Seasonal variation in nocturnal BP changes

The frequencies of extreme-dipper, dipper, non-dipper, and
riser patterns were 6.5, 34.7, 45.2, and 13.6%, respectively.
Differences in clinical parameters according to dipping
pattern are summarized in Table 2. In addition to the awa-
kening BP, serum BNP levels were significantly different
by dipping pattern, with higher levels occurring in risers.
Although there was an inverse association between BNP
levels and eGFR (log-normalized BNP; r= —0.175, p <
0.001), differences in BNP levels by dipping pattern were
independent of eGFR (analysis of covariance for log-
normalized BNP; dipping pattern: p=10.0, p <0.001;
eGFR: p =114.6, p <0.001, dipping pattern*eGFR inter-
action: F = 1.4, p=0.255).

Seasonal variations in various BP parameters related to
nocturnal BP change are depicted in Fig. 1. In contrast to
morning and evening SBPs that showed lower levels in the
summer season, sleep SBP tended to be high in the summer
(Fig. 1a). The nocturnal SBP fall was therefore different by
season (Fig. 1b), and the seasonal variation was symme-
trical to that of the mean temperature of the study site.
Similar results were also observed in the sub-analysis
according to antihypertensive medication status (Supple-
mentary Figures 1 and 2). The mean nocturnal SBP fall in
each season was as follows: summer [July and August],
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—5.8+7.8%; middle [April-June, September, and
October], —8.2 + 7.5%; winter [November—March], —11.0
+7.7%; p <0.001. When the ambient temperature of a first-
measurement day of each participant was compared with the
mean nocturnal SBP dipping level individually, the max-
imum (r=0.242, p<0.001), minimum (r=0.253, p<
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<« Fig. 1 Seasonal effects on nocturnal BP changes. a The mean SBP in

the morning, evening, and during sleeping by month are shown. BP
monitoring at home was performed from June to February. The dotted
lines are quadratic regression lines (morning SBP, p = 0.027; evening
SBP, p =0.027; sleep SBP, p <0.001). b The percentage decline in
sleep SBP [(sleep SBP—awake SBP) x 100/awake SBP] and mean
temperature at Nagahama city during investigation (2013-2015)
obtained from a database of the Japan Meteorological Agency are
shown. The number of subjects in each subgroup is shown in columns.
¢ Frequency differences in nocturnal dipping patterns; extreme-dipper,
nocturnal SBP change =—20%; dipper, >—20% to <£—10%; non-
dipper, >—10%; and riser, increase in sleeping SBP compared with
awakening SBP

0.001), and mean (r = 0.253, p < 0.001) temperature values
showed a significant association with nocturnal dipping
level. The nocturnal decline of DBP was greater in the
winter season: summer, —7.0+9.0%; middle, —9.7 +
9.0%; winter, —11.9 +9.3%; p <0.001. Figure lc shows
the frequency differences in the dipping pattern. The fre-
quencies of the riser (summer, 19.9; middle, 12.8; winter,
7.8) and non-dipper (summer, 51.4; middle, 46.3; winter,
37.0) patterns were higher in the summer season in contrast
to the higher frequency of dippers (summer 26.3; middle,
35.4; winter, 43.1) and extreme-dippers (summer, 2.4;
middle, 5.5; winter, 12.1) (p <0.001) in the winter season.

Multivariate analysis for nocturnal BP change

Several characteristics were significantly different among
the subgroups according to measurement season (Table 3).
The distinct characteristics of the winter-measured subgroup
were younger age, lower frequency of antihypertensive
treatment, and lower circulating BNP levels, while no
substantial group differences were observed in BMI and sex
ratio. However, the results of linear regression analysis
identified measurement season as a positive determinant for
sleep SBP (middle: coefficient=1.409, f=0.045, p=
0.003; summer: coefficient = 1.825, = 0.055, p <0.001),
an inverse determinant for awakening SBP (middle: coef-
ficient = —2.484, p=—0.074, p <0.001; summer: coeffi-
cient = —5.221, f = —0.148, p < 0.001), and consequently,
a positive determinant for nocturnal SBP dipping levels
(Table 4); these results were independent of the all covari-
ates listed in Table 4. A similar relationship was observed in
the analysis for DBP (middle: coefficient=1.775, f=
0.093, p <0.001; summer: coefficient =3.970, = 0.199,
p <0.001). In a separate analysis by age group, the effect of
season on nocturnal SBP dipping (coefficient; 265 years:
middle =2.006, summer =4.319; <65 years: middle =
2.834, summer = 4.421) and DBP dipping (coefficient; 265
years: middle = 1.029, summer = 3.261; <65 years: middle
=2.135, summer =4.298) were slightly stronger in the
younger subgroup.
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Table 3 Clinical characteristics of study subjects by measurement season
Measurement season
Winter 1400 Middle 1842 Summer 1538 ANOVA p
Age (years) 56.0+12.8 59.9+12.0 60.7+11.5 <0.001
Sex (men, %) 31.4 30.1 333 0.133
BMI (kg/m?) 224+34 222+32 22.1+3.1 0.057
Alcohol consumption (Go/week) 39+7.8 34+73 34+69 0.193
Antihypertensive medication (%) 19.9 249 28.4 <0.001
Sleep
Mean sleeping hours (h) 6.8+1.2 6.7+1.1 6.7+1.1 0.001
Midpoint of sleep (o’clock) 27.0+0.9 26.6 +0.9 26.6 +0.9 <0.001
Sleep-onset time (o’clock) 23.6+1.3 232+1.2 233+1.2 <0.001
Wake-up time (o’clock) 304+1.0 29.9+09 29.9+0.9 <0.001
BNP (pg/ml) 18.7+18.6 21.0+189 245+22.8 <0.001
Renal function
Serum creatinine (mg/dl) 0.68 £0.15 0.68 £0.14 0.71 £0.15 <0.001
eGFR (ml/min/1.73 m?) 79.5+14.4 772+13.9 74.7+13.3 <0.001
Urinary albumin (g/day) 13.2+25.0 13.4+24.0 10.8 +19.9 0.002

Values are mean =+ standard deviation or frequency. Alcohol consumption was calculated by multiplying the amount consumed in a single day and
the number of drinking days per week and was described in Japanese traditional units of alcohol (Go), where 1 Go corresponds to 22 g of ethanol.
Estimated glomerular filtration rate (eGFR) was calculated using the following formula: 194 x Cre™"%* x age %" x 0.739 [if female]

BMI body mass index, BNP b-type natriuretic peptide

In the multinomial logistic regression analysis, seasonal
effect was identified as an independent determinant for the
nocturnal dipping pattern (Table 4), and when the extreme-
dipper pattern was considered as a reference, the seasonal
effect was greater for the riser pattern, followed by the non-
dipper and dipper patterns (Table 4). Although serum BNP
levels were also significantly different by season, the sea-
sonal variation in nocturnal BP changes was independent of
BNP level.

When sleep duration (Supplementary Table 1) or mid-
point of sleep (Supplementary Table 2) was further included
in the regression models, the results did not change
substantially.

Day-to-day variability of nocturnal BP change

Seasonal differences in day-to-day BP variability (CV) in
individuals whose home BP was available for more than
3 days (n = 3475) are shown in Fig. 2. Although the CVs of
evening BP and sleep DBP values were lower in the sum-
mer season, day-to-day BP variability was not identified as
an independent determinant for nocturnal SBP dipping level
(evening SBP variability, p = 0.585; sleeping SBP varia-
bility, p =0.973) and DBP dipping level (evening DBP
variability, p = 0.071, sleeping DBP variability, p = 0.425)
when the variability was additionally included in the
regression model for BP dipping level as shown in Table 4.
Although reproducibility of the dipping pattern was poor

(Supplementary Figure 3), a lack of seasonality in the
concordance ratio of the nocturnal dipping pattern (Ken-
dall’s coefficient of concordance; overall, 0.545; winter,
0.527; middle, 0.539; summer, 0.515) suggested less
influence of day-to-day BP variability on the seasonal
changes in nocturnal BP.

Discussion

In this large-scale, cross-sectional study involving multiday
measured sleep BP, we clarified that there was a marked
seasonal variation in nocturnal BP dipping level and con-
sequently higher frequencies of non-dipper and riser pat-
terns in the summer season. The seasonal variation might
not be due to seasonal differences in the day-to-day varia-
tion in nocturnal BP dipping levels.

The frequencies of riser and non-dipper patterns in the
summer season were 2.7 and 1.4 times higher than those in
the winter season, respectively. Although these abnormal
circadian BP patterns were suggested to be associated with
adverse cardiovascular outcomes [1, 2], the large season-
ality in the frequency raises a question about whether the
prognostic significance of riser and non-dipper patterns in
the summer was similar to that observed in the winter. The
frequency difference poses a hypothesis that non-dipping
and rising patterns in the winter season might be more
deleterious. Further, lower awakening BP in the summer

SPRINGERNATURE
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Fig. 2 Seasonal differences in day-to-day BP variability. The closed
circle and square indicate the mean day-to-day coefficient of var-
iation (CV) of SBP and DBP, respectively. The dotted-line indi-
cates a quadratic regression line (evening BP: SBP, p =0.402;
DBP, p =0.025; sleeping BP: SBP, p =0.100; DBP, p =0.001;
morning BP: SBP, p =0.791, DBP, p = 0.078). The day-to-day CV

may outweigh any risks due to smaller nocturnal BP
decline, although no supportive evidence is currently
available. This issue deserves further longitudinal study,
considering the higher incidence ratio of myocardial
infarction [18] and stroke [19] in the winter season.

Although mechanisms underlying the seasonal differ-
ences in circadian BP variation are uncertain, the most
plausible one for the higher sleep BP in the summer might
be a condition of discomfort, namely, a higher night-time
temperature and humidity, which contributes to nocturnal
BP elevation by worsening sleep quality. We investigated
another possibility that the poor reproducibility of the BP
measurement, particularly sleep BP, might be involved in
the seasonality by capturing an episodic outlier value when
a single BP measurement was adopted for the assessment of
the nocturnal dipping pattern [13, 14]. However, because
the day-to-day variability of the nocturnal BP level did not
differ by season, the seasonality might not be due to an
increase in the individual’s daily BP variation. As the
summer season was associated with both lower awakening
BP and higher nighttime BP, the increase in the prevalence
of the non-dipping pattern in the summer might not simply
be a result of awakening BP decline.

Notably, sodium sensitivity in essential hypertensive
patients was suggested to be a factor in the rising of
nocturnal BP [20, 21], and facilitation of sodium excre-
tion and diuresis has been suggested as a reason why
nocturnal BP levels remained higher in sodium-sensitive
hypertensive patients [22, 23]. We also reported an
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was calculated in individuals whose home BP was available for
more than 3 days (n = 3475). The seasonal effect was assessed by a
multiple linear regression analysis using the winter season as a
reference. The adjusted factors in this model were age, sex, BMI,
alcohol consumption, antihypertensive medication, eGFR, and
BNP levels

involvement of excessive body fluid retention in the rise
of sleep BP by showing an inverse relationship between
circulating BNP levels, a marker of increased body fluid
retention, and decreased nocturnal BP fall [10]. This
inverse association was replicated in the present study in
an independent population, suggesting a robustness of the
relationship between body fluid retention and circadian
BP variation. However, the seasonality in nocturnal BP
changes was independent of BNP levels, although BNP
level also showed significant seasonal variation, with
lower levels in the winter season. The effect of body fluid
retention on seasonality might therefore be modest. The
association of the seasonal variation of nocturnal BP and
BNP levels with heart failure, the incidence of which in
the community was reported to be oppositely high in the
winter and spring seasons [24], also deserves further
investigation.

Sleep apnea is another strong determinant of sleep BP
[9]. We reported that increased oxygen desaturation during
sleep was an independent determinant of the non-dipping
pattern; however, an increase in oxygen desaturation was
not a determinant of the rising pattern by a simultaneous
measure of ambulatory BP [10]. Because oxygen drop is an
episodic event, its effect on nocturnal BP levels might not
be strong enough to raise it above awakening BP levels.
Given the previous results, as well as the presently observed
insignificant association of sleep duration and sleeping
period with seasonality in nocturnal BP change, sleep
parameters might not be a primary reason for the seasonal
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variation in nocturnal BP fall. Involvement of the remaining
physiological factors, such as insufficient deactivation of
sympathetic nervous activity, needs to be investigated to
shed light on the mechanism causing seasonality involve-
ment in nocturnal BP fall.

Antihypertensive treatment, particularly the administra-
tion time, might influence the circadian BP variation in
hypertensive subjects [25, 26] and those with sleep apnea
syndrome [27]. A large-scale observational study in
hypertensive subjects reported that the number of anti-
hypertensive drugs administered was linearly associated
with decreasing nocturnal BP dipping level and increased
frequency of the non-dipping pattern [28]. In the present
study, however, antihypertensive medication status was not
associated with either nocturnal BP fall or a circadian BP
pattern; although, based on the body fluid hypothesis,
individuals taking diuretics were assumed to have lower
nocturnal BP levels. A plausible reason for the discrepancy
is a different study setting, namely, a smaller proportion of
individuals taking antihypertensive drugs in our study
population. The results of our previous study [10] also
showed a nonsignificant association between anti-
hypertensive medication status and circadian BP variation
in a different general population in which the frequency of
antihypertensive drug use was 33.4%.

No marked association was observed between daily
alcohol intake and the nocturnal BP pattern, although a
previous general population-based study [29] suggested a
possibility that moderate (23—45 g alcohol/day) to heavy
(246 g alcohol/day) drinking might increase morning BP.
Similar results were found in another population-based
study [30]. Here, since we considered only the amount of
alcohol intake as a covariate, more detailed analyses such as
a Mendelian randomization analysis using the aldehyde
dehydrogenase 2 gene genotype, a rate-controlling enzyme
in ethanol metabolism in which an inactive allele is frequent
in East Asians, as an instrumental variable may further
clarify the possible involvement of alcohol in nocturnal BP
variation [31, 32].

Reproducibility of the nocturnal BP dipping pattern was
modest. Because we used a multiday measured sleep BP in
the seasonal variation analysis, biases of poor reproduci-
bility in the present findings might be kept to a minimum. A
lack of seasonal differences in the day-to-day concordance
of the nocturnal BP dipping pattern (Kendall’s coefficient)
also supports the robustness of the present findings. How-
ever, the poor reproducibility of the nocturnal dipping
pattern in general should be interpreted with caution when
ambulatory monitored BP was used in epidemiological
studies. Multiday measurement may be the easiest method
to certainly evaluate circadian BP variation.

A strength of this study was the large population size,
which enables us to calculate the seasonal variation in
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nocturnal BP dipping. Another strength is the multiday
measurement of nocturnal BP, which was helpful to clarify
associations between nocturnal BP changes and various
clinical and environmental phenotypes beyond the intra-
individual variations in nocturnal BP changes. Instead, to
perform multiday BP monitoring, we did not measure 24-h
BP using a conventional ambulatory BP monitor. The cal-
culation of the nocturnal BP dipping level, as well as its
dipping pattern, was therefore somewhat different from that
of previous studies. However, it was recently reported that
the simple measured nighttime BP and BP measured using
an ambulatory monitor had similar values and a comparable
relationship with target-organ damage [33]. As another
study limitation, we did not measure intra-individual sea-
sonal variation in nocturnal BP, which remains a possibility
of confounding population differences across the measure-
ment seasons. We used actigraphy to determine the sleeping
period. In contrast to the studies that determined sleeping
period by a self-reported sleep diary, our study has the
strength of accurate measurement of sleep BP.

In summary, we found large seasonal variations in noc-
turnal BP fall and its dipping pattern in a large general
population. Careful attention should be given to seasonality
in epidemiological studies regarding circadian BP variation.
The poor reproducibility of the nocturnal BP dipping pat-
tern should also be cautiously considered.
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