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Abstract
While home blood pressure (BP) measurement is recommended for hypertension management, the clinical implications of
peak home BP values have not been well studied. This study investigated the association between pathological threshold or
frequency of peak home BP and cardiovascular events in patients with ≥1 cardiovascular risk factor. The Japan Morning
Surge-Home Blood Pressure (J-HOP) study enrolled participants from 2005–2012 with extended follow-up from December
2017 to May 2018, which generated the dataset for this analysis. Average peak home systolic BP (SBP) was defined as
average of the highest three BP values on 14-day measurement period. Patients were divided into quintiles of peak home BP,
and the risk of stroke, coronary artery disease (CAD) and atherosclerotic cardiovascular disease (ASCVD; stroke+CAD)
was determined. In 4231 patients (mean 65 years) followed for 6.2 years there were 94 strokes and 124 CAD events. The
adjusted hazard ratio (HR) (95% CI) for the risk of stroke and ASCVD in patients with average peak home SBP in the
highest versus lowest quintile was 4.39 (1.85–10.43) and 2.04 (1.24–3.36), respectively. Risk was greatest for stroke in the
first 5 years: HR 22.66 (2.98–172.1). The pathological threshold of average peak home SBP for 5-year stroke risk was
176 mmHg. There was a linear association between the number of times peak home SBP > 175 mmHg and stroke risk. Peak
home BP was a strong risk factor for stroke, especially within the first 5 years. We propose exaggerated peak home
SBP > 175 mmHg as an early and strong novel risk factor for stroke.
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Introduction

There is a good body of evidence supporting the fact that
home blood pressure (BP) is more closely associated with
hypertensive organ damage and future cardiovascular
events in patients with hypertension than office BP [1–7]. In
addition, key hypertension guidelines recommend the
measurement of home BP to facilitate the diagnosis and
management of hypertension [8–13]. Home BP measure-
ments became increasingly important during the COVID-19

pandemic, when patients were unable to attend in-person
clinic visits, and are an essential component of new digital
hypertension strategies [14–20].

With respect to home BP measurements, the diagnosis of
hypertension and target threshold for home BP are based on
the average of home BP readings [8–13], and average home
BP is a well-established cardiovascular risk factor in both
community- and clinic-based cohorts [1, 2, 5, 21–25]. In
contrast, the clinical implications of peak home BP have not
been well studied. In fact, in clinical practice, a single high
peak home BP measurement over a measurement period of
a few weeks might be excluded as an outlier.

A previous analysis of data from the general practitioner-
based nationwide Japan Morning Surge-Home Blood
Pressure (J-HOP) study, a prospective, observational study
of outpatients with a history of or risk factors for cardio-
vascular disease, found that maximum mean home systolic
BP (SBP), defined as the maximum mean value of three BP
readings over a 14-day home BP monitoring period, was
significantly associated with organ damage (left ventricular
mass index, carotid intima media thickness and urinary
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albumin-to-creatinine ratio) and future stroke events
[26–28]. These associations were independent of other
measures of home BP variability such as coefficient of
variation (CV) and average real variability (ARV). How-
ever, these analyses were limited by a comparatively short
follow-up duration, whereas longer-term prospective data
are needed to clarify the clinical implications of different
definitions of peak home BP in patients with hypertension.

This analysis used data from a longer-term follow-up of
patients enrolled in the J-HOP study (extended from 3.9
years to 6.2 years) to investigate associations between peak
home BP (using different definitions, and based on patho-
logical thresholds, frequency of exaggerated peak home BP,
and duration of risk) and the risk of stroke events.

Methods

Study design

The multicenter, prospective, observational J-HOP study
(University Hospital Medical Information Network Clinical
Trials Registry, UMIN000000894) enrolled participants
from 2005 to 2012, with follow-up through to March 2015
[1]. Seventy-five physicians from 71 institutions enrolled
patients into the study (see online-only Data Supplement for
full details). An extended follow-up survey to reconfirm the
clinical outcomes was performed from December 2017 to

May 2018, and generated the final dataset for the present
analysis. The study protocol was approved by the Institu-
tional Review Board of Jichi Medical University School of
Medicine, Tochigi, Japan. Written informed consent was
obtained from all patients.

Study population

Participants were ambulatory outpatients who had at least one
of the following cardiovascular risk factors: hypertension;
hyperlipidemia; diabetes (fasting blood sugar ≥126mg/dL or
treatment with antidiabetic agents); glucose intolerance;
metabolic syndrome; chronic kidney disease (estimated glo-
merular filtration rate <60mL/min/1.73 m2); history of car-
diovascular disease (including coronary artery disease
[CAD], stroke, aortic dissection, peripheral artery disease,
congestive heart failure); atrial fibrillation; current smoking;
chronic obstructive pulmonary disease; and/or sleep apnea
syndrome (see online-only Data Supplement for full details).

Outcomes

Cardiovascular disease outcomes included fatal or nonfatal
stroke, fatal or nonfatal CAD, and fatal or nonfatal athero-
sclerotic cardiovascular disease (ASCVD; the combination
of stroke and CAD). Full definitions of each type of event
have been reported previously [1] and are provided in the
online-only Data Supplement.
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Assessments

Home BP measurements were performed using a validated
cuff oscillometric device (HEM-5001; Medinote; Omron
Healthcare, Co., Ltd) in accordance with hypertension
guidelines that were current at the time assessments were
performed [29]. The device automatically takes three
separate measurements of BP at 15-second intervals for
each assessment. All recorded BP parameters are stored in
the device memory, with identification of measurements as
morning, evening or during sleep. Home BP values were
recorded over a period of 14 days. Subjects were asked to
measure morning BP within 1 h of waking, after urination,
before breakfast and before taking antihypertensive medi-
cation. Evening BP was measured before going to bed, and
the patients were instructed to avoid measuring their BP just
after taking a bath, drinking alcohol or smoking. Morning
and evening BP data stored on each device were downloaded
to a computer by a physician or nurse during clinic visits.
These data were then sent to the study control center (Jichi
Medical University, Tochigi, Japan). After exclusion of the
data from the first day, the averages of all home BP mea-
surements taken three times in the morning (morning home
BP) and three times in the evening (evening home BP) for
13 days (78 readings in total) were calculated by the study
coordinator who was blinded to the clinical characteristics of
study participants. Details of clinic BP measurements and
determination of laboratory and other parameters are pro-
vided in the online-only Data Supplement.

Data on cardiovascular outcomes were obtained from a
general physician at each study center. Incident stroke and
CAD outcomes were also ascertained by regular (annual or
more frequent) review of participants’ medical records.
When patients did not come to the hospital, they or their
family members were interviewed by telephone. All end-
point events were adjudicated by an endpoint committee
who were unaware of individual clinical characteristics,
including home BP data.

Definitions of peak home BP

The average peak home SBP was defined as the average of
the highest three BP values for each individual over the 13-
day home BP assessment period. Maximum mean home
SBP was defined as the highest value of mean home BP on
one occasion (average of three consecutive measurements),
and maximum home SBP was defined as the highest of all
home BP values measured.

Patient groups

The rate of outcome events was determined in patient
subgroups defined based on quintiles of home BP (average

peak, maximum mean home, and maximum home, as
described above).

Statistical analyses

Descriptive statistics are presented as mean ± standard
deviation, or number and proportion. A one-way analysis of
variance was performed to detect between-group differences
in mean values, and the Chi-squared test or Fisher’s exact
test was used to detect differences in prevalence rates
between groups.

The Kaplan-Meier cumulative incidence of stroke events
in each BP quintile group was calculated. Using Cox pro-
portional hazards models, hazard ratio (HR) and 95%
confidence interval (CI) values were calculated for ASCVD,
stroke or CAD events based on the average peak SBP value
or the average of morning and evening (MEave) home SBP
value with adjustment for the following: baseline demo-
graphic (age and sex) and clinical characteristics (body
mass index, smoking status); presence of diabetes; pre-
existing angina pectoris, myocardial infarction or stroke;
total cholesterol to high-density lipoprotein cholesterol
ratio; use of antihypertensives, statins, and aspirin); and
office SBP.

To identify multicollinearity, the variation inflation factor
was assessed. Variation inflation factor values of >5 were
considered to indicate multicollinearity. Using a spline
regression analysis, cut-off values for average peak home
BP and MEave home BP were determined for the occur-
rence of incident stroke events. Heat maps were used to
visually represent the associations between average peak
home SBP and MEave home SBP quintile groups and the
occurrence of stroke events.

All statistical analyses were performed with SAS system,
v9.4 (SAS Institute, Cary, NC). Two-sided P values < 0.05
were defined as statistically significant.

Results

Participants

Of the 4310 patients enrolled in the J-HOP study, 32 were
lost to follow-up, 17 had missing data for B-type natriuretic
peptide or urine albumin-to-creatinine ratio, and 30 had
missing home BP readings (Supplementary Fig. 1), leaving
4231 patients (mean age 64.9 ± 10.9 years, 46.7% male,
79% taking antihypertensive medication) for inclusion in
the current analysis (Table 1). Baseline patient character-
istics in subgroups based on quintile of average peak home
SBP and MEave home SBP are shown in Supplementary
Table 1. There were significant differences in BMI
(p < 0.001), chronic kidney disease (p= 0.009), HDL
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cholesterol (p < 0.001) and all BP values (p < 0.05) between
group of average peak upper quintile but not MEave upper
quintile and group of not average peak upper quintile but
MEave upper quintile.

BP measurements

Patients were instructed to take BP measurements three
times in the morning and three times in the evening for

13 days (total 78 measurements), but the average number of
actual measurements was 69 ± 14. A total of 293,509 home
BP readings were included in this analysis. Of all home BP
values recorded, the highest three home BP values occurred
as the first of the three consecutive measurements for nearly
half (49%) of all measurements, in the second measurement
on 33% of occasions and in the third measurement in 18%
of occasions. Average peak home SBP was a morning
recording in 65% of cases and an evening recording in 35%.

Table 1 Baseline patient characteristics for the overall study population, and in subgroups based on quintile of peak home systolic blood pressure

Overall
(n= 4231)

Average peak home systolic blood pressure P value

Q1 (n= 852) Q2 (n= 818) Q3 (n= 873) Q4 (n= 832) Q5 (n= 856)

Age, years 64.9 ± 10.9 61.7 ± 10.8 62.8 ± 10.9 65.0 ± 10.5 66.5 ± 10.5 68.5 ± 10.5 <0.001

Male sex, n (%) 1977 (46.7) 407 (47.8) 390 (47.7) 400 (45.8) 381 (45.8) 399 (46.6) 0.869

Body mass index, kg/m2 24.3 ± 3.5 24.0 ± 3.5 24.2 ± 3.4 24.1 ± 3.5 24.5 ± 3.4 24.5 ± 3.7 0.012

Current smoker, n (%) 516 (12.2) 80 (9.4) 98 (12.0) 108 (12.4) 105 (12.6) 125 (14.6) 0.025

Diabetes, n (%) 1034 (24.4) 160 (18.8) 185 (22.6) 223 (25.5) 212 (25.5) 254 (29.7) <0.001

History of cardiovascular disease,
n (%)

536 (12.7) 92 (10.8) 109 (13.3) 101 (11.6) 111 (13.3) 123 (14.4) 0.162

Chronic kidney disease, n (%) 899 (21.2) 162 (19.0) 142 (17.4) 166 (19.0) 205 (24.6) 224 (26.2) <0.001

Antihypertensive drugs, n (%) 3348 (79.1) 643 (75.5) 663 (81.1) 718 (82.2) 663 (79.7) 661 (77.2) 0.003

Calcium channel blocker 2150 (50.8) 358 (42.0) 419 (51.2) 477 (54.6) 438 (52.6) 458 (53.5) <0.001

ACE inhibitor 277 (6.5) 44 (5.2) 44 (5.4) 55 (6.3) 59 (7.1) 75 (8.8) 0.019

Angiotensin receptor blocker 2181 (51.5) 436 (51.2) 404 (49.4) 447 (51.2) 443 (53.2) 451 (52.7) 0.554

Diuretic 1095 (25.9) 250 (29.3) 210 (25.7) 214 (24.5) 207 (24.9) 214 (25.0) 0.137

α-blocker 209 (4.9) 27 (3.2) 34 (4.2) 38 (4.4) 44 (5.3) 66 (7.7) <0.001

β-blocker 581 (13.7) 104 (12.2) 99 (12.1) 119 (13.6) 115 (13.8) 144 (16.8) 0.034

Evening dosing, n (%) 1169 (27.6) 205 (24.1) 227 (27.8) 243 (27.8) 233 (28.0) 261 (30.5) 0.061

Statin use, n (%) 998 (23.6) 210 (24.6) 202 (24.7) 202 (23.1) 199 (23.9) 185 (21.6) 0.543

Aspirin use, n (%) 636 (15.0) 107 (12.6) 133 (16.3) 134 (15.3) 143 (17.2) 119 (13.9) 0.061

Total cholesterol, mg/dL 202.4 ± 32.8 203.0 ± 33.0 201.3 ± 30.9 203.3 ± 33.3 202.6 ± 32.0 201.5 ± 34.7 0.637

HDL cholesterol, mg/dL 57.6 ± 15.3 57.7 ± 14.8 58.0 ± 14.6 57.7 ± 15.2 57.3 ± 15.1 57.1 ± 16.5 0.743

Blood pressure, mmHg

Office SBP 141.3 ± 16.4 130.5 ± 13.0 136.5 ± 12.8 141.1 ± 13.2 145.8 ± 15.0 152.6 ± 18.1 <0.001

Office DBP 81.2 ± 10.6 78.7 ± 9.2 80.7 ± 9.9 81.6 ± 10.3 82.4 ± 11.1 82.8 ± 11.8 <0.001

Morning home SBP 138.4 ± 15.8 120.7 ± 7.0 130.3 ± 5.9 136.5 ± 6.4 144.2 ± 8.0 159.8 ± 13.5 <0.001

Morning home DBP 79.1 ± 10.0 73.3 ± 7.5 77.3 ± 8.3 78.8 ± 8.8 81.0 ± 9.7 85.1 ± 11.3 <0.001

Evening home SBP 130.1 ± 14.9 115.4 ± 7.9 123.6 ± 8.0 128.6 ± 9.0 135.3 ± 10.2 147.3 ± 14.5 <0.001

Evening home DBP 72.6 ± 9.7 67.9 ± 7.7 71.0 ± 8.2 72.2 ± 8.8 74.4 ± 9.4 77.5 ± 11.2 <0.001

MEave home SBP 134.2 ± 14.3 118.0 ± 6.4 126.9 ± 5.5 132.6 ± 5.7 139.8 ± 6.9 153.5 ± 11.9 <0.001

MEave home DBP 75.8 ± 9.3 70.6 ± 7.1 74.1 ± 7.7 75.5 ± 8.2 77.7 ± 9.0 81.3 ± 10.6 <0.001

Average peak home SBP 158.4 ± 18.4 135.4 ± 6.2 147.6 ± 2.6 156.3 ± 2.7 166.3 ± 3.5 186.2 ± 11.6 <0.001

Average peak home DBP 90.6 ± 11.9 82.6 ± 8.2 87.7 ± 9.0 89.8 ± 10.0 93.5 ± 10.9 99.5 ± 13.5 <0.001

Data are expressed as mean ± standard deviation, or number of patients (%)

For average peak home SBP: Quintile 1, <142.7 mmHg; Quintile 2, ≥142.7 mmHg to <152.0 mmHg; Quintile 3, ≥152.0 mmHg to <160.7 mmHg;
Quintile 4, ≥160.7 mmHg to <173.0 mmHg; Quintile 5, ≥173.0 mmHg

Chronic kidney disease was defined as estimated glomerular filtration rate (eGFR) of ≤60 mL/min/1.73m2 or proteinuria

ACE angiotensin converting enzyme inhibitor, DBP diastolic blood pressure, HDL high-density lipoprotein, MEave the average of morning and
evening values, Q quintile, SBP systolic blood pressure
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Stroke risk

During a mean follow-up of 6.2 ± 3.8 years (26,205 person-
years) there were 218 ASCVD events (94 strokes and 124
CAD). During the first 5 years, patients with average peak
home SBP based on morning and evening values in the
highest quintile (Q5; ≥173.0 mmHg) were at higher risk of
experiencing a stroke than those with average peak home
SBP in all other quartiles, and patients with average peak
home SBP in the lowest quartile (Q1; <142.7 mmHg) had
very few stroke events (Fig. 1). Findings were consistent
when looking at average peak home SBP based on only
morning or only evening readings (Fig. 1), and when data
were stratified based on patient age (<65 vs. ≥65 years) and
the presence versus absence of a history of ASCVD (Fig. 2).
From 5 years onwards, cumulative stroke incidence rates for
patients with average peak home SBP in quartile 4 (Q4)
began to approach those of patients with average peak home
SBP in Q5 (Fig. 1). CAD risk was not related to quintiles of
average peak home SBP (data not shown).

Compared to patients with average peak home SBP in
Q1, the adjusted risk of ASCVD and of stroke alone over

the first 5 years and the whole follow-up period was sig-
nificantly increased in patients with average peak home
SBP in Q4 and Q5. When MEave home SBP were used
instead of peak average home SBP, only the risk of stroke
was significantly higher in patients with MEave home SBP
in Q5 versus Q1 (Table 2). The similar results were found
when average peak home SBP was based morning home
SBP, but the event risk was not related to quintiles of
average peak evening home SBP and evening home SBP
(Supplementary Table 2 and 3). The same results as in
Table 2 were found after additional adjustment for the CV
and ARV of home SBP MEave (Supplementary Table 4),
when average peak home SBP was based only on the first
and second measurements on one occasion (Supplementary
Table 5), and when average peak home SBP was based only
on the second and third measurements on one occasion
(Supplementary Table 6), and when maximum mean home
SBP (Supplementary Table 7) or a single maximum home
SBP reading (Supplementary Table 8) were used instead of
peak average home SBP.

Spline regression analysis identified an average peak
home SBP cut-off value for incident stroke of 176 mmHg in

Fig. 1 Cumulative incidence of stroke events by average peak home
systolic blood pressure quintile (mean follow-up 6.2 ± 3.8 years;
26,205 person-years). Average peak home systolic blood pressure was
calculated using both morning and evening home systolic blood

pressure values (A), only morning home systolic blood pressure values
(B), and only evening home systolic blood pressure values (C). Q
indicates quartile; SBP systolic blood pressure
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the first 5 years and 163 mmHg over the whole follow-up
period (Fig. 3). In addition, average peak home SBP only
had to exceed these thresholds once for the risk of stroke to
increase, and stroke risk increased substantially as the
number of times the threshold value specified from the
average peak home SBP increased (Fig. 4).

Heat map of stroke risk by quintiles of average peak
home SBP showed that stroke risk increased as average
peak home SBP increased across all MEave home SBP
groups (Fig. 5).

Discussion

This analysis of the general practitioner-based nationwide
J-HOP study showed that average peak home SBP (defined
as the average of the top three BP values for each indivi-
dual) was an early and strong predictor of stroke risk in

patients with hypertension and at least one cardiovascular
risk factor. The pathological threshold was 176 mmHg, and
the more times that peak home SBP exceeded this thresh-
old, the higher the risk of stroke. The stroke risk associated
with peak home SBP was independent of other home BP
variability measures such as CV and ARV, and the heat
maps show that stroke risk was higher in patients with peak
home SBP in higher versus lower quintiles across all
quintiles of MEave home SBP. This suggests that peak
home BP, as well as average home BP, should be taken into
account when evaluating stroke risk in clinical practice.

The association between average peak home SBP and
stroke risk was seen early, and was strongest in the first 5
years of follow-up. In addition, findings were consistent
when peak home SBP was determined using all morning
and evening home BP data (Fig. 1A), and only morning or
only evening home BP values (Fig. 1B, C). The adjusted
HR for stroke risk in patients with average peak home SBP

Fig. 2 Cumulative incidence of stroke events by average peak home
systolic blood pressure quintile, stratified by age or history of ather-
osclerotic cardiovascular disease. Average peak home systolic blood
pressure was calculated using both morning and evening home systolic

blood pressure values. ASCVD indicates atherosclerotic cardiovas-
cular events (stroke and coronary artery disease); Q quartile, SBP
systolic blood pressure
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in the highest quintile (Q5; ≥173.0 mmHg) compared with
the lowest quintile (Q1) was 4.39 over the entire follow-up
period and 22.7 over the first 5 years. We also found that the
risk of stroke for patients with peak home SBP in Q4
increased from 5 years onwards to be similar to that in
patients with peak home SBP in Q5. This differential impact
of the average peak home SBP over shorter and longer
follow-up durations is a novel finding of the current study,
and could not be determined in previous J-HOP studies with
a shorter follow-up (mean 3.9 years) [1, 30].

In addition to the linear association between the fre-
quency of exaggerated peak home SBP and stroke risk, an
average peak home SBP of >163 mmHg significantly
increase stroke risk throughout the follow-up period. The
lowest risk appeared to be when average peak SBP was
<145 mmHg (Fig. 3, right). This suggests that consistently
having an average peak home SBP below 145 mmHg

should be almost free of stroke risk. However, the patho-
logical peak home BP thresholds identified in this study will
need to be evaluated in different patient cohorts to allow
definitive conclusions to be drawn.

The risk of stroke associated with elevated peak home
SBP was consistent across three different definitions
(average of the top three BP values for each individual in a
13-day period [average peak home SBP], highest value of
the average of three consecutive home SBP measurements
on one occasion [maximum mean home SBP]), and the
highest value of all home BPs measured [peak home SBP]).
We also defined peak home BP based on the recommended
measurement schedule for home BP (i.e. twice in the
morning and twice in the evening) [8–13], and the findings
were essentially the same. In addition, the impact of peak
home SBP on stroke risk was similar when both morning
and evening measurements were taken into account, or

Table 2 Relationship between average peak home systolic blood pressure or MEave home systolic blood pressure and the risk of
cardiovascular events

N HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Over the whole period ASCVD events (n= 218) Stroke events (n= 94) CAD events (n= 124)

Average peak home SBP Quintile 1 852 1.00 (reference) - 1.00 (reference) - 1.00 (reference) -

Quintile 2 818 1.11 (0.67–1.85) 0.694 1.43 (0.55–3.72) 0.459 1.01 (0.55–1.85) 0.984

Quintile 3 873 1.37 (0.84–2.24) 0.205 1.99 (0.81–4.87) 0.132 1.16 (0.64–2.10) 0.625

Quintile 4 832 1.67 (1.02–2.72) 0.041 2.74 (1.14–6.62) 0.025 1.26 (0.68–2.31) 0.463

Quintile 5 856 2.04 (1.24–3.36) 0.005 4.39 (1.85–10.43) <0.001 1.17 (0.60–2.26) 0.642

MEave home SBP Quintile 1 846 1.00 (reference) - 1.00 (reference) - 1.00 (reference) -

Quintile 2 846 0.89 (0.56–1.42) 0.623 0.98 (0.41–2.34) 0.972 0.83 (0.47–1.46) 0.517

Quintile 3 845 1.09 (0.69–1.73) 0.697 1.67 (0.76–3.67) 0.201 0.86 (0.49–1.52) 0.606

Quintile 4 847 1.03 (0.64–1.65) 0.903 1.99 (0.91–4.35) 0.085 0.64 (0.34–1.19) 0.158

Quintile 5 847 1.35 (0.83–2.19) 0.228 2.67 (1.21–5.89) 0.015 0.81 (0.42–1.55) 0.517

Over the first 5 years ASCVD events (n= 138) Stroke events (n= 58) CAD events (n= 80)

Average peak home SBP Quintile 1 852 1.00 (reference) - 1.00 (reference) - 1.00 (reference) -

Quintile 2 818 1.61 (0.81–3.21) 0.172 8.34 (1.05–66.00) 0.045 1.04 (0.47–2.28) 0.927

Quintile 3 873 1.70 (0.86–3.35) 0.124 7.34 (0.92–58.40) 0.060 1.20 (0.56–2.58) 0.632

Quintile 4 832 1.72 (0.86–3.43) 0.122 6.41 (0.79–52.08) 0.082 1.29 (0.60–2.80) 0.516

Quintile 5 856 2.75 (1.40–5.39) 0.003 22.66 (2.98–172.1) 0.003 1.03 (0.44–2.40) 0.940

MEave home SBP Quintile 1 846 1.00 (reference) - 1.00 (reference) - 1.00 (reference) -

Quintile 2 846 0.98 (0.53–1.79) 0.939 1.21 (0.38–3.84) 0.751 0.87 (0.42–1.77) 0.697

Quintile 3 845 1.04 (0.57–1.90) 0.900 1.59 (0.53–4.82) 0.410 0.83 (0.40–1.73) 0.620

Quintile 4 847 0.94 (0.50–1.76) 0.850 1.73 (0.58–5.18) 0.328 0.65 (0.30–1.43) 0.287

Quintile 5 847 1.47 (0.80–2.73) 0.215 3.56 (1.24–10.18) 0.018 0.77 (0.34–1.75) 0.537

Data were adjusted for age, sex, body mass index, current smoking, history of diabetes, statin use, aspirin use, antihypertensive medication use,
history of cardiovascular disease, total cholesterol to high-density lipoprotein cholesterol ratio, and office systolic blood pressure

For average peak home SBP: Quintile 1, <142.7 mmHg; Quintile 2, ≥142.7 mmHg to <152.0 mmHg; Quintile 3, ≥152.0 mmHg to <160.7 mmHg;
Quintile 4, ≥160.7 mmHg to <173.0 mmHg; Quintile 5, ≥173.0 mmHg

For MEave home SBP: Quintile 1, <122.4 mmHg; Quintile 2, ≥122.4 mmHg to <129.4 mmHg; Quintile 3, ≥129.4 mmHg to <136.0 mmHg;
Quintile 4, ≥136.0 mmHg to <145.3 mmHg; Quintile 5, ≥145.3 mmHg

ASCVD atherosclerotic cardiovascular disease, CAD coronary artery disease, HR hazard ratio, CI confidence interval, MEave the average of
morning and evening values, SBP systolic blood pressure
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Fig. 3 Spline regression analysis of the relationship between average
peak home systolic blood pressure and incident stroke risk. Mean
values and 95% confidence interval are shown. Data were adjusted for
age, sex, body mass index, current smoking, history of diabetes, statin
use, aspirin use, antihypertensive medication use, history of

cardiovascular disease, total cholesterol to high-density lipoprotein
cholesterol ratio, and office systolic blood pressure. Average peak
home systolic blood pressure was calculated using both morning and
evening home systolic blood pressure values. SBP indicates systolic
blood pressure

Fig. 4 Spline regression analysis of the relationship between the
number of times peak home systolic blood pressure exceeded
165 mmHg or 175 mmHg and incident stroke risk. Mean values and
95% confidence interval are shown. Data were adjusted for age, sex,
body mass index, current smoking, history of diabetes, statin use,

aspirin use, antihypertensive medication use, history of cardiovascular
disease, total cholesterol to high-density lipoprotein cholesterol ratio,
and office systolic blood pressure. Average peak home systolic blood
pressure was calculated using both morning and evening home systolic
blood pressure values. SBP indicates systolic blood pressure
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when only morning or only evening measurements were
used. Although the definition of peak home BP did not alter
the association with stroke risk in this study, there is still a
need to agree a precise definition for this important para-
meter for use in future trials and guideline documents.

Another key finding of this study was that the early and
strong association between average peak home BP and
stroke events was independent of other measures of home
BP variability (Supplementary Table 4). In current hyper-
tension management guidelines, the definition of hyper-
tension and target BP is based on the average of office,
home, and ambulatory BPs [10–13], the accuracy of which
increases as the number of BP measurements increases.
However, BP variability is another measure that needs to be
taken into account. There is growing evidence that
increased variability in office, home, and ambulatory BP
values increases the risk of cardiovascular events indepen-
dently of the averaged BP values [30–33]. The CV and
ARV are well-known indicators of BP variability. In a
previous analysis of J-HOP study data, CV and ARV of
home BP measurements were associated with stroke risk
independently of the average home BP [30]. In the current
analysis, a model that included the CV and ARV of home
BP readings showed that average peak home SBP remained
a strong predictor of stroke risk in the first 5 years of follow-
up (HR for average peak home SBP in Q5 vs Q1 of 16.8).
Thus, average peak home SBP could provide additional
prognostic information, over and above that of BP varia-
bility measures. Despite the important contribution of BP
variability to cardiovascular risk, no hypertension manage-
ment guidelines have yet described how to incorporate the
assessment of BP variability into clinical practice. This is
also the case for peak home BP.

Strengths and limitations

The J-HOP study includes an elderly Japanese cohort with
at least one cardiovascular risk factor. Therefore, our novel
finding that average peak home BP is associated with
increased stroke risk need to be replicated in other popu-
lations, including a community-dwelling sample, normo-
tensive individuals, younger people, and different ethnic
groups. In addition, because this is an observational study it
is not possible to definitively state causality for the identi-
fied associations. It is also important to note that nearly 80%
of the J-HOP study population were receiving anti-
hypertensive drug therapy, and therefore there is potential for
the relationships identified in the current study to have been
modified by the presence of pharmacological anti-
hypertensive agents. All home BP measurements taken dur-
ing this study were taken when patients were in a sitting
position, which may underestimate the risk of BP surge. Use
of wearable BP monitoring devices could measure several
peak BP values under different conditions throughout each
day [34], and therefore may increase the sensitivity of peak
home BP measurements for determining cardiovascular risk.
This needs to be investigated in future studies.

Conclusions

This analysis identified for the first time an early and strong
association between average peak home BP and stroke risk.
The simplicity of this measurement and the ease with which
it can be determined using home BP monitoring make it
ideally suited for evaluation of stroke risk in clinical
practice.

Fig. 5 Heat map of stroke event (95% confidence interval) by average
peak home systolic blood pressure quintile and average of morning
and evening home systolic blood pressure quintile. Average peak

home systolic blood pressure was calculated using both morning and
evening home systolic blood pressure values. MEave indicates
morning-evening average; Q quartile, SBP systolic blood pressure
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