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Real World Home Blood Pressure Variability in Over 56,000
Individuals With Nearly 17 Million Measurements
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BACKGROUND

Using the data from 56,365 individuals, from 185 countries, and a Nokia
Health Wireless blood pressure (BP) monitor, we investigated real-world
characteristics of BP variability (BPV).

METHODS

All included individuals self-measured and uploaded their BP using
Bluetooth at least 20 times over a period of >1 month at a frequency and
duration of their choosing. In total, 16,904,844 BP measurements were
analyzed, with a median of 146 measurements per person (interquartile
range [IQR] 73-321) over a median of 14 months (IQR 7-31). SD, coeffi-
cient of variation, maximum BP, and maximum minus minimum BP differ-
ence were all calculated as measures of BPV.

RESULTS
BPV showed a distinct pattern, influenced by season of year, day of
week, and time of day. BPV index was higher in females compared with

Blood pressure (BP)-related morbidity and mortality is one
of our most pressing global health issues. Although, absolute
BP values appear to be the most important factors determin-
ing prognosis, BP variability (BPV) has also been proven in
anumber of studies to be an independent and strong indica-
tor of future coronary heart disease, heart failure, stroke, and
cardiovascular or all-cause mortality.!-

BPV had been thought of as random fluctuations or
noise around a patient’s true basal BP. Accordingly, it was
considered to be a limitation of measuring BP in the office
setting. However, recent data showed that BPV including
short-term (over 24 hours), mid-term (day-to-day), and
long-term (visit-to-visit) is reproducible and not a random
phenomenon.*

The vast majority of prior studies of BPV were based on BPs
determined in the clinical setting.>> One of the largest stud-
ies of BPV included 6,312 community-dwelling participants,
with BP measurements determined in a community setting,
but only included morning BP measurements.® The growing
availability and use of reliable and accurate home BP devices

males (P < 0.001) and increased with age (P < 0.001). Compared to the
weekend, the weekday BPV index was significantly higher, and this find-
ing was more prominent in females (P = 0.001). In multivariate analysis,
BPV index were significantly associated with age, gender, geographic
location, and mean BP values.

CONCLUSION

Using the largest BP data set we are aware of, with the benefits and limi-
tations of real-world measurement, we could show the pattern of BPV
and provide reference values that may be helpful in understanding the
nature of BPV as self-measurement at home becomes more common,
and help guide individualized management.

Keywords: blood pressure; blood pressure variability; big data; hyper-
tension; mobile health.
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with wireless connectivity and automated logging of BPs
allows limitations of prior studies to potentially be overcome.
Home BP monitoring makes it possible to collect a large
amount of data, any time of day or day of week, which can
more likely capture real-world influences on BPV, including
environmental, temporal, emotional, or seasonal variations.”
In this study, we describe the characteristics and investigate
the factors associated with BPV within the largest data set to
date ever available of self-monitored BPs acquired from over
56,000 self-monitoring individuals using a wireless BP moni-
toring device in a real-world setting. Using these data, we will
identify characteristics associated with BPV and to provide
reference values of BPV in a self-monitored population.

METHODS AND PARTICIPANTS
Participants

From all the active user of Nokia Healths wireless BP
monitor, we included a total of 56,365 participants from 185
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countries including United States, France, Germany, and United
Kingdom who had >20 BP measurements with the earliest and
latest separated by at least 1 month. We applied the same selec-
tion criteria for all the populations. No clinical information was
available for participants, including medications or diagnoses.

All participants agreed to their data being used for re-
search purposes as part of the Terms and Conditions when
setting up a user account. The data are anonymous and were
extracted for research purposes. The study was reviewed and
exempted by the Institutional Review Board of Seoul National
University Bundang Hospital (IRB No. X-1707-411-902). In
addition, all methods were performed in accordance with
the Strengthening the Reporting of Observational Studies in
Epidemiology Statement.

Data acquisition, management, and definition for analysis

All BP measurements were made using a Nokia Health BP-800
(Nokia Health, Paris, France) by individuals who obtained
the device for self-monitoring purposes. This device has been
validated according to European Society of Hypertension
International Protocol.® The device can be connected to an
Apple iOS and fits an iPhone, iPad, or iPod. A specific Withings
BP-800 free application can be downloaded from the App store,
which also provides a set of instruction to measure BP properly.
The device automatically saves systolic BP (SBP) and diastolic
BP (DBP) data, pulse, and local date and time of measurement,
sending those values to network servers. After excluding dupli-
cated values and outlier (SBP < 50 mm Hg or > 300 mm Hg, DBP
< 30 mm Hg or > 250 mm Hg), we analyzed 16,904,844 SBP
measurements data (number of median BP measurements per
person: 146, interquartile ranges [IQR] 73-321) (Supplementary
Figure 1). All measurements were made purely at the discretion
of the individual with no prompting.

For the analysis of the relationship between BPV and time
dependent variation, we compared the BPV of weekdays (from
Monday to Friday) and weekends (from Saturday to Sunday)
among 55,028 participants who had more than 5 BP measure-
ments on both weekdays and weekends. Finally, comparison
between summer (from June to August) and winter (from
November to February) BPV was done in 39,835 participants
who had more than 5 BP measurements during both summer
and winter period and lived in the Northern hemisphere.

Calculation of BPV

We quantified the variation of SBP or DBP within an in-
dividual over the course. We computed SD, coefficient of
variation (CV), maximum BP, and the difference between
the maximum and minimum BP as an intraindividual BPV
index.” CV is calculated as SD — SBP/mean SBP x 100.

Statistical analysis

We report means (SD) or medians with IQRs for continuous
variables and counts with percentages for categorical variables.
The differences in continuous variables were analyzed using
Student’s ¢-tests and 1-way analysis of variance. Comparisons
according to time and seasonal variation were done using

paired t-test. Multiple linear regression analysis was performed
to identify the independent factors associated with BPV.
Differences were considered statistically significant at P <0.05,
and all analyses were 2-tailed. We analyzed the data using R
package (version 3.3.1, https://www.r-project.org/) and SPSS
21.0 for Window (IBM-SPSS, Chicago, IL). All data from the
participants were de-identified and analyzed anonymously.

RESULTS
Demographic and BP characteristics of study population

A total of 56,365 participants had at least 20 BP measure-
ments, spanning over greater than 1 month were included
in this analysis. Their data included 16,904,844 individ-
ual BP measurements, with a median of 146 measurements
per person (IQR 73-321), acquired over a median period of
14 months (IQR 7-31). Details of the participants were pre-
sented in Table 1. The majority were male (n = 44,844, 79.6%)
and the mean (SD) age was 54.7 (12.6). US participants were
most common (N = 19,963, 35.4%). The mean (SD) SBP/DBP
were 131.0 (10.9)/80.1 (8.2) mm Hg and the mean (SD) pulse
rate was 70.3 (9.6)/min. The population’s mean (SD) max-
imum SBP/DBP were 161.2 (18.0)/100.2 (11.7) mm Hg and
minimum SBP/DBP were 103.1 (12.3)/61.6 (9.0) mm Hg.

Table 1. Characteristics of study participants

Number of participants (N = 56,365)

Gender
Male 44,844 (79.6%)
Female 11,521 (20.4%)

Age (year)
18-29 928 (1.6%)
30-39 5,674 (10.1%)
40-49 13,129 (23.3%)
50-59 16,552 (29.4%)
60-69 13,065 (23.2%)
70-79 5,742 (10.2%)
80-89 1,181 (2.1%)
90+ 94 (0.2%)

Country
Canada 2,101 (3.7%)
Switzerland 2,416 (4.3%)
Germany 9,070 (16.1%)
France 3,665 (6.5%)
United Kingdom 2,625 (4.7%)
Italy 1,944 (3.4%)
Japan 1,174 (2.1%)
United State 19,963 (35.4%)
Others? 13,407 (23.8%)

a0Other countries where less than 1,000 participants enrolled for
this analysis.
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Blood pressure variability (P < 0.001) (Figure 1). Because the average age of females
was greater than males (56.5 (13.8) years in females vs.
54.3 (12.2) years in males, P < 0.001), even after adjusting
for age with a linear model, females BPV was significantly
greater than males. There was also a significant difference

Systolic and diastolic BPV indices such as SD, CV, and
maximum and minimum BP according to participants’
gender, age, country, day of week, and season of year are pre-
sented in Table 2. For clarity, further descriptions of BPV in CV of SBP and DBP according to geographic location,
Will focus primarily on CV only because it is a BPV ind.ex again adjusted for age, gender, and mean BP (P < 0.001).
independent of BP levels. The overall results were not dif- Participants from the United States showed highest CV of
ferent according to the BPV index. When analyzed by decile SBP followed by Italy and France, 8.4 (2.6) mm Hg, 8.2 (2.4)
of BPV, the lowest decile had a mean (SD) CV of SBP was mm Hg, and 8.1 (2.4) mm Hg, respectively. In multivariate
4.8 mm Hg (0.48) and for the highest decile 13.2 mm Hg analysis, BPV index were significantly associated with age,
(2.12) (Supplementary Figure 2). gender, geographic location, and mean SBP and DBP values

(Table 3).

Factors associated with BPV

. ) . Reference values for BPV according to age and BP
BPV was higher in females compared with males. CV of

SBP were 7.8 (2.3) mm Hg in male and 9.0 (2.5) mm Hg Reference values of BPV index according to age and BP
in female (P < 0.001). BPV was also increased with age levels are shown in Figure 2. The BPV index increase as the

Table 2. SD, CV, maximum minus minimum BP difference of systolic and/or diastolic blood pressure

Systolic blood pressure Diastolic blood pressure

Mean SBP, mm Hg SD, mm Hg CV,mm Hg MMD, mm Hg Mean DBP, nm Hg SD, mm Hg CV, mm Hg MMD, mm Hg

AII(,EIartigépggtss) 131.0 (10.9)  10.5(3.4) 8.0(2.4) 58.2(20.6) 80.1 (8.2) 7.0(2.0) 87(25) 386 (12.9)
Male (N = 44,844) 131.6 (10.5)  10.3(3.3) 7.8(2.3) 57.0(20.2) 80.4 (8.1) 6.8(2.0) 85(24) 37.8(12.4)
Female (N = 11,521) 128.9 (12.0)  11.6(3.6) 9.0(2.5) 62.9(21.3) 78.9 (8.4) 75(21) 95(2.6) 41.9(13.9)
Age 18-29 (N = 928) 125.0 (11.2) 92(35) 7.3(27) 47.7(18.9) 76.9 (8.7) 7.2(24) 9.4(29) 37.0(13.1)
Age 30-39 (N = 5,674) 128.0 (11.2) 92(32) 7.1(2.3) 48.2(18.4) 80.4 (8.8) 6.9(22) 86(26) 36.1(12.9)
Age 40-49 (N=13,129)  130.1 (10.6) 95(29) 7.3(21) 51.6(17.6) 82.4 (8.2) 6.9(2.0) 84(2.3) 36.9(12.2)
Age 50-59 (N=16,552)  131.2(10.6)  10.4(3.0) 7.9(2.2) 57.1(18.5) 81.7 (7.6) 6.9(1.9) 84(2.3) 38.1(12.3)
Age 60—-69(N = 13,065) 132.3(10.8)  11.4(3.3) 86(2.4) 63.8(20.1) 78.8 (7.3) 72(21) 88(24) 39.5(12.6)
Age 70-79 (N = 5,742) 133.0 (10.8)  12.4(3.7) 9.3(2.6) 70.5(21.9) 75.1 (7.2) 8.0(23) 9.6(2.6) 425 (13.9)
Age 80+ (N = 1,275) 133.9(11.6)  13.9(4.1) 10.4(2.9) 79.2(23.7) 72.8 (7.4) 7.0(23) 11.0(2.9) 48.2(15.0)
Country (CA) (N=2,101)  130.9(10.8) 104 (3.2) 7.9(2.3) 57.0(19.5) 79.4 (8.3) 6.7(1.9) 85(2.3) 37.4(12.4)
Country (CH) (N=2,416)  130.2(10.6)  10.0(3.1) 7.6(2.2) 56.3(20.1) 80.2 (7.9) 6.7(1.9) 83(2.3) 37.8(12.7)
Country (DE) (N =9,070)  131.6 (10.5) 9.9(3.0) 7.5(21) 56.1(19.6) 81.1(7.9) 6.5(1.8) 8.1(2.1) 37.1(12.2)
Country (FR) (N=3,665)  131.5(11.5)  10.7(3.5) 8.1 (2.4) 58.7 (20.6) 79.5 (8.4) 7.1(21) 9.0(26) 39.2(13.3)
Country (GB) (N=2,625) 132.9(11.8)  10.1(3.2) 7.6(2.2) 54.0(19.3) 80.8 (8.6) 6.7(1.9) 83(2.3) 36.0(12.3)
Country (IT) (N=1,944)  128.5(10.8)  10.6(3.4) 82(2.4) 59.8(20.9) 78.1 (7.8) 6.9(1.9) 89(24) 39.2(12.8)
Country (JP) (N=1,174)  129.5(11.9)  10.0(3.1) 7.7(2.2) 58.4(19.4) 82.3 (9.4) 7.0(20) 85(2.3) 41.0(12.3)
Country (US) 131.3(10.8)  11.0(3.6) 83(25) 59.6(21.0) 79.8 (8.2) 7.2(21) 9.0(2:6) 39.2(13.0)
(N =19,963)
Country (other) 130.3(10.8)  10.6(3.4) 8.1 (2.4) 58.4(20.8) 80.1 (8.0) 7.0(20) 88(25) 39.1(13.0)
(N =13,407)
Weekdays (N = 55,028) 131.2(11.0)  10.5(3.4) 7.9(24) 54.8(20.2) 80.3 (8.2) 6.9(21) 86(25) 36.3(12.6)
Weekends (N = 55,028) 130.7 (11.1) 103 (3.7) 7.9(27) 459 (19.3) 79.7 (8.3) 6.8(23) 86(2.8) 30.1(12.0)
Summer (N = 39,835) 129.5 (11.2) 9.7(35) 7.5(2.6) 43.7(19.2) 79.1 (8.4) 6.4(22) 81(27) 28.9(12.1)
Winter® (N = 39,835) 131.5(10.9)  10.1(3.6) 7.7(2.5) 48.7(20.2) 80.2 (8.2) 6.6(22) 83(26) 31.9(12.7)

Abbreviations: CA, Canada; CH, Switzerland; CV, coefficient of variation; DE, Germany; FR, France; GB, United Kingdom; IT, Italy; JP, Japan;
MMD, maximum minus minimum blood pressure difference; US, United State.

aSummer: June—August.

®Winter: November—February.
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Figure 1. Distribution of age (a) and gender (b) according to intraindividual CV of SBP (N = 56,365). Abbreviations: CV, coefficient of variation;

SBP, systolic blood pressure.

increase of age and BP level. BPV index (SD, CV, and max-
imum and minimum BP of SBP) increased both with increas-
ing age and mean SBP levels in the participants. Finally, the
increase in BPV index with SBP was more pronounced as the
participants get older (Supplementary Figure 3A-C).

BPV according to time and seasonal variation

We have calculated the mean SBP per participant for
each month, day of week, and rounded hour, and plotted in
Figure 3 the mean difference of SBP (mean SBP of the time
point — mean SBP) considering all the participants. BPV was

varied according to month of the year. The changes in SBP
showed a distinct pattern, with higher values during the win-
ter season (November — February) than the summer season
(June - August) (Figure 3a). BP values were also related to
the day of the week. Most commonly, the SBP was highest
on Monday, whereas minimal SBP was most common on
Saturday and Sunday (Figure 3b). Compared to weekend,
weekday BPV index were higher. Weekday CV of SBP was
7.95 (2.44) mm Hg and weekend CV of SBP was 7.89 (2.67)
mm Hg (P < 0.001). Furthermore, CV of SBP during winter
was higher than summer period (7.7 (2.5) mm Hg vs. 7.5
(2.6) mm Hg, P < 0.001). Finally, high values of SBP were
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Table 3. Multiple linear regression analysis associated with blood pressure variability (CV of SBP)

95% Confidence interval for B

Unstandardized coefficients (B) Standard error Lower Upper P value

(Intercept) 4.043 0.1423 3.764 4.322 <0.001
Female 1.079 0.0236 1.033 1.125 <0.001
Male Reference

Age 80+ 2.807 0.0978 2.615 2.998 <0.001
Age 70-79 1.846 0.0799 1.690 2.003 <0.001
Age 60-69 1.172 0.0761 1.023 1.321 <0.001
Age 50-59 0.556 0.0755 0.408 0.704 <0.001
Age 40-49 0.032 0.0761 -0.117 0.181 0.677
Age 30-39 -0.196 0.0791 -0.351 -0.042 0.013
Age 18-29 Reference

Country (US) 0.452 0.0511 0.351 0.552 <0.001
Country (other) 0.356 0.0524 0.254 0.459 <0.001
Country (JP) 0.235 0.0815 0.076 0.395 0.004
Country (IT) 0.431 0.0702 0.293 0.568 <0.001
Country (GB) -0.157 0.0653 -0.285 -0.029 0.016
Country (FR) 0.159 0.0610 0.039 0.278 0.009
Country (DE) -0.206 0.0540 -0.312 -0.100 <0.001
Country (CH) -0.133 0.0665 -0.263 -0.003 0.045
Country (CA) Reference

Mean SBP 0.018 0.0013 0.016 0.021 <0.001
Mean DBP 0.006 0.0018 0.003 0.010 <0.001

Abbreviations: CA, Canada; CH, Switzerland; DBP, diastolic blood pressure; DE, Germany; FR, France; GB, United Kingdom; IT, Italy; JP,

Japan; SBP, systolic blood pressure.

more commonly observed during morning (7:00-10:00 Am)
and evening (17:00-19:00 pm) (Figure 3c). Few users meas-
ured their BP during the night (0:00-5:00 AM), so that values
may be biased.

DISCUSSION

Novel findings from our study of serial, self-monitored
BPs is that BPV is higher during weekdays and winter season,
supporting that environmental factors such as job stress and
the outside environment influence BPV. In addition, we
confirmed what has previously been shown in much smaller
studies, that BPV increase with age, and that females have
greater BPV than male, even after adjusting for age and BP
values. The size of our data set, 20-fold larger than the next
largest, also allowed for the development of real-world refer-
ence values for BPV according to age, gender, and BP values.

Beyond the absolute SBP and DBP values, a great deal of
data have shown an independent link between increased
BPV and target organ damage, cardiovascular events, cog-
nitive decline, and mortality.®-!2 In particular, recent studies
have found that patients with higher variability in BP over
time are at higher risk compared with patients with the same
mean BP level.? Although, the clinical importance of BPV

570 American Journal of Hypertension 31(5) May 2018

has been relatively well established, it is rarely evaluated clin-
ically due to the infrequency of office visits for BP determin-
ation and disjointed data sets. Due to these limitations, the
reference values of BPV according to age, gender, and BP
levels have not yet been well described. To understand how
an individual’s BP responds to change, whether slow change
associated with aging, or acute change associated with stress,
requires a large volume of data from a variety of participants
for an extended period of time.

Home BP measurements rather than office BP are recom-
mended for the optimal assessment of BP changes.!*!'* Home
BP measurement, which is reliable, reproducible, and free
from white-coat effect and observer dilution bias, is associ-
ated with target organ damage and offers better prognostic
value than office BP measurement.!>!¢ Recently, home BPV
measured over 7 consecutive days showed an association
with future cardiovascular events.'”

To know the characteristics of BPV is important to better
understanding the nature of BP and its intraindividual dif-
ferences. With greater knowledge of BPV, we can establish
individual-based reference values, which can lead to a bet-
ter understanding of interindividual variability, and poten-
tially most importantly, what life-style and pharmaceutical
interventions improve variability. An additional value to
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Figure2. Reference value of intraindividual SD of SBP according to SBP levels and age. Abbreviations: BP, blood pressure; DBP, diastolic BP; SBP, systolic BP.

understanding a person’s typical intraindividual BPV is in the
setting of remote chronic condition management programs
dependent on self-monitored BP values by allowing for the
determination of the validity of a BP measurement using an
automated home device. Understanding natural variability
in people and populations is critical to being able to differ-
entiate between artifactual readings and critical events such
as hypertensive emergencies or severe hypotensive events.
Furthermore, with the genome-wide association analyses,
we could identify new loci influencing BP variation.!®

We were able to identify time of day, day of week, and
seasonal variation of BPV in this study. Previous limitations
in available data have not allowed for this level of under-
standing. However, in our substantially larger real-world
cohort sample we were able to. The BPV was higher during
the winter season and on weekdays. We were able to show
that BP tends to be highest on Mondays, gradually decreas-
ing as the week progresses to its lowest point on Saturdays.
These findings suggest environmental factors such as job
stress are associated with BPV. Interestingly, the time and
seasonal variation of BPV can be associated with the weekly
or seasonal variation of stroke or acute myocardial infarc-
tion incidence.!®? However, we included participants from
Northern hemisphere, thus the seasonality of BPV need to
be studied for the Southern hemisphere.

Also, we could observe that BPV increase with age and was
higher in female, which are consistent with previous results.>1%2!
Impaired baroreflex and increased arterial stiffness were consid-
ered to be underlying mechanisms; however, additional research
is required to investigate the basic pathophysiology and its clin-
ical significance. We could observe that CV of SBP was higher
in US participants than other countries. Several factors such as
level of job stress, environmental factor, or climate may influ-
ence BPV. Further studies are required to identify the underlying
mechanism linked with geographic difference of BPV.

Our study has some notable limitations. Most notably, these
are real-world data from self-monitored BP and therefore was
not carried out with the typical rigor of research-specific BP
programs. For example, participants were not equally dis-
tributed in age (younger), gender (male predominance), and
geographic location (US predominance), which might affect
the result of our study. Accordingly, the “trade-oft” between
quantity and quality of data should be considered in the inter-
pretation of the results.?? In addition, we did not have any clin-
ical information for the individuals studied, including their
hypertension treatment, if any, and life-style associated factors
such as smoking, exercise, work schedule, etc. Although, we
suggested the reference value of BPV, it is not yet clear how to
manage persons who have increased BPV, especially normo-
tensive people. Previous studies showed that calcium channel
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blocker were superior to beta-blocker in reducing BPV. Thus,
recommending calcium channel blocker for those patients
may be a good option. Finally, we included different nature
of BPV in a single data set such as within-day, day-to-day, or
longer-term BPV, which should be considered for the inter-
pretation of the results. We analyzed the device based data set,
thus in case of multiple users, the chance of mixing data of
multiple users should be considered.

Our study also has important strengths. The data set
includes large sample size of BP measurements from all
around of the world. Accordingly, we could analyze the re-
lationship between BPV with time or seasonal variation.
Furthermore, the reference value was based on a great
number of individual measurements (median number of BP
measurement: 146, IQR 73-321), with prior studies showing
~30 measurements are needed to minimize routine SD of BP
readings, thus it can provide a solid reference range based on
BP and age.?® Thus, we believe that these results can provide
useful reference values of BP and BPV in the coming digital
medicine era in which more patient-reported medical infor-
mation from huge numbers of individuals will be examined
and compiled using wearable device.

In conclusion, with the largest data set obtained in a real-
world setting, we showed the characteristics of BPV and
its association with day of the week and seasonal variation,
and confirmed its association with age and gender previous
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Changes in SBP according to month (a), day of week (b), and rounded hour (c). Abbreviations: SBP, systolic blood pressure.

found in more formal studies. We could also establish refer-
ence values for real-world BPV from a global, self-monitored
BP data set that should help with future efforts to identify
people who have greater BPV and potentially evaluate thera-
pies that influence it beyond just BP alone.

SUPPLEMENTARY MATERIAL

Supplementary data are available at American Journal of
Hypertension online.
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