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Objective: A systematic review on the reproducibility of
ambulatory blood pressure measurements (ABPM) has not
yet been conducted. This meta-analysis compared 24-h/
daytime/night-time SBP and DBP mean values and SBP/DBP
nocturnal dipping status from ABPMs in participants with or
without hypertension.

Methods: Ovid MEDLINE, EMBASE, and CINAHL Complete
databases were searched for articles published before 3 May
2019. Eligible studies reporting a 24-h ABPM repeated at
least once within 1 month were included. The mean
daytime/night-time/24-h BP values, percentage of nocturnal
dipping, and proportion of nondippers were compared
between the first and second day of measurements, and the
proportion of participants with inconsistent dipping status
were estimated using a random effect model.

Results: Population-based analysis found a 0–1.1 mmHg
difference between the first and second ABPM for 24-h/
daytime/night-time SBP and DBP and 0–0.5% for
percentage of SBP/DBP nocturnal dipping. The proportion of
non-dippers was not different between the first and second
ABPM. Intra-individual analysis found that the 95% limit of
agreements (LOA) for SBP/DBP were wide and the 95%
LOA for daytime SBP, common reference to diagnose
hypertension, ranged �16.7 to 18.4 mmHg. Similarly, 32%
of participants had inconsistent nocturnal dipping status.

Conclusion: ABPM had excellent reproducibility at the
population level, favouring its application for research
purposes; but reproducibility of intra-individual BP values
and dipping status from a 24-h ABPM was limited. The
available evidence was limited by the lack of high-quality
studies and lack of studies in non-Western populations.

Keywords: ambulatory blood pressure measurement,
blood pressure, dipping, meta-analysis, reproducibility

Abbreviations: ABPM, ambulatory blood pressure
measurement; AOBP, automated office blood pressure
measurement; BP, blood pressure; CI, confidence interval;
LOA, limit of agreement; MD, mean difference
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ypertension is the most common chronic condi-
tion, contributing to physical complications and
substantial burden to healthcare systems [1]. The
Journal of Hypertension
diagnosis and management of hypertension depends
heavily on accurate measurement of blood pressure (BP)
[2]. Ambulatory BP measurements (ABPM) are now consid-
ered by virtually all international guidelines as the ‘gold
standard’ of clinical BP measurement and ABPM has been
shown to predict morbidity and mortality, even after con-
trolling for office BP values [2–5]. Furthermore, certain BP
parameters, including nocturnal BP values and nocturnal
BP dipping (if BP decrease by more than 10% at night),
carry prognostic significance and can only be detected
clinically by ABPM [6,7]. The use of ABPM is increasingly
common in research and in routine clinical management.

However, to date, a systematic review about the repro-
ducibility of ABPM has yet to be conducted. Individual
studies were small in size, used different ABPM machines,
different intervals to repeat ABPM, different statistical analy-
sis, and yielded different conclusions about the reproduc-
ibility of various ABPM parameters [8–14]. Reproducibility of
results from a 24-h ABPM is clinically important as doctors
need to be certain that BP values and diagnosis provided by
ABPMis reliable; similarly, researchersneed toknowthat any
change inBP is because of interventions, rather thanbecause
of random fluctuations of BP values on ABPMs.

This systematic review and meta-analysis aimed to investi-
gate and summarize the short-term reproducibility of 24-h/day-
time/night-time SBP and DBP mean values and dipping status
from 24-h ABPMs in participants with or without hypertension.

METHODS

Study selection and search strategies
The electronic databases Ovid MEDLINE, EMBASE, and
CINAHL Complete were searched for articles published
www.jhypertension.com 2095
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up until 3 May 2019. A combination of search terms was
used including ‘ambulatory blood pressure monitoring’,
‘ABPM’, ‘24 hour’, ‘diurnal’, and ‘reproducibility’. Details
of search strategy are listed in Appendix 1, http://link-
s.lww.com/HJH/B371, Supplemental Digital Content.

To ensure literature saturation, the search also included
published abstracts from major international conferences
about hypertension, such as the European Society of
Hypertension and the International Society of hyperten-
sion, which publish their conference abstracts in major
journals. All titles and abstracts were inputted into Covi-
dence (Covidence systematic review software, Veritas
Health Innovation, Melbourne, Australia. Available at
www.covidence.org). Two independent reviewers (E.L./
Y.B.) screened title, abstract and full text separately.
Although a third reviewer was originally invited to resolve
discrepancies, all conflicts were resolved with discussion
between the two reviewers.
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FIGURE 1 PRISMA diagram of included studies.
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Inclusion and exclusion criteria
Studies were included if they were observational studies, in
which a 24-h ABPM was repeated at least once; the majority
of ABPM had to be repeated within 1 month, that is, the
reported mean/median were within 4 weeks or 31 days or 1
month; studies that used ABPM consecutively (i.e. 48 h or
more) were included if reproducibility data (e.g. mean BP
values on different days) were reported; and results con-
cerning reproducibility including mean BP values of two
ABPMs and/or number of participants with dipping and
non-dipping on two ABPMs were reported. Studies were
excluded if: any interventions were used; they aimed to
assess changes in BP because of a significant change in
environment (e.g. before and after earthquake); they
involved any children (aged less than 18 years); or studies
involved participants who suffered from atrial fibrillation
(ABPM was not validated in these patients), who were
pregnant, who were receiving dialysis, who were
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Ambulatory BP measurement reproducibility
diagnosed to have secondary hypertension, who were at
acute phase of illness where BP might change rapidly (e.g.
acute stroke). If the ABPM was repeated more than two
times, data from the first 2 days of ABPM were used for
meta-analysis. Abstracts were included if they were pub-
lished in an international journal and if they satisfied the
inclusion and exclusion criteria.

Clinical data extraction
The following data were extracted by two independent
reviewers (E.L./B.Y.): year of publication; country where
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Ash 2013 •  •  •  •  •  

Boesby 2012 •  •  •  •  •  

Cavelaars 1999 •  •  •  •  •  

Chaves 2005 •  •  •  •  •  

Chung 1991 •  •  •  •  •  

Cornish 1995 •  •  •  •  •  

Cuspidi 2006 •  •  •  •  •  

Cuspidi 2011 •  •  •  •  •

Eguchi 2010 •  •  •  •  •  

Hansen 1991 •  •  •  •  •  

Henskens 2008 •  •  •  •  •  

Henskens 2008b •  •  •  •  •  

Hernandez-delRey 2007 •  •  •  •  •  

Hietanen 1996 •  •  •  •  •  

Hinderliter 2013 •  •  •  •  •  

Mancia 1992 •  •  •  •  •  

Mochizuki 1998 •  •  •  •  •  

FIGURE 2 Quality assessment of included studies in the meta-analysis.
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the research was conducted; number of participants who
had repeated ABPM; percentage of male participants; per-
centage of participants with hypertension; percentage of
participants on antihypertension medications; the model of
ABPM used; the interval between the duplicated ABPM;
frequency of ABPM BP measurement during daytime and
night-time by the ABPM, reproducibility parameters includ-
ing mean daytime/night-time/24-h BP values, mean per-
centage of nocturnal dipping, and the proportion and
number of nondippers and dippers. The data were com-
pared, and discrepancies were resolved by the
two reviewers.

Quality assessment
There is no standard tool for quality assessment for repro-
ducibility research [15]. The current review had only
included studies that reported to have most ABPM repeated
within 4-week duration and have excluded studies in which
BP changes because of other environment factors were
likely. Quality was, therefore, assessed according to the
current European Society of Hypertension guidelines [16]
and studies were graded as high quality only if: the ABPM
was recommended for use by the European guideline or
Musso 1997 • • • • •

Perkarski 2002 • • • • •

RahbariOskoui 2011 • • • • •

Shapio 1998 � • • • •

Shinagawa 2002 • � • • •

Stenehjem 2004 • • • • •

Stergiou 2002 • • • • •

Stergiou 2010 • • • • •

Thijs 1992 • • • • •

Tsuchihashi 2002 • • • • •

Uen 2009 • • • • •

VanBergeLandry 2010 • • • • •

VanDerSteen 1999 • • • • •

Verdecchia 1991 • • • • •

Viera 2010 • • • • •

Viera 2014 • • • • •

Weber 1982 • • • • •

Zakopoulos 2001 • • • • •

• high risk; • unknown risk; • low risk
FIGURE 2 (Continued).
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British Hypertension Society (http://dableducational.org/
sphygmomanometers/recommended_cat.html OR https://
bihsoc.org/bp-monitors/); the ABPM was conducted on a
working day; the number of valid readings per ABPM was
higher than the current recommendation, (i.e. at least 70%
of total readings from a ABPM was valid OR at least 20 valid
daytime reading and at least 7 valid night-time reading); no
editing was done to results of ABPM or editing was consid-
ered reasonable by the two reviewers (E.L./B.Y.).

Statistical analysis
R 3.3.2 software (R Core Team, Vienna, Austria) and Stata
software (version 15.0; StataCorp. 2017. Stata Statistical
Software: Release 15. College Station, Texas, USA: StataCorp
LLC.) were used for the main analysis. Firstly, pooled mean
daytime/night-time/overall 24-h BP values, proportion of
nondippers, and the percentage of nocturnal dipping were
24-hour SBP; subgroup by ABPM device(a)

FIGURE 3 Meta-analysis of weighted mean SBP difference between the first ambulatory
by (a) 24-h, (b) daytime, (c) night-time measurements.

2098 www.jhypertension.com
compared between the first and second day of measure-
ments using the random effect model with Mantel–Haens-
zel weighting. The results were expressed in a forest plot
with combined mean value with 95% confidence intervals
(CI). Secondly, intra-individual reproducibility of BP values
was estimated using Bland–Altman statistics. The method
used in this meta-analysis was published previously [17].
Lastly, the meta-analysis of proportion of inconsistent dip-
ping was performed using the random effect model by the
metaprop comments in Stata. Publication bias was assessed
by Egger’s test and Funnel plots.

Subgroup analyses including ABPM devices used, fre-
quency of BP measurements and if the studies included
patients with hypertension were conducted for all analysis.
For intra-individual variability and reproducibility of dip-
ping fistatus, further subgroup analysis was performed if
the study involved participants with higher BP variability
blood pressure measurement and second ambulatory blood pressure measurement

Volume 38 � Number 11 � November 2020

http://dableducational.org/sphygmomanometers/recommended_cat.html
http://dableducational.org/sphygmomanometers/recommended_cat.html
https://bihsoc.org/bp-monitors/
https://bihsoc.org/bp-monitors/


Ambulatory BP measurement reproducibility
(e.g. in patients with diabetes and renal impairment) and if
the study involved participants taking antihypertension
medications.

RESULTS

Search results
The PRISMA flow chart is shown in Fig. 1. We initially
identified 5379 articles. After removing 1447 duplicate
articles, 3932 studies were screened for titles and abstracts.
Of these, 119 articles were reviewed in full text, 82 articles
were further excluded, and 37 studies remained eligible. Of
the remaining 37 articles, two studies were not included in
the meta-analysis despite reporting of reproducibility of BP
readings of ABPM as there were no extractable data.
(b) Daytime SBP; subgroup by daytime BP measurem

*NA: not available

NOTE: Weights are from random effects analysis
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Gardener et al. (n¼ 17) reported the mean of BP readings
only at baseline and that the coefficient of variation ranged
from 2.3 4% for these BP readings [18]. Similarly, Trazzi et al.
(n¼ 20) reported the mean of BP readings only at baseline
and that the correlation of BP readings on ABPM on two
different days was high (r� 0.9) [19]. As a result, there were
35 articles constituting 4058 participants were included for
the meta-analysis.

Characteristics of included studies
Details of included studies can be found in Appendix 2,
http://links.lww.com/HJH/B371, http://links.lww.com/
HJH/B403, Supplemental Digital Content. Most studies
were small and only 37.14% (13 out of 35) had recruited
over 100 patients (range 6–658). The age of participants
ent frequency
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ranged from around 22–104 years. Most studies (60%; 21
studies) involved patients with essential hypertension.
However, only participants in only 10 studies (28.5%)
received antihypertensive medications. Spacelab 90207
(Spacelabs Healthcare, Snoqualmie, Washington, USA)
was the most commonly used ABPM machine (54.2%; 19
studies) and most studies defined night-time using fixed
time method (45.7%; 16 studies) or using a diary (40%; 14
studies). Almost all studies were conducted in Western
countries (including Italy, USA, Denmark, Netherlands,
Spain, Finland, Australia, Russia, Greece, and Germany)
and only 2 studies (5.7%) were conducted in Japan. Most
studies measured BP every 15min during the daytime and
20–30 min during the night-time.

Using our criteria to assess studies’ quality, only one
study was classified as high quality [20] (Fig. 2). Although
night-time SBP; subgroup by night-time BP me
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NOTE: Weights are from random effects analysis
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FIGURE 3 (Continued).
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most studies used ABPM machines that were considered
validated when this article was written, most did not report
how the ABPM report was defined as valid or if editing was
done to the ABPM report. As only one small study was
classified as high quality (n¼ 32), subgroup analysis
according to quality of studies was not conducted.

Results from meta-analyses

Population-based reproducibility of daytime, night-
time, and 24-h overall blood pressure values
The mean difference of SBP values (first day value minus
second day value) can be found in Fig. 3. SBP obtained on
the first and second days was not different for 24-h SBP
(0.71 mmHg; 95% CI: �0.08 to 1.51; I2¼ 0%) (Fig. 3a). SBP
was higher on the first day for daytime (1.01 mmHg; 95% CI:
asurement frequency 
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0.37–1.64; I2¼ 0%) (Fig. 3b) and night-time SBP
(0.86 mmHg; 95% CI: 0.11–1.61; I2¼ 0%) (Fig. 3c).

The MD of the DBP values (first day value minus second
day value) can be found in Fig. 4. The DBP obtained on the
first and second days were not different for the 24-h DBP
(0.36mmHg, 95% CI:�0.20 to 0.91; I2¼ 0%) (Fig. 4a) and for
night-time DBP (0.34mmHg, 95% CI: �0.17to 0.85; I2¼ 0%)
(Fig. 4c). DBP was higher on the first day for daytime DBP
(0.54mmHg, 95% CI: 0.09–0.99; I2¼ 0%) (Fig. 4b).

Subgroup analysis including the frequency of BP meas-
urements, if hypertension and normotension participants
were included, and the ABPM model used were conducted.
Different subgroups did not show different results, despite
the differences in daytime SBP/DBP values between the
first and second day appeared to be higher if the BP was
taken at 20–30min intervals (see Figs. 3 and 4, Appendix 3,
http://links.lww.com/HJH/B371, Supplemental Digital
Content).
(a) 24-hour DBP; subgroup by ABPM device

FIGURE 4 Meta-analysis of weighted mean DBP difference between first ambulatory blo
(a) 24-h, (b) daytime, (c) night-time.

Journal of Hypertension
The ‘‘leave-one-out’’ sensitivity analysis suggested that
no individual study significantly affected the pooled effect,
which indicated that our results were statistically robust.

Intra-individual reproducibility using Bland–Altman
statistics
Several studies used Bland–Altman statistics to describe
intra-individual reproducibility and had provided enough
data for meta-analysis [9,11,14,21–27,28]. The detailed meta-
analysis results can be found in Appendix 4, http://link-
s.lww.com/HJH/B371, Supplemental Digital Content. The
overall 95% limit of agreements (LOA) were �14.2 to
14.7mmHg for 24h SBP, �9.3 to 10.2mmHg for 24-h
DBP, �16.7 to 18.4mmHg for daytime SBP, �10.4 to
12.3mmHg for daytime DBP, �19.6 to 21.3mmHg for
night-time SBP and�11.3 to 12.4mmHg for night-time DBP.

Subgroup analysis was conducted. The width of 95%
LOA was similar in different subgroups despite a wider LOA
od pressure measurement and second ambulatory blood pressure measurement by
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(b) Daytime DBP; subgroup by daytime BP measurement frequency

*NA: not available
FIGURE 4 (Continued).
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was generally observed for patients receiving antihyperten-
sive drugs (except for 24-h DBP) and a narrower LOA was
found for studies that only included normotensive partic-
ipants (Appendix 4, http://links.lww.com/HJH/B371, Sup-
plemental Digital Content). Two studies also included
patients with possible higher BP variability, namely patients
with diabetes [25] and patients with chronic kidney diseases
[22]. However, subgroup analysis did not show a wider 95%
LOA for these studies.

Reproducibility of dipping status
When analysed as a group, no difference was detected
between the first and second ABPM for percentage of SBP
nocturnal dipping �0.06%, 95% CI: �0.37 to 0.25; I2:0%)
(Fig. 5a), and the prevalence of nondippers (Relative risk
2102 www.jhypertension.com
0.97, 95% CI: 0.89–1.04, I2: 0%) (Fig. 5c). The percentage of
DBP nocturnal dipping was slightly higher on the second
ABPM than on the first ABPM (0.43%, 95% CI: �0.65 to
�0.21; I2: 0%) (Fig. 5b). For the meta-analysis of the
percentage of SBP/DBP dipping, an outliner was identified
as the study by Chaves et al. [10] had very small standard
deviation although the sample size was only comparable
with other studies. When the analysis was conducted after
this study was removed, the percentage of SBP/DBP noc-
turnal dipping was not different between the first and
second ABPM (Appendix 5, http://links.lww.com/HJH/
B371, Supplemental Digital Content).

When analysed at an individual level, our meta-analysis
found that 32% (95% CI: 26–38%; I2¼ 89.04%) of partic-
ipants had inconsistent dipping (i.e. changed from dipping
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(c) Night-time BP; subgroup by night-time BP measurement frequency 

*NA: not available
FIGURE 4 (Continued).
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to nondipping and vice versa on repeated ABPM) (Fig. 6).
For studies using only SBP to define dipping, a higher
proportion of participants had inconsistent dipping (42%;
95% CI: 15–68%, I2¼ 96.15%) (Fig. 6a). Subgroup analysis
was conducted for variables including: the ABPM machine
model used, if the study included patients with higher BP
variability (these studies included patients with kidney
disease [22,29], diabetes mellitus [30], resistant hypertension
[31], and stroke [32]), if participants were on hypertension
drugs, different definition of night-time, different frequency
of measurements (Appendix 6, http://links.lww.com/HJH/
B371, Supplemental Digital Content). The ‘‘leave-one-out’’
sensitivity analysis found that, by removing the study by
Tsuchihashi et al. [32], which had a high proportion of
inconsistent dipper values, the proportion of patients in
studies that defined dipping by SBP only had a similar
Journal of Hypertension
proportion of inconsistent dippers with other groups (27%;
95% CI: 23–30%; I2: 57.32%) (Appendix 7, http://link-
s.lww.com/HJH/B371, Supplemental Digital Content). As
one study defined dipping using ‘SBP only’, ‘SBP or DBP’
and ‘SBP and DBP’, sensitivity analysis was conducted using
these different data but showed similar results (after the
outlier Tsuchihashi et al. 2002 was removed) [33].

Similarly, 23% of participants changed from dipper to
nondipper on repeated ABPM (95% CI: 13–32%; I2:
76.65%), 29% of participants changed from nondipper to
dipper on repeated ABPM (95% CI: 25–34%; I2¼ 0%).

Publication bias
Egger test and funnel plots showed no evidence of signifi-
cant small study bias (t¼�0.87, P¼ 0.396 for 24 h SBP;
t¼ 0.19, P¼ 0.848 for daytime SBP; t¼ 0.27, P¼ 0.792 for
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(a) Mean percentage difference of SBP nocturnal dipping between the first and second 
ABPM

FIGURE 5 Meta-analysis comparing first and second ambulatory blood pressure measurement for (a) degree of SBP dipping (b) degree of DBP dipping and (c) prevalence of
nondippers.
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night-time SBP; t¼ 1.34, P¼ 0.198 for 24 h DBP; t¼ 1.72,
P¼ 0.091 for daytime DBP; t¼ 0.80, P¼ 0.434 for night-time
DBP) (Appendix 8, http://links.lww.com/HJH/B371, Sup-
plemental Digital Content).

DISCUSSION
To the authors’ best knowledge, this is the first systematic
review and meta-analysis that investigated the population-
based and intra-individual reproducibility of ABPM and
found that ABPM had excellent reproducibility at the pop-
ulation level, but that the intra-individual reproducibility of
ABPM results, in terms of mean SBP/DBP values and
dipping status, were limited. At the population level, the
results were homogeneous with I2 at 0%, indicating that our
results were robust. Our analysis also found that there was
no significant small study bias.

The current study provided evidence that ABPM is an
excellent outcome measure for BP research as ABPM had
excellent reproducibility at the population level. Although
our results indicated that the BP mean values dropped by
0.5–1mmHg on repeated ABPM, this is likely to be clini-
cally insignificant and can hardly impact on research
2104 www.jhypertension.com
findings; similarly, the percentage of nocturnal drop and
proportion of nondipper were highly reproducible on
ABPM. Conversely, another commonly used outcome mea-
sure, office BP measurements, had higher variability in
interventional trials on repeated measurements than ABPM
[34]; and it was reported that SBP could drop more than
10mmHg without intervention on repeated office BP meas-
urements [35]. Recently, two published meta-analyses
reported that a newer office BP measurement method,
called the automated office BP measurement (AOBP),
could provide similar mean SBP readings to daytime ABPM
[15,36]. However, more data is needed to confirm if AOBP
can be as reproducible as ABPM.

In contrast, the intra-individual reproducibility of mean
BP values was poor. The 95% LOA between two measure-
ments for daytime SBP, which is often used for diagnosis of
hypertension, ranged from�16.7 to 18.4 mmHg. This could
impact on diagnosing in patients with hypertension or
suboptimal BP control.

Clinicians can use our results as reference to decide if
repeated ABPM is needed for their patients. Similarly, given
the high number of studies comparing different BP mea-
surement methods (e.g. home BP measurement to ABPM)
Volume 38 � Number 11 � November 2020
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(b) Mean percentage difference of DBP nocturnal dipping between the first and second 
ABPM

 difference of prevalence of non-dippers between first and second ABPM; subgroup by 

ABPM device
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FIGURE 5 (Continued).
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(a) Proportion of inconsistent dippers

FIGURE 6 Meta-analysis of proportion of participants with (a) inconsistent dipping status, subgroup by the definition of dipping by the authors, (b) proportion of patients
with inconsistent dipping (dipping on the first day but nondipping on second day), (c) proportion of patients with inconsistent nondipping (nondipping on the first day but
dipping on second day).
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[37]; when interpreting these results, the results of current
study can provide an important reference for comparison.
Our results showed that, in individual participant, night-
time BP was less reproducible. The exact reasons were not
known. However, BP is known to be a volatile parameter
and is affected by a number of factors, such as season [38],
temperature [38], emotional state [39], and exercise level
[40]. At night, BP is also known to be affected by sleep
quality [41], which can be affected by frequent measure-
ments of BP during sleep [42]. Although ABPM may have
better reproducibility in participants with normotension
and the LOA was narrower (95% LOA: daytime SBP ranged
�8.5 to 5.7 mmHg), these results were reported in only
two studies.

Similarly, despite studies having consistently shown that
nondipping was associated with increased mortality and
end-organ damage [6,43], this study confirmed that intra-
individual classification of dippers and nondippers were
2106 www.jhypertension.com
unstable and around one quarter to one-third of partici-
pants had their dipping status changed on repeated meas-
urements. The current study also showed that dipping
status was more likely to change in nondippers than dip-
pers on the initial ABPM. More research is needed to
delineate, which individuals may be more likely to have
unstable dipping status or poor intra-individual mean BP
reproducibility on ABPM; similarly, it is unclear how repro-
ducibility of dipping status on ABPM can be enhanced.

A strength of the current study is the extensive literature
search. However, several limitations should be discussed.
Firstly, as the team of reviewers could only read Chinese
and English, the literature search was limited to these two
languages. Nonetheless, we extracted data from available
abstracts, thus any non-Chinese or non-English literature
was included if their abstracts were published in English
and if the abstract provided enough data for extraction.
Secondly, only one relatively small study was classified as
Volume 38 � Number 11 � November 2020



(b) Proportion of inconsistent dippers (changed from dipper to non-dipper on 
repeated ABPM)

 Proportion of inconsistent non-dippers (changed from non-dipper to dipper on 
repeated ABPM)

(c)
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FIGURE 6 (Continued).
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high quality. As no widely used relevant quality assessment
tools existed, our team developed a quality assessment tool
that included criteria that could reflect that the ABPM was
conducted properly. Rather than be conducted improperly,
these studies may have been omitted as there was no
commonly used reporting format or checklist. Furthermore,
most studies were conducted in western countries, the
extent that these results could be applied to other popu-
lations (e.g. Chinese) is not known and more research in
various ethnicities is needed.

In conclusion, our study found that ABPM is an excellent
outcome measure for BP research, because of its excellent
population-based reproducibility; but ABPM’s intra-indi-
vidual reproducibility of BP values and dipping status in
patients with or without hypertension was limited.
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