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REVIEW

Ambulatory Blood Pressure Monitoring to 
Diagnose and Manage Hypertension
Qi-Fang Huang , Wen-Yi Yang , Kei Asayama , Zhen-Yu Zhang , Lutgarde Thijs , Yan Li , Eoin O’Brien , Jan A. Staessen

ABSTRACT: This review portrays how ambulatory blood pressure (BP) monitoring was established and recommended as 
the method of choice for the assessment of BP and for the rational use of antihypertensive drugs. To establish much-
needed diagnostic ambulatory BP thresholds, initial statistical approaches evolved into longitudinal studies of patients and 
populations, which demonstrated that cardiovascular complications are more closely associated with 24-hour and nighttime 
BP than with office BP. Studies cross-classifying individuals based on ambulatory and office BP thresholds identified white-
coat hypertension, an elevated office BP in the presence of ambulatory normotension as a low-risk condition, whereas 
its counterpart, masked hypertension, carries a hazard almost as high as ambulatory combined with office hypertension. 
What clinically matters most is the level of the 24-hour and the nighttime BP, while other BP indexes derived from 24-hour 
ambulatory BP recordings, on top of the 24-hour and nighttime BP level, add little to risk stratification or hypertension 
management. Ambulatory BP monitoring is cost-effective. Ambulatory and home BP monitoring are complimentary 
approaches. Their interchangeability provides great versatility in the clinical implementation of out-of-office BP measurement. 
We are still waiting for evidence from randomized clinical trials to prove that out-of-office BP monitoring is superior to office 
BP in adjusting antihypertensive drug treatment and in the prevention of cardiovascular complications. A starting research 
line, the development of a standardized validation protocol for wearable BP monitoring devices, might facilitate the clinical 
applicability of ambulatory BP monitoring.
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In a seminal study published in 1983, Perloff et al1 
reported that there was a significant difference in the 
incidence of fatal and nonfatal cardiovascular events 

between patients with high and low ambulatory blood 
pressure (BP), irrespective of the level of baseline 
office systolic BP (<160 mm Hg versus ≥160 mm Hg) 
in 1076 patients with mild to moderate hypertension 
followed up for 5 years.1 Perloff’s study was the first 
to demonstrate that the association between cardio-
vascular complications and BP was tighter for ambu-
latory than office BP measurement, an observation 
entering the Canadian hypertension guidelines already 
in 1999.2 Further studies over the next decades3–11 
generated irrefutable evidence confirming that the 
24-hour ambulatory BP and particularly the nighttime 

BP5,11 were superior to office BP in predicting total and 
cardiovascular mortality and overall and cause-specific 
cardiovascular complications in patients with hyperten-
sion3,5–8 and in population cohorts.4,9–11 Moreover, ambu-
latory BP allows cross-classifying individuals with their 
office BP, thereby differentiating masked hypertension 
from office normotension and white-coat hyperten-
sion from office hypertension. Another unique feature 
of ambulatory BP monitoring is that only this approach 
can reveal BP variation over the whole day and the 
responsiveness of BP to physical and mental stress-
ors.12 Given all of the evidence, it does not come as 
a surprise that current guidelines13–16 for the diagnosis 
and management of hypertension unanimously recom-
mend the use of 24-hour ambulatory BP monitoring as 
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the state-of-the-art technique for BP measurement and 
as a prerequisite for individualizing hypertension man-
agement. The objective of this review is to summarize 
how over years the building blocks supporting the use 
of ambulatory BP monitoring fell into place.

DIAGNOSTIC THRESHOLDS
BP is continuously distributed. The relation between 
cardiovascular outcome and BP is log-linear and con-
tinuous, irrespective of whether BP is measured at the 
office,17 or out of the office, either at home or using 
ambulatory BP monitoring.18 Thus, there is no critical BP 
level above which cardiovascular risk suddenly starts ris-
ing. Thresholds only serve the need of clinicians to use 
cutoff limits for the diagnosis and management of hyper-
tension. Nevertheless, as for office BP, clinicians need 
a diagnostic reference frame and operational threshold 
levels for the ambulatory BP to assess risk and guide 
treatment decisions. Although the need of diagnostic 
thresholds was recognized early in bringing ambulatory 
BP monitoring to clinical practice, it took over 2 decades 
to mount cohort studies with sufficiently long follow-up 
to generate outcome-driven limits to categorize individu-
als along the risk continuum associated with the ambula-
tory BP. Furthermore, the thresholds, although helpful for 
diagnosis, are less evidence-based for titration of antihy-
pertensive medications so far.

Statistical Approaches
Thresholds for the clinical application of ambulatory BP 
monitoring were initially based on the distribution of the 
ambulatory BP in people with office normotension,19,20 
defined as a level of <140 mm Hg systolic and 90 
mm Hg diastolic. In a meta-analysis of summary statistics 
from 23 studies,19 the mean ambulatory systolic/diastolic 
BP plus twice the SD in 3476 study participants nor-
motensive on office measurement amounted to 139/87, 
146/91, and 127/79 mm Hg for the 24-hour, daytime, 
and nighttime BP, respectively. In a participant-level 
meta-analysis,20 the thresholds were set at the 95th per-
centiles of the ambulatory BP distribution among 4577 
individuals with office normotension. The ambulatory BP 
limits so-derived were 133/82, 140/88, and 125/76 
mm Hg for the 24-hour, daytime, and nighttime BP, 

respectively. Thresholds were also generated by regress-
ing the ambulatory on the office BP. Head et al21 applied 
a least-product fit to regress the ambulatory on the office 
BP in 8575 Australians. The so-derived thresholds for 
the 24-hour, daytime, and nighttime BP were 133/84, 
136/87, and 121/76 mm Hg, respectively.

Outcome-Driven Thresholds
The aforementioned thresholds relied heavily on the pro-
portion and representativeness of individuals with office 
normotension in the studies analyzed and were entirely 
based on a distributional or statistical approach, which 
ignores what matters most, that is, the association of 
cardiovascular end points with BP. Verdecchia et al3 and 
Ohkubo et al4 were the first researchers to propose more 
robust outcome-driven ambulatory BP thresholds with 
further reports following until recently.22–25 According to 
the Ohasama investigators,22 the 24-hour BP associ-
ated with the lowest risk of all-cause mortality ranged 
from 119 to 133 mm Hg systolic and from 65 to 78 
mm Hg diastolic. In 2007, the International Database on 
Ambulatory Blood Pressure in Relation to Cardiovascu-
lar Outcome (IDACO) investigators determined ambu-
latory BP thresholds resulting in multivariable-adjusted 
10-year cardiovascular risks equivalent to those associ-
ated with categories of the office BP.23 The upper limits 
for the 24-hour, daytime, and nighttime BP amounted 
to 115/75, 120/80, and 100/65 mm Hg for a normal 
BP, to 125/75, 130/85, and 110/70 mm Hg for a high-
normal BP, and to 130/80, 140/85, and 120/70 mm Hg 
for ambulatory hypertension (Table  1). In the Jackson 
Heart Study,24 1016 of 5306 Black participants (19.1%) 
had their office and ambulatory BP measured and the 
composite of all-cause mortality and cardiovascular dis-
ease was analyzed as end point. Diastolic BP was not 
related to outcome and, therefore, not analyzed. For 
systolic ambulatory BP, the outcome-driven thresholds 
corresponding with an office BP of 140 mm Hg were 
134, 138, and 129 mm Hg for the 24-hour, daytime, and 
nighttime, respectively (Table 1).

In 2017, the new American College of Cardiology/
American Heart Association guideline reclassified office 
BP and proposed new thresholds for the ambulatory BP, 
albeit without explicit justification.14,26 The rationale of 
the proposed thresholds was described in a later sepa-
rate publication in 2019.27 Thresholds were, therefore, 
derived from the IDACO database25 that yielded risks 
equivalent to the new office BP categories.14 Among 
11 152 participants representative of 13 populations,25 
the thresholds indicating elevated 24-hour, daytime, and 
nighttime systolic/diastolic BPs were 120/75, 120/80, 
and 105/65 mm Hg, and for stages 1 and 2, ambulatory 
hypertension the thresholds were 125/75 and 130/80 
mm Hg, 130/80 and 135/85 mm Hg, and 110/65 and 
120/70 mm Hg, respectively (Table  1). In general, the 

Nonstandard Abbreviations and Acronyms

BP	 blood pressure
IDACO	� International Database on Ambulatory 

Blood Pressure in Relation to Cardiovas-
cular Outcome

OR	 odds ratio
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thresholds proposed in the European and American 
guidelines closely approximated to the outcome-driven 
thresholds. The systolic thresholds derived in the Jack-
son Heart Study in relation to outcome were substantially 
higher compared with those proposed by European and 
American guidelines and those derived from the IDACO 
database. Ravenell et al24 proposed ethnic differences as 
a possible explanation.

THE DIURNAL BP PROFILE
BP follows a circadian variation, being lower at night than 
during the day. In 1988, O’Brien et al28 coined the term 
nondipping referring to the observation that in ≈20% of 
patients with hypertension the normal decrease in night-
time BP was lost. Nondippers had a significantly higher 
stroke risk than dippers had (23.8% versus 2.9%).

Dipping Status
The dipping status is not reproducible, depends on envi-
ronmental (season, temperature, etc) and genetic cues, 
daytime activity and stress, sleep quality, timing of intake 
and duration of action of antihypertensive drugs, posi-
tion of the arm relative to the heart, nocturnal enuresis, 
differences in the cardiovascular risk profile, and many 
other factors.29 Researchers contributing to the Span-
ish Ambulatory Blood Pressure Monitoring Registry,30 
recorded the 24-hour ambulatory BP on 2 consecu-
tive days in 611 patients of whom 235 were untreated; 
from the first to the repeat recording, 24% of patients 

switched their status from dipper to nondipper, or vice 
versa. These results were consistent if systolic versus 
diastolic BP or if treated versus untreated patients were 
analyzed separately.30 In 512 never-treated patients 
enrolled in the Edinburgh database,31 who underwent 
repeat ambulatory monitoring at a median interval of 
29 months, dipping status changed in 24% of patients 
resulting in a κ-coefficient of 0.29. However, when the 
nocturnal dip was expressed as a continuous variable, 
the intraclass correlation coefficient of 0.60 indicated 
moderate reproducibility with no differences depending 
on the interval between recordings (from 6 to over 36 
months).31 Numerous articles addressed the prognostic 
significance of the nocturnal dipping, in particular the 
dipping status analyzed as categorical variable. Their 
results should be taken with skepticism, certainly, when 
models were not adjusted for the predominant risk factor, 
that is, the level of the 24-hour ambulatory BP, or when 
models did not test for collinearity between correlated 
explanatory BP indexes.11

The Nighttime Predictive Window
With regard to the time of day that is most predictive of 
adverse health outcomes in relation to the ambulatory 
BP, studies in patients3,5–8 and populations10,11,22 showed 
that the nighttime BP by far outperformed the daytime 
BP, although it should be confirmed in other ethnics.32 
In a substudy of the Systolic Hypertension in Europe 
Trial,5 808 patients were randomized in a double-blind 
manner to placebo or active BP-lowering treatment. 

Table 1.   Proposals for Ambulatory Blood Pressure Thresholds

Categories of office blood pressure

Proposed thresholds Outcome-driven thresholds

OBP 24 H Day Night 24 H Day Night

 ESC/ESH 2013/2017 (Mancia et al13 and Williams et al15) IDACO (Kikuya et al23)

 OBP 24 H Day Night 24 H Day Night

Normal blood pressure, mm Hg 120/80 … … … 115/75 120/80 100/65

High-normal blood pressure, mm Hg 130/85 … … … 125/75 130/85 110/70

Hypertension, mm Hg 140/90 130/80 135/85 120/70 130/80 140/85 120/70

 ACC/AHA 2017 (Whelton et al14) JHS (Ravenell et al24)

Elevated blood pressure, mm Hg 120/… … … … 124/… 128/… 117/…

Stage-1 hypertension, mm Hg 130/… … … … 129/… 133/… 123/…

Stage-2 hypertension, mm Hg 140/… … … … 134/… 138/… 129/…

Severe hypertension, mm Hg 160/… … … … 144/… 148/… 140/…

 ACC/AHA 2017 (Whelton et al14) IDACO (Cheng et al25)

Elevated blood pressure, mm Hg 120/80 115/75 120/80 100/65 120/75 120/80 105/65

Stage-1 hypertension, mm Hg 130/80 125/75 130/80 110/65 125/75 130/80 110/65

Stage-2 hypertension, mm Hg 140/90 130/80 135/85 120/70 130/80 135/85 120/70

Severe hypertension, mm Hg 160/100 145/90 145/90 140/85 140/85 150/95 130/80

Diastolic was not related to outcome in JHS and therefore not analyzed. An ellipsis indicates not reported or not applicable. ACC/AHA indicates 
American College of Cardiology/American Heart Association; ESC/ESH, European Society of Cardiology/European Society of Hypertension; 
IDACO, International Database on Ambulatory Blood Pressure in Relation to Cardiovascular Outcome; JHS, Jackson Heart Study, and OBP, office 
blood pressure.
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The nighttime systolic BP (midnight to 6 am) was the 
most accurate predictor of end points. In patients tak-
ing placebo, but not in those on active treatment, a 
10% increase in the dipping ratio was associated with 
a multivariable-adjusted hazard ratio for a compos-
ite cardiovascular end point of 1.41 (CI, 1.03–1.94).5 
These observations illustrate how antihypertensive drug 
treatment confounds the association of adverse health 
outcomes with the dipping status. In an analysis of the 
IDACO database,10 the nighttime BP adjusted for the 
daytime BP, predicted total, cardiovascular, and noncar-
diovascular mortality. Conversely, adjusted for nighttime 
BP, the daytime BP predicted only noncardiovascu-
lar mortality, with lower BP levels being associated 
with increased risk. Antihypertensive drug treatment 
removed the significant association between cardiovas-
cular events and the daytime BP.10 While a subsequent 
IDACO publication clarified that both isolated daytime 
hypertension and isolated nighttime hypertension pre-
dicted adverse cardiovascular health outcomes.33

A meta-analysis of both summary statistics and indi-
vidual-level data, combined studies involving patients with 
hypertension (N=23 856) separately from those of indi-
viduals randomly recruited from populations (N=9641).34 
In both patients and populations, in analyses in which the 
nighttime BP was additionally adjusted for the daytime 
BP, and vice versa, the nighttime BP was a stronger pre-
dictor than the daytime BP was.34 With adjustment for 
the 24-hour BP, both the dipping ratio and dipping sta-
tus remained significantly associated with outcome, but 
as evidenced by the generalized R2 statistic added less 
than 0.6% to the model fit over and beyond the 24-hour 
BP.34 Analysis of an updated IDACO database recently 
demonstrated that higher 24-hour and higher nighttime 
BP, compared with all other BP indexes, were associated 
with greater risk of all-cause mortality and a compos-
ite cardiovascular outcome, even after adjusting for the 
manual and automated office BP and after adjusting for 
the daytime BP and dipping ratio or status.11 Nighttime 
BP was measured during sleep at the supine position 
without movement and minimally confounded by anti-
hypertensive drug treatment, usually taken in the morn-
ing, which probably explained why the nighttime BP was 
considered as an individual’s basal BP and a precise 
prognostic marker. This is in keeping with the concept 
originally enunciated by Smirk in 1964 that elevation of 
basal BP obtained following sedation was an accurate 
marker for adverse health outcomes.35

CROSS-CLASSIFICATION WITH OFFICE 
BP
A major contribution of ambulatory BP monitoring to the 
management of hypertension is the cross-classification 
between the office and ambulatory BP.

White-Coat Hypertension
Building on the work of Mann et al36 at Northwick Park 
Hospital in London,36 John Floras and Peter Sleight at 
the John Radcliffe Hospital in Oxford,37 and Dorthee 
Perloff and Maurice Sokolow at the San Francisco Medi-
cal Center,1 in 1984, Kleinert et al38 coined the term 
white-coat hypertension, referring to patients whose BP 
was elevated in the medical environment, but not during 
daytime ambulatory BP monitoring.39–41 Pickering’s arti-
cles38,39 raised the hypothesis that patients who showed 
an exaggerated response to the clinic environment might 
also exhibit a similar response to more regularly occur-
ring types of stress, a concept that supported the clini-
cal application of BP monitoring. However, a later study 
by the same group did not confirm the hypothesis that 
stressor might increase office, but not daytime BP.40

The first longitudinal study on the prognostic val-
ues of white-coat hypertension was reported in 1994.3 
Based on these early studies1,3,36,37,40,41 and confirmatory 
reports in patients42 and populations,9,43–46 the currently 
prevailing point of view is that white-coat hyperten-
sion carries little cardiovascular risk.47 A 2007 IDACO 
analysis addressed the long-term risks associated with 
white-coat hypertension versus true normotension and 
sustained hypertension by censoring Cox models for a 
composite cardiovascular end point for varying follow-
up intervals.9 The definition of white-coat hypertension 
relied on the cross-classification of the office and day-
time BP level, irrespective of treatment status.9 The haz-
ard ratios comparing white-coat hypertension with true 
normotension were 1.08 (P=0.79), 1.20 (P=0.29), and 
1.30 (P=0.043), when models were censored at 6, 9, and 
12 years (Table 2). The corresponding hazard ratios for 
white-coat compared with sustained hypertension were 
0.64 (P=0.11), 0.65 (P=0.013), and 0.73 (P=0.014), 
respectively (Table 2).

Mancia and Grassi suggested that white-coat 
hypertension does carry cardiovascular risk.48 In draw-
ing this conclusion, these investigators ignored the 
loose criteria usually applied in the literature to diag-
nose white-coat hypertension, ignoring treatment sta-
tus, cardiovascular risk factors, target organ damage, 

Table 2.  The Long-Term Risk of a Cardiovascular End Point 
Associated With White-Coat Hypertension

Censoring time

White-coat hypertension 
compared with true nor-
motension

White-coat hypertension 
compared with sustained 
hypertension

6 y 1.08 (0.61–1.88) 0.64 (0.37–1.12)

9 y 1.20 (0.86–1.69) 0.65 (0.46–0.91)*

12 y 1.30 (1.01–1.68)* 0.68 (0.52–0.87)*

Systolic/diastolic cutoff thresholds were 135/85 mm Hg for the daytime 
ambulatory blood pressure and 140/90 mm Hg for the office blood pressure. 
Hazard ratios, given with 95% CI, were adjusted for cohort, sex, age, body mass 
index, serum cholesterol, smoking and drinking, history of cardiovascular disease, 
diabetes, and antihypertensive drug treatment (Hansen et al9).

*0.01<P<0.05.
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a history of cardiovascular disease, and last but not 
least the wide age range in many studies, for which 
appropriate adjustment is impossible.49 Baseline ambu-
latory BP levels in patients with white-coat hyperten-
sion were usually higher than normotensives in studies, 
which suggested that this condition was associated 
with cardiovascular risk.49 Pierdomenico and Cuccu-
rullo47 reported a meta-analysis of summary statistics 
to assess the prognostic impact of white-coat hyper-
tension in initially untreated people free of cardiovas-
cular complications. They selected studies, which had 
adjusted hazard ratios for relevant confounders. Com-
pared with normotension, the pooled hazard ratio of 
white-coat hypertension for the incidence of cardiovas-
cular events was 0.96 (CI, 0.65–1.42; P=0.85) without 
any heterogeneity between studies (P>0.65). Follow-
up duration did not affect this conclusion.47 This exem-
plary meta-analysis47 accurately handled confounding 
by antihypertensive drug treatment and previous cardio-
vascular disease. A recently published meta-analysis of 
27 studies50 also properly addressed the prognosis of 
white-coat hypertension by antihypertensive treatment 
status and other confounding factors. In untreated, but 
not in treated individuals, white-coat hypertension was 
associated with an increased risk of cardiovascular 
events and all-cause mortality compared with normo-
tension. However, the risk of white-coat hypertension 
was attenuated or diminished in studies of individuals 
younger than 55 years, studies that used 24-hour BP 
<130/80 to define ambulatory normotension, studies 
with <5 years of follow-up, and studies that included 
stroke in the definition of cardiovascular events.50

The prevalence of white-coat hypertension increases 
exponentially with age. A participant-level meta-anal-
ysis combined participants not taking antihyperten-
sive medications enrolled in IDACO (N=7506) and in 
the study of Genetic and Phenotypic Determinants of 
Blood Pressure and Other Cardiovascular Risk Fac-
tors (GAPP; N=2044).45 The prevalence of white-
coat hypertension exponentially increased from 2.2% 
to 19.5% from age 18 to 30 years to 70 years and 
over, with little sex differences.45 A case-control study 
nested within IDACO addressed the age-dependency 
of white-coat hypertension and its association with risk 
factors in the prediction of cardiovascular complications 
(Figure  1). Cardiovascular risk was scored according 
to the European Society of Hypertension guideline.13 
Untreated white-coat hypertensive patients (N=653) 
were matched with normotensive control by age (within 
5 years),44 an approach that is more bias-free than try-
ing to adjust away the huge confounding effect of age. 
Over a median follow-up of 10.6 years, Kaplan-Meier 
survival function estimates showed a higher incidence 
of a composite cardiovascular end point in 159 high-
risk white-coat hypertensive patients compared with 
high-risk normotensive people, but not in 494 low-risk 

white-coat hypertensive patients compared with low-
risk normotensive controls (Figure 1). The correspond-
ing multivariable-adjusted hazard ratios were 2.06 (CI, 
1.10–3.84) and 1.06 (CI, 0.66–1.72), respectively. 
After stratification for age (<60 versus ≥60 years), the 
increased risk was limited to older white-coat hyper-
tensive patients at high cardiovascular risk.44 Overall, 
there were 70 incident cardiovascular events in the 
white-coat hypertensive patients versus 48 in the age-
matched normotensive controls, in other words, there 
was an excess of only 22 new cardiovascular events 
in 653 white-coat hypertensive patients compared 
with the cohort- and age-matched normotensive con-
trols. Thus the excess rate was only 3.4%.44 The clinical 
implication of these findings is that in older high-risk 
white-coat hypertensive patients priority might be given 
to addressing the modifiable cardiovascular risk factors. 
To our knowledge, there is currently no evidence from 
randomized clinical trials testing whether lowering ver-
sus not lowering office BP in white-coat hypertensive 
might result in benefit. It is unnecessary to intensify 
antihypertensive treatment in patients with uncontrolled 
white-coat hypertension,51 as also proposed by the 
2017 American guideline.14

Masked Hypertension
The counterpart of white-coat hypertension is masked 
hypertension, a disorder characterized by a normal office 
BP confirmed at repeated clinic visits but a raised day-
time, nighttime, or 24-hour ambulatory BP. The prob-
ability of having masked hypertension increases with an 
office BP in the range of 120 to 139 mm Hg systolic or 
80 to 89 mm Hg diastolic (odds ratio [OR], 5.1 versus 
optimal office BP), age 41 years or older versus younger 
age (OR, 2.5), overweight or obesity (OR, 2.0), alcohol 
intake (OR, 1.9), diabetes (OR, 1.8), and smoking (OR, 
1.5).52 Other risk factors include a family history of hyper-
tension in both parents, patients with multiple risk fac-
tors for cardiovascular disease, male sex, and a higher 
awake heart rate.53 In population studies, the prevalence 
of masked hypertension is ≈15%.9 In untreated patients, 
masked hypertension diagnosed by the cross-classifica-
tion of office with daytime BP is a sustained condition in 
over 70% of patients.54 Indeed, 45 patients had masked 
hypertension at baseline, of whom 35 (77.8%) stayed 
masked hypertensive at 2 weeks of follow-up.54 These 
observations were consistent if office BP was cross-
classified with the 24-hour or nighttime BP.54

Masked hypertension carries a multivariable-adjusted 
risk almost equivalent to sustained hypertension, that is, 
hypertension on office and ambulatory BP measurement, 
irrespective of treatment status.9 An IDACO analysis52 
addressed the risk associated with masked hypertension 
in untreated patients stratified according to categories of 
office BP, as defined by the JNC7 (the seventh report of 
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the joint national committee on prevention, detection, eval-
uation, and treatment of high blood pressure) guidelines. 
People with normal office and normal daytime ambula-
tory BP were the reference group (Figure 2). Among par-
ticipants with office normotension (<120/<80 mm Hg) 

or office prehypertension (120–139/80–89 mm Hg), 
respectively, 198 (7.5%) and 900 (29.3%) had masked 
hypertension. Compared with true normotension, the mul-
tivariable-adjusted hazard ratios associated with masked 
hypertension in participants with office normotension, 

Figure 1. Kaplan-Meier survival estimates for the incidence of a composite cardiovascular end point in 653 subjects with white-
coat hypertension (WCH) and their age-matched (within 5 y) normotensive controls (NT).
The analysis was stratified by cardiovascular risk according to the 2013 European guidelines: low (left, N=494) and high (right, N=159). The 
number of incident cardiovascular events in the WCH and NT groups totaled 37 and 32 in the low-risk group and 33 and 16 in the high-risk 
group. The numbers below the horizontal axis are the number of subjects experiencing a cardiovascular event and the number of subjects still in 
follow-up at 4-yearly intervals. HR is the unadjusted hazard ratio. Reproduced from Franklin et al44 with permission. Copyright ©2016, Elsevier.

Figure 2. Hazard ratios for cardiovascular events and stroke associated with masked hypertension on daytime blood pressure 
monitoring in untreated participants with normotension or prehypertension.
Participants with sustained normotension are the reference group. Normotension (<120/<80 mm Hg) and prehypertension (120–139/80–89 
mm Hg) refer to the classification based on office blood pressure according to the JNC7 guidelines. Thresholds for daytime hypertension were 
≥135 mm Hg systolic or ≥85 mm Hg diastolic. The hazard ratios were adjusted for cohort, sex, age, body mass index, smoking and drinking, 
serum cholesterol, history of cardiovascular complications, and diabetes. Horizontal lines denote the 95% CI. Reproduced from Brguljan-Hitij et 
al52 with permission. Copyright ©2014, Oxford University Press.
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were 2.11 (P=0.006) for a composite cardiovascular end 
point and 3.02 (P=0.01) for stroke (Figure 2).52 The corre-
sponding hazard ratios associated with masked hyperten-
sion in prehypertensive patients were 2.08 (P<0.0001) 
and 2.97 (P<0.0001), respectively. Compared with prehy-
pertension without masked hypertension, the hazard ratios 
associated with masked hypertension in prehypertensive 
subjects were 1.53 (P=0.0001) for the composite cardio-
vascular end point and 1.48 (P=0.04) for stroke.52 These 
findings remained consistent, if masked hypertension was 
defined based on the 24-hour or the nighttime BP.52 Find-
ings in patients with diabetes were confirmatory, again 
highlighting the risk carried by masked hypertension.55 
In view of the high-risk profile associated with masked 
hypertension, the 2017 American College of Cardiology/
American Heart Association14 and the 2018 European15 
hypertension guidelines consistently recommend that 
masked hypertensive patients should implement lifestyle 
interventions and be treated with antihypertensive drugs. 
However, in the absence of supporting evidence from ran-
domized clinical trials, this recommendation rests largely 
on expert opinion.

COST-EFFECTIVENESS
Several studies addressed the cost-effectiveness of 
ambulatory BP monitoring.56–59 Originally, the idea was 
put forward that ambulatory BP monitoring would reduce 
health care costs mainly by avoiding antihypertensive drug 
treatment in white-coat hypertensive patients.57 In 2006, 
Krakoff computed the cost savings likely to be gained 
when ambulatory BP monitoring would be implemented in 
newly detected patients with hypertension.57 In their calcu-
lations, the contemporary costs of testing and treatment, 
the prevalence of white-coat hypertension at baseline, and 
the incidence of new-onset hypertension after the initial 
screen were accounted for. The results indicated that using 
versus not using ambulatory BP monitoring in the 5-year 
management of hypertension might entail cost savings of 
3% per 1000 patients ($45 322 of $1 546 494) to 14% 
($210 024) and a treatment-years reduction from 10% to 
23% (461–1026 treatment-years).57

In 2011, Lovibond et al58 published a Markov model-
based probabilistic cost-effectiveness analysis. These 
investigators used a hypothetical primary care population 
aged 40 years or older with a screening office BP >140 
mm Hg systolic and 90 mm Hg diastolic and a risk fac-
tor prevalence representative for the general population. 
They compared further BP measurement in the clinic, at 
home, and with an ambulatory monitor in terms of life-
time costs, quality-of-life-adjusted life-years, and cost-
effectiveness. Ambulatory BP monitoring was the most 
cost-effective strategy for the diagnosis of hypertension 
in women and men of all ages. It was cost saving in all 
groups (from −£56 [CI, −105 to −10] in men aged 75 

years to −£323 [CI, −389 to −222] in women aged 40 
years) and resulted in more quality-of-life-adjusted life-
years for women of all ages and for men older than 50 
years. These findings were robust when assessed with a 
wide range of deterministic sensitivity analyses around 
the base case but was sensitive if home BP monitoring 
was assumed to have equal test performance to ambula-
tory BP monitoring.58 However, home BP measurement 
cannot completely cover what ambulatory monitoring 
provides in terms of clinical information,60 such as the BP 
response to the physical and psychological stressors, the 
night-to-day BP ratio and dipping status, the documenta-
tion of an excessive BP drop at night in treated patients, 
spreading the doses of antihypertensive drugs over the 
day to have a full 24-hour coverage of the BP-lowering 
effect, and the unbiased documentation of untowards 
BP reactions over the whole day.

More recently, Beyhaghi and Viera compared in a 
primary care setting in the United States the quality-
adjusted life-years and lifetime costs associated with 
clinic, home, and ambulatory BP measurements.59 
These investigators applied 2 scenarios, that is, a 
positive (office hypertension) and a negative (office 
normotension) initial screen, respectively, reflecting 
white-coat and masked hypertension. In the screen-
positive scenario, ambulatory BP monitoring was the 
dominant strategy among all age and sex groups. 
Compared with clinic BP measurement, ambulatory 

Table 3.  Clinical Indications for Ambulatory Blood Pressure 
Monitoring

Objective Clinical indication

To diagnose white-coat 
hypertension

Stage-1 office hypertension;

High variability of office blood pressure;

To exclude pseudo-resistant hypertension;

Severely elevated office blood pressure without 
signs of target organ damage.

To diagnose masked 
hypertension

Elevated blood pressure (120–129/80 mm Hg) 
or a high-normal office blood pressure (130–
139/85–89 mm Hg) according to ACC/AHA and 
ESC/ESH guidelines, respectively;

Normal office blood pressure with signs of target 
organ damage;

Normal office blood pressure in high-risk patients;

Risk factors for masked hypertension, ie, diabe-
tes, overweight and obesity, excessive alcohol 
intake, smoking, etc

To evaluate blood pres-
sure during the day in 
untreated or treated 
patients

To assess blood pressure control during the 
whole day in patients on antihypertensive drug 
treatment;

Suspicion of orthostatic or treatment-induced 
hypertension;

Suspicion of nocturnal hypertension, such as in 
sleep apnea, chronic kidney disease, autonomic 
dysfunction, diabetes, endocrine hypertension, etc

ACC/AHA indicates American College of Cardiology/American Heart Asso-
ciation (Whelton et al14); and ESC/ESH, European Society of Cardiology/Euro-
pean Society of Hypertension (Williams et al15).

D
ow

nloaded from
 http://ahajournals.org by on January 5, 2021



Review



Huang et al� Ambulatory Blood Pressure Monitoring

8    February 2021� Hypertension. 2021;77:00–00. DOI: 10.1161/HYPERTENSIONAHA.120.14591

monitoring was associated with cost-savings ranging 
from $77 (women 80 years of age) to $5013 (women 
21 years of age). In the screen-negative scenario, 
ambulatory BP monitoring was also the dominant strat-
egy in all men and women younger than 80 years and 
entailed cost savings ranging from $128 (women 70 
years of age) to $2794 (women 21 years of age).59

Both health-economic studies referenced above 
(Staessen et al60 and Pickering61) assumed that ambu-
latory BP monitoring had 100% sensitivity and speci-
ficity and both studies came to alternative conclusions 
when home BP measurement was assumed to have 
the same sensitivity and specificity as ambulatory BP 
monitoring. Moreover, both studies (Staessen et al60 
and Pickering61) focused on the diagnostic perfor-
mance of ambulatory BP monitoring but did not gener-
ate any evidence on how the application of ambulatory 
BP monitoring would affect the costs of hypertension 
management, an outcome which can only be inferred 
in the context of a randomized clinical trial comparing 
the initiation and adjustment of BP-lowering treatment 
based on office versus ambulatory BP. Thus, from a 
payers’ perspective, one should be careful in general-
izing the health care cost implications of both reports 
(Staessen et al60 and Pickering61).

CLINICAL APPLICATION
The rational management of hypertension inevitably 
starts with accurate measurement of BP. American14 and 
European15 guidelines are unanimous in recommending 
ambulatory BP monitoring in all patients under consider-
ation for BP-lowering medication. The idea behind these 
recommendations is to exclude white-coat hypertension 
and to diagnose masked hypertension, pending on the 
clinical indications summarized in Table  3. If multiple 
treatment adjustments are required, as may often be 
the case, then repeating ambulatory monitoring or other 
approaches, such as home BP monitoring61 or automated 
office BP measurement,62 are justified. While uptitrating 
antihypertensive drug treatment, 24-hour ambulatory 
BP monitoring allows excluding excessive BP lowering 
during the night or during activities in the upright posi-
tion (Table 3). After having optimized treatment, it would 
seem reasonable to repeat ambulatory monitoring dur-
ing follow-up to ensure that adequate BP reduction has 
been achieved.

Ambulatory and home BP monitoring are compli-
mentary techniques, in particular in the follow-up of 
white-coat hypertensive patients.60 Office BP measure-
ment remains the standard screening method for the 

Figure 3. Diagnostic workflow for evaluation of patients by use of office, home, and ambulatory monitoring of blood pressure.
Reproduced from Staessen et al63 with permission. Copyright ©2003, Elsevier.
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diagnosis of hypertension. When office BP is elevated in 
the absence of target organ damage or when patients 
with a normal clinic BP show unexplained target organ 
damage, ambulatory BP monitoring combined with home 
BP measurement can be applied, as for instance pro-
posed in Figure 3.63 Home BP measurement, especially 
if combined with telemonitoring, is a powerful instrument 
in educating and empowering patients.64 In a randomized 
clinical trial, involving 450 patients recruited at 59 primary 
care practices in the United Kingdom and followed up 
for 12 months, self-monitoring and self-titration of anti-
hypertensive dugs lowered systolic BP 8.8 mm Hg more 
(CI, 4.9–12.7 mm Hg) than usual care based on office 
BP measurement.64 The 2017 American College of Car-
diology/American Heart Association hypertension guide-
line14 endorses home above ambulatory monitoring in the 
adjustment of BP-lowering treatment, certainly when BP 
must be repeatedly measured at short time intervals.

One major limitation is that there is no evidence from 
randomized clinical trials to prove that out-of-office BP 
monitoring is superior to office BP in adjusting anti-
hypertensive drug treatment in the prevention of hard 
cardiovascular complications. The ongoing placebo-
controlled ANTIMASK (Antihypertensive Treatment 
in Masked Hypertension for Target Organ Protection) 
trial (URL: https://www.clinicaltrials.gov. Unique identi-
fier: NCT02893358) in Chinese patients with masked 
hypertension will report in 2021, but its sample size is 
small (n=300) and the primary end point includes only 
the improvement of target organ damage. The Japanese 
multicenter Hypertension Objective Treatment Based on 
Measurement by Electrical Devices of Blood Pressure 
trial (2001–2010)65 proved the feasibility of using the 
self-measured home BP as guide for titrating antihyper-
tensive drug treatment aiming at usual and tight BP tar-
gets but did not include a control arm, in which treatment 
adjustments were based on office BP pressure.

CONCLUSIONS AND PERSPECTIVES
Forty years of research consolidated ambulatory BP moni-
toring as the technique of choice to measure BP. What 
from a clinical viewpoint matters most is the level of the 
24-hour and the nighttime BP. Other BP indexes derived 
from 24-hour ambulatory BP recordings, such as the 
night-to-day BP ratio,11 dipping status,11 the morning BP 
surge,66 24-hour pulse pressure,67 the double-product,68 
and BP variability69,70 add little to risk stratification on top 
of the 24-hour and nighttime BP level. A starting research 
line is the development of a standardized validation proto-
col for wearable BP monitoring devices.71 The wearable 
devices are cuffless and more comfortable for patients but 
represent a challenge for validation, for which experts in 
the field must develop standardized protocols producing 
repeatable results allowing inter-device comparisons.
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