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Abstract

Background and 
Aims

Hypertension is the predominant modifiable cardiovascular risk factor. This cohort study assessed the association of risk 
with the percentage of time that the ambulatory blood pressure (ABP) is within the target range (PTTR) proposed by 
the 2024 European Society of Cardiology (ESC) guidelines for blood pressure (BP) management.
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Methods In a person-level meta-analysis of 14 230 individuals enrolled in 14 population cohorts, systolic and diastolic ABPs were com
bined to assess 24-h, daytime, and nighttime PTTR with thresholds for non-elevated ABP set at <115/65, <120/70, and 
<110/60 mmHg, respectively.

Results Median 24-h PTTR was 18% (interquartile range 5–33) corresponding to 4.3 h (1.2–7.9). Over 10.9 years (median), deaths 
(N = 3117) and cardiovascular endpoints (N = 2265) decreased across increasing 24-h PTTR quartiles from 21.3 to 16.1 
and from 20.3 to 11.3 events per 1000 person-years. The standardized multivariable-adjusted hazard ratios for 24-h 
PTTR were 0.57 (95% confidence interval 0.46–0.71) for mortality and 0.30 (0.23–0.39) for cardiovascular endpoints. 
Analyses of daytime and nighttime ABP, cardiovascular mortality, coronary endpoints and stroke, and subgroups produced 
confirmatory results. The 2024 ESC non-elevated 24-h PTTR, compared with the 2018 ESC/European Society of 
Hypertension non-hypertensive 24-h PTTR, shortened the interval required to reduce relative risk for adverse outcomes 
from 60% to 18% (14.4–4.3 h). Office BP, compared with 24-h PTTR, misclassified most participants with regard to BP control.

Conclusions Longer time that ABP is within the 2024 ESC target range is associated with reduced adverse outcomes; PTTR derived from 
ABP refines risk prediction and compared with office BP avoids misclassification of individuals with regard to BP control.

Structured Graphical Abstract

Key Question
Does the association of adverse health outcomes with the percentage of time that the 24-h ambulatory blood pressure (24-h ABP) is 
within target range (24-h PTTR) hold true at the low non-elevated 24-h ABP level (<115/65 mmHg) set by the 2024 ESC Guidelines 
for blood pressure management? 

Key Finding
In 14 230 participants followed up for 10.9 years (median), mortality and cardiovascular endpoints were inversely associated with 24-h 
PTTR.  Contrasting the 2024 ESC non-elevated to the 2018 ESC/ESH non-hypertensive 24-h PTTR shortened the interval required to 
reduce relative risk for adverse outcomes from 60% to 18% (14.4 to 4.3 h). Office BP, compared to 24-h PTTR, misclassified most 
participants with regard to BP control.  

Take Home Message
Longer time that ABP is within the 2024 ESC target range is associated with reduced adverse health outcomes. 24-h PTTR derived 
from ABP refines risk prediction and compared to office BP avoids misclassification of individuals with regard to BP control.  
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Introduction
The 2024 European Society of Cardiology (ESC) guidelines for the man
agement of blood pressure (BP)1 introduced a major evidence-based 
paradigm shift by recommending a target office BP (OBP) of 120–129/ 
70–79 mmHg in most patients in need of treatment with the proviso 
that in vulnerable or intolerant patients, OBP should be reduced to the 
lowest level reasonably achievable. Furthermore, the ESC guidelines ad
vice to use out-of-office BP measurement to ascertain that the OBP target 
is reached, either by ambulatory BP (ABP) or home BP monitoring.1

The percentage of time that BP is within the target range (PTTR) is a 
metric that recently emerged in the literature to assess BP control (see 
Supplementary material online, Page S3). However, of 22 relevant stud
ies,2–23 all but two community-based studies19,23 included selected pa
tients with hypertension, diabetes, or severe comorbidities. Most 
articles disregarded diastolic BP,4–10,12–15,19–22 and if both systolic and 
diastolic BPs were reported, both were not combined to define BP con
trol.2,3,18 Only five studies analysed the out-of-office BP.11,16,19,22,23 Nine 
studies presented similar data and are duplicate publications.2–6,9,10,15,18

In studies focusing on ABP monitoring, thresholds were often not con
gruent with contemporary guidelines and results for daytime or night
time BP were not presented.11,16,22,23 The International Database of 
Ambulatory Blood Pressure in Relation to Cardiovascular Outcome 
(IDACO) consists of 14 longitudinal population studies.24,25 The objec
tives of the current person-level meta-analysis were as follows: first, to 
investigate how at the low 2024 ESC BP thresholds,1 mortality and car
diovascular endpoints are related to ABP-based PTTR for all periods of 
the day while simultaneously accounting for both systolic and diastolic 
BPs; and second, to compare the risks associated with the non-elevated 
ABP (ESC 2024)1 and with the non-hypertensive ABP, as defined in most 
international guidelines,26–29 including the 2018 ESC/European Society of 
Hypertension (ESH) recommendations.29 According to the 2024 ESC 
terminology,1 the non-hypertensive ABP includes both the non-elevated 
and elevated ABPs.

Methods
Study participants
All studies received ethical approval and adhered to the principles of 
the Declaration of Helsinki. Participants gave written informed con
sent. Previous publications describe the IDACO database in detail.24,25

Population studies qualified for inclusion, if information on OBP and 
ABP and cardiovascular risk factors was available at baseline and col
lected within a short time interval usually not exceeding 2 weeks, and 
if follow-up included both fatal and non-fatal outcomes. Of the 17  
003 people included in the database, 2773 were excluded, because 
they were younger than 18 years (N = 319) without any adverse health 
outcome or because their ABP recording included fewer than eight 
daytime and four nighttime readings (N = 2454).30 Thus, the number 
of individuals statistically analysed was 14 230. The Supplementary 
material online, Pages S3 and S4 and Table S1 provide detailed informa
tion on the population sampling methods, timelines, and country of 
recruitment.

Blood pressure and other measurements
At baseline, nurses or physicians measured OBP with a standard mercury 
sphygmomanometer or with validated auscultatory or oscillometric devices. 
Hypertension was an OBP of ≥140 mmHg systolic or ≥90 mmHg diastolic1

or use of antihypertensive drugs. For ABP monitoring (see Supplementary 
data online, Table S2), portable monitors were programmed to obtain BP 
readings at 30–min intervals during the whole day, at intervals of 15–30 min 

during daytime, and at intervals ranging from 20 to 60 min during nighttime. 
For descriptive purposes (Table 1), in line with previous IDACO publica
tions,24,25 daytime ranged from 10:00 to 20:00 h in Europeans and South 
Americans and from 8:00 to 18:00 h in Asians. The corresponding nighttime 
intervals went from 24:00 to 6:00 h and from 22:00 to 4:00 h, respectively. 
These fixed short clock-time intervals exclude the transition periods in the 
morning and evening when the ABP changes rapidly and approximate within 
1–2 mmHg to the awake and asleep periods of the day as determined by the 
diary method.31 The expanded methods in Supplementary material online, 
Pages S4 and S5 describe how OBP and ABP were recorded in each cohort 
and how questionnaire and biochemical data were collected.

Linear interpolation between any two consecutive BP readings was ap
plied to compute PTTR. In contrast to the approach expressing the 
time-in-target range as the percentage of ABP readings, PTTR considers 
the actual BP levels and the interval between any two consecutive measured 
BP readings (see Supplementary data online, Figure S1). The weight of the 
first ABP reading was arbitrarily set at 5 min, assuming that in the clinical set
ting 5-min elapse before the first test reading.32

Ascertainment of endpoints
Vital status and the incidence of fatal and non-fatal endpoints were ascertained 
from the appropriate sources in each country.24,25 All endpoints were prespe
cified and coded according to the International Classification of Diseases (see 
Supplementary materials online, Pages S5 and S6). The co-primary endpoints 
were total mortality and a composite cardiovascular endpoint consisting of car
diovascular mortality combined with non-fatal coronary endpoint, heart failure, 
and stroke. Secondary endpoints included cardiovascular mortality, coronary 
endpoint, and stroke. All endpoints were validated against hospital files or med
ical records held by primary care physicians or specialists. In all outcome ana
lyses, only the first event within each category was considered.

Statistical analysis
Full details of the statistical methods and associated references are presented 
in Supplementary material online, Pages S6–S9. Age of the IDACO study 
population ranged from young adults to the oldest old. Given the age-related 
change in the risk associated with systolic and diastolic ABPs,33 both BP com
ponents were considered simultaneously and summarized into a single PTTR 
variable, using <115/65, <120/70, and <110/60 mmHg for the 24–h, daytime, 
and nighttime ABP as thresholds differentiating non-elevated from elevated 
BP and hypertension.1 In analyses related to the second aim of the study, 
<130/80, <135/85, and <120/70 mmHg, i.e. thresholds differentiating non- 
hypertensive from hypertensive ABP, were also examined. These 2018 
ESC/ESH thresholds29 include both non-elevated and elevated ABPs. The 
two sets of thresholds were compared by restricted cubic splines. To avoid 
omission of the morning and evening ABP readings, the 24–h PTTR was de
rived with daytime set from 7 to 22 h in Europeans and South Americans and 
from 5 to 20 h in Asians and nighttime from 22 to 7 h and from 20 to 5 h, 
respectively (see Supplementary data online, Figure S1).

Absolute risk was assessed from the cohort–sex–age-specific (<40, 40– 
60, and >60 years) incidence rates of endpoints standardized by the direct 
method and relative risk from hazard ratios (HRs) obtained by proportional 
hazard regression. Multivariable-adjusted HRs account for cohort (random 
effect), sex, and baseline characteristics including age, body mass index, 
smoking (0, 1) and drinking (0, 1), the total-to-HDL serum cholesterol ratio, 
antihypertensive drug treatment, diabetes, and history of cardiovascular dis
ease. The number of interpolated values for missing covariables is given by 
cohort in Supplementary data online, Table S3. Given that PTTR applies to 
both systolic and diastolic BPs, models with extended adjustment also in
cluded mean arterial pressure (MAP), which is derived from both systolic 
and diastolic BP. Because of the high correlation between PTTR and 
MAP, the covariable introduced in Cox models was the residual of MAP 
(R_MAP) regressed on PTTR (see Supplementary data online, Figure S2). 
In continuous analyses, HRs express the relative risk per 1 SD PTTR incre
ment. In a further categorical analysis, Cox models were constructed by the 
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deviation from mean coding, which compares the risk in each PTTR quartile to 
the average risk in the whole study population and allows to generate 95% con
fidence intervals (CIs) for each quartile. To visualize the contribution of PTTR 
and R_MAP to risk, multivariable-adjusted heat maps were constructed. 
Performance of PTTR and R_MAP in risk stratification was assessed using 
nested Cox models and the log-likelihood test, the C-index, the integrated dis
crimination (IDI) and net reclassification (NRI) improvement indexes. In sub
group analyses, the results for the co-primary endpoints were dichotomized 
by sex, median age, antihypertensive treatment status, or history of cardiovas
cular disease. A sensitivity analysis excluded one cohort at a time to address the 
issue of whether any cohort unduly had a disproportionate influence on the 
HRs. Finally, to assess the relation between the level of OBP and ABP, both 
measured at baseline, the probability that individuals would fall within one of 
four decreasing quartiles of PTTR based on the 2024 ESC guidelines1 was as
sessed by multinomial logistic regression analysis over a wide range of systolic 
and diastolic OBP in untreated and treated study participants.

Results
Baseline characteristics of participants
The study population included 7072 women (49.7%), 9636 Europeans 
(67.7%), 2387 Asians (16.8%), and 2207 South Americans (15.5%). 

Median age at enrolment was 60.3 years (Table 1). In terms of risk factors, 
3175 (22.3%) participants were smokers, 6051 (42.5%) reported habitual 
alcohol intake, 1350 (9.5%) had diabetes, 1296 (9.1%) had a history of 
cardiovascular disease, and 6913 (48.6%) had office hypertension, of 
whom 3775 (26.6%) were on antihypertensive drug treatment. Across 
increasing quartiles of 24–h PTTR (Table 1), risk factors decreased in 
magnitude or prevalence (P ≤ .004).

The median number (5th–95th percentile interval) of ABP readings 
was 57 (35–81), 29 (15–41), and 12 (6–13) over 24 h and during day
time and nighttime, respectively (see Supplementary data online, 
Table S2). The correlation between indexes derived from the ABP 
recordings was high (−0.815 ≤ r ≤ 0.921; P < .001), but R_MAP was 
uncorrelated from PTTR at all time intervals (r < 0.001; P > .99; 
Supplementary data online, Table S4).

Figure 1 shows the relation at baseline in all participants between sys
tolic and diastolic OBP and 24–h PTTR defined as a 24–h ABP of 
≤115 mmHg systolic and ≤65 mmHg diastolic. In 10 455 untreated in
dividuals, the predicted probabilities of belonging to the fourth 24–h 
PTTR quartile (better 24–h BP control) for OBPs of 120 mmHg 
systolic or 70 mmHg diastolic were 0.35 (95% CI 0.33–0.37) and 0.44 
(0.41–0.47). The probabilities corresponding to untreated OBPs of 

A B

C D

Figure 1 Relation of office blood pressure with the percentage of time that the 24–h ambulatory blood pressure is within target range according to 
the 2024 European Society of Cardiology guidelines. The probability that individuals belong to one of four decreasing quartiles of 24–h percentage of 
time with non-elevated ambulatory blood pressure is assessed by multinomial logistic regression analysis over a wide range of systolic (A, B) and diastolic 
(C, D) office blood pressure in untreated (A, C ) and treated (B, D) study participants. Q1 reflects the worst control of the 24–h ambulatory blood 
pressure and Q4 the best control. The analysis includes the baseline blood pressure data from 14 230 study participants, of whom 3775 were taking 
antihypertensive drugs. The non-elevated 24–h ambulatory blood pressure is <115 mmHg systolic and <65 mmHg diastolic. For quartile limits, see 
Table 1. ODBP, diastolic office blood pressure; OSBP, systolic office blood pressure; PTTR, percentage of time that the 24-h blood pressure is within 
the target range
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140 or 90 mmHg were 0.13 (0.12–0.14) and 0.07 (0.06–0.08). Among 
3775 treated patients, the probabilities were 0.26 (0.23–0.29) and 0.27 
(0.24–0.30) for OBPs of 120 mmHg systolic or 70 mmHg diastolic and 
0.15 (0.13–0.16) and 0.08 (0.06–0.09) for OBPs of 140 mmHg systolic 
or 90 mmHg diastolic.

Primary endpoints
Absolute risk
Median follow-up of the whole study population was 10.9 years 
(5th–95th percentile interval 3.6–25.8) and across cohorts (see 
Supplementary data online, Table S1) ranged from 4.0 years (3.5–7.6) 
to 24.5 years (8.6–27.8 years). Over 176 021 person-years of follow-up 
(see Supplementary data online, Table S5), 3117 participants died (17.7 
per 1000 person-years) and 2265 experienced the co-primary cardio
vascular endpoint (12.9 per 1000 person-years). Across increasing 
quartiles of 24–h PTTR (Table 2), mortality declined from 21.3 (95% 
CI 19.9–22.7) to 16.1 (14.3–18.0) deaths per 1000 person-years and 
the incidence of the co-primary cardiovascular endpoint from 20.3 
(19.0–21.9) to 11.3 (9.80–12.9) endpoints per 1000 person-years 
(P < .001). With cumulative adjustment for cohort, sex, and age, the in
cidence of co-primary endpoints increased with longer follow-up, but in 
line with the data in Table 2 significantly (P < .001) declined from the 
lowest to the highest 24–h PTTR category (see Supplementary data 
online, Figure S3).

Relative risk
In all outcome analyses that follow, the proportional hazard assumption 
was met (P > .10). In unadjusted Cox models and models with basic and 
extended adjustment, which related total mortality or the co-primary 
cardiovascular endpoint to PTTR analysed as a continuous variable 
(Table 3), HRs were smaller than unity, indicating lower risk with higher 
PTTR. These findings were consistent for PTTR assessed over 24 h, 
daytime, and nighttime, except for mortality in relation to daytime 
PTTR in adjusted analyses. With full adjustments applied, HRs 
expressing risk per 1 SD increment in 24–h PTTR were 0.57 (95% CI 
0.46–0.71) for total mortality and 0.30 (0.23–0.39) for the co-primary 
cardiovascular endpoint. For the nighttime PTTR, the corresponding 
HRs were 0.68 (0.60–0.78) and 0.50 (0.43–0.59), respectively, which 
were intermediate between the 24-h and the daytime HRs. A further 
categorical analysis assessing the relative risk across 24–h PTTR 
quartiles compared with the average risk in the whole population 
(see Supplementary data online, Table S6) produced confirmatory re
sults for both primary endpoints with a significant gradient (P < .001) 
from HRs greater than unity in the lowest PTTR category to HRs lower 
than unity in the highest PTTR quartile.

Model performance
Heatmaps for the 24-h ABP (see Supplementary data online, Figure S4) 
demonstrated that along the vertical axis, the 10–year risks of the 
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Table 2 Cohort–sex–age-specific incidence of endpoints by quartiles of time with non-elevated 24-h ambulatory blood 
pressure

Quartiles of time with non-elevated readings 

Endpoints Q1 Q2 Q3 Q4 P-value

Number of participants 3558 3557 3558 3557

Primary endpoints

Total mortality

Number of deaths 1034 842 700 541

Rate (per 1000 person-years) 21.3 (19.9–22.7) 17.6 (16.3–19.0) 14.8 (13.6–16.2) 16.1 (14.3–18.0) <0.001

Cardiovascular endpoints

Number of endpoints 857 604 471 333

Rate (per 1000 person-years) 20.3 (19.0–21.9) 14.7 (13.5–16.0) 11.7 (10.5–13.0) 11.3 (9.80–12.9) <0.001

Secondary endpoints

Cardiovascular mortality

Number of deaths 457 286 227 160

Rate (per 1000 person-years) 9.10 (8.26–10.1) 6.13 (5.39–7.03) 4.59 (3.95–5.40) 4.52 (3.69–5.55) <0.001

Coronary endpoints

Number of endpoints 374 244 189 132

Rate (per 1000 person-years) 7.50 (6.72–8.44) 5.46 (4.76–6.33) 4.41 (3.73–5.27) 4.19 (3.37–5.21) <0.001

Stroke

Number of strokes 344 270 190 134

Rate (per 1000 person-years) 8.12 (7.23–9.18) 6.22 (5.45–7.15) 4.38 (3.69–5.25) 3.86 (3.09–4.82) <0.001

The analysis includes 14 230 study participants. The non-elevated 24–h ABP is <115 mmHg systolic and <65 mmHg diastolic. For quartile limits, see Table 1. Rates are given with 95% CI. 
The P-value is for trend across quartiles.
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co-primary endpoints decreased with greater 24–h PTTR (P < .001), 
while along the horizontal axis, risks increased with 24–h R_MAP 
(P < .001), which to facilitate clinical implication was replaced by the 
corresponding 24–h MAP (P < .001).

For the co-primary endpoints, adding 24–h R_MAP, 24–h PTTR, or 
both to the base model including all other covariables refined the mod
els as evidenced by the 2 log-likelihood statistic, the C–index, and both 
NRI and IDI (Table 4). If both 24–h R_MAP and 24–h PTTR were added 
to the base model, NRI was 11.8% (95% CI 8.59–16.2) for total mor
tality and 18.3% (14.4–22.9) for the co-primary cardiovascular endpoint 
and IDI 0.42% (0.17–0.73) and 1.25% (0.72–1.82), respectively. Figure 2
shows that the area under the curve (AUC) for total mortality and the 
co-primary cardiovascular endpoint increases with follow-up time, be
cause of the accrual of deaths and cardiovascular endpoints. Time de
pendency of the AUC is illustrated for three models: (i) the base 
model including all covariables; (ii) the base model extended by 24–h 
R_MAP; and (iii) the base model extended by 24–h R_MAP and 24–h 

PTTR. The full model including covariables, 24–h R_MAP, and 24–h 
PTTR resulted in a significantly greater AUC compared with both other 
models (P < .001), albeit that the AUC increments were small as re
flected by NRI (Table 4).

Subgroup and sensitivity analyses
Compared with the data in Table 3, HRs for the co-primary endpoints 
in relation to the 24–h PTTR were generally consistent across sub
groups stratified by age, sex, use of antihypertensive drugs, or history 
of cardiovascular disease (see Supplementary data online, Figure S5). 
In models with extended adjustment, the HRs were directionally similar 
in all subgroups, but for both co-primary endpoints, HRs were signifi
cantly smaller, indicating lower relative risk, in younger than older indi
viduals and in untreated compared with treated participants (P ≤ .005). 
The risk of death was also smaller in women than men (P = .031). None 
of the cohorts had a disproportionate influence on the HRs (see 
Supplementary data online, Table S7).
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Table 3 Continuous associations of endpoints with percentage of time with non-elevated ambulatory blood pressure

Endpoints Unadjusted Basic adjustment Extended adjustment

Period of day Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Primary endpoints

Total mortality

24-h 0.23 (0.18–0.28) <0.001 0.57 (0.46–0.71) <0.001 0.57 (0.46–0.71) <0.001

Daytime 0.61 (0.51–0.73) <0.001 0.87 (0.72–1.05) 0.15 0.91 (0.76–1.09) 0.30

Nighttime 0.41 (0.36–0.47) <0.001 0.69 (0.60–0.78) <0.001 0.68 (0.60–0.78) <0.001

Cardiovascular endpoints

24-h 0.10 (0.08–0.14) <0.001 0.28 (0.21–0.37) <0.001 0.30 (0.23–0.39) <0.001

Daytime 0.35 (0.28–0.44) <0.001 0.52 (0.41–0.66) <0.001 0.59 (0.47–0.74) <0.001

Nighttime 0.30 (0.25–0.35) <0.001 0.50 (0.43–0.59) <0.001 0.50 (0.43–0.59) <0.001

Secondary endpoints

Cardiovascular mortality

24-h 0.10 (0.06–0.14) <0.001 0.28 (0.19–0.41) <0.001 0.30 (0.20–0.43) <0.001

Daytime 0.37 (0.27–0.52) <0.001 0.53 (0.38–0.74) <0.001 0.59 (0.43–0.82) <0.001

Nighttime 0.29 (0.23–0.36) <0.001 0.52 (0.41–0.65) <0.001 0.51 (0.41–0.64) <0.001

Coronary endpoints

24-h 0.10 (0.06–0.15) <0.001 0.29 (0.19–0.45) <0.001 0.30 (0.20–0.46) <0.001

Daytime 0.30 (0.20–0.44) <0.001 0.50 (0.34–0.73) <0.001 0.53 (0.36–0.77) <0.001

Nighttime 0.32 (0.25–0.41) <0.001 0.58 (0.45–0.74) <0.001 0.57 (0.45–0.73) <0.001

Stroke

24-h 0.08 (0.05–0.12) <0.001 0.19 (0.13–0.30) <0.001 0.22 (0.15–0.34) <0.001

Daytime 0.31 (0.21–0.44) <0.001 0.41 (0.28–0.59) <0.001 0.48 (0.34–0.69) <0.001

Nighttime 0.24 (0.19–0.31) <0.001 0.39 (0.30–0.50) <0.001 0.39 (0.30–0.50) <0.001

The non-elevated ambulatory systolic/diastolic blood pressure is <115/65 mmHg over 24 h, <120/70 mmHg for daytime, and <110/60 mmHg for nighttime. Unadjusted models account 
for cohort (random effect). The basic adjustment accounts for sex, age, body mass index, smoking and drinking, the total-to-HDL serum cholesterol ratio, antihypertensive drug 
treatment, diabetes, and history of cardiovascular disease. The extended adjustment also includes the residual of mean arterial pressure regressed on percentage of time that the 24- 
h blood pressure is within the target range. Hazard ratios express the relative risk per 1 SD increment in percentage of time that the 24-h blood pressure is within the target range.
CI, confidence interval.
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Comparison of 24–h ambulatory blood pressure 
thresholds
Using 24–h ABP recordings, restricted cubic spline models were con
structed for two definitions of PTTR: (i) non-elevated ABP (<115/ 
65 mmHg as per the 2024 ESC Guidelines) and (ii) non-hypertensive 
ABP, which included the elevated ABP (<130/80 mmHg as per the 
2018 ESC/ESH guidelines). The overlayed 24–h PTTR distributions ac
cording to the two definitions are shown in Supplementary data online, 
Figure S6. The multivariable-adjusted models showed an inverse associ
ation of total mortality and the co-primary cardiovascular endpoint 
with both definitions of 24–h PTTR. However, removing the elevated 
24-h ABP from the non-hypertensive 24–h ABP reduced the 24–h 
PTTR required to attain reduced relative risk for the co-primary end
points from ∼60% to ∼18% (Figure 3). These findings were consistent 
in 10 455 participants untreated at baseline (see Supplementary data 
online, Figure S7) and 3775 participants on antihypertensive drug treat
ment (see Supplementary data online, Figure S8).

Secondary endpoints
Over follow-up, 1130 cardiovascular deaths (6.4 per 1000 person- 
years), 939 coronary endpoints (5.3 per 1000 person-years), and 938 
strokes (5.3 per 1000 person-years) occurred (see Supplementary 
data online, Table S5). Across increasing quartiles of 24–h PTTR, rates 
of the secondary endpoints decreased (Table 2). In unadjusted Cox 
models and models with basic and extended adjustment, which related 
secondary endpoints to PTTR analysed as continuous variable over 
24 h, daytime, and nighttime (Table 3), HRs were consistently smaller 
than unity, indicating lower risk with higher PTTR. Similarly, heatmaps 
confirmed that along the vertical axis, the risk of secondary endpoints 
decreased with greater 24–h PTTR and increased with higher 24–h 
MAP (see Supplementary data online, Figure S4). Considering the three 

secondary endpoints, in line with the co-primary endpoints (Table 4;
Figure 2), the full model including covariables, 24–h R_MAP, and 24–h 
PTTR refined model performance (see Supplementary data online, 
Table S8) and resulted in a significantly greater AUC compared with 
the base model including or not 24–h R_MAP (see Supplementary 
data online, Figure S9).

Multivariable spline models showed that removing elevated from 
non-hypertensive 24–h ABP shifted the time required to attain median 
risk for all endpoints from ∼60% to ∼18% while maintaining the non- 
linear and linear pattern for all-cause mortality and other endpoints, re
spectively (see Supplementary data online, Figure S10).

Discussion
Numerous studies reported that total and cause-specific mortal
ity25,34,35 and fatal combined with non-fatal cardiovascular complica
tions25,34 are associated with the ABP level and that these 
associations were stronger for ABP25,34,35 and home BP36 than for 
OBP. Moving the field forward, this person-level meta-analysis investi
gated whether at the substantially lower ABP thresholds, proposed by 
the 2024 ESC guidelines,1 the incidence of adverse health outcomes re
mains associated with the ABP level. The PTTR was the metric used, 
but in contrast to previous studies,2–23 PTTR included both systolic 
and diastolic ABPs in a single summary variable and was examined for 
the 24–h, daytime, and nighttime ABP in a large unbiased population co
hort. The key findings can be summarized as follows. First, in continuous 
and categorical analyses of the co-primary and secondary endpoints, 
absolute and relative risk decreased with higher 24–h, daytime, and 
nighttime PTTR. Second, the inverse association of adverse health out
comes with PTTR was robust in multivariable adjusted models and sub
group and sensitivity analyses. Third, with adjustments applied for 
cohort, multiple risk factors, and 24–h MAP, PTTR improved models 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Model refinement in associating the co-primary endpoints with 24-h blood pressure indexes

Endpoint models −2 Log-likelihood C-index NRI (95% CI) 
(%)

IDI (95% CI) 
(%)

Total mortality

Base model 49577.05 0.8180 … …

+ PTTR 49551.11** 0.8185** 15.2 (9.95–18.7)** 0.11 (0.00–0.33)*

+ MAP 49522.31** 0.8195** 12.8 (9.31–16.4)** 0.39 (0.18–0.70)**

+ R_MAP 49547.34** 0.8192** 5.35 (0.60–8.97)* 0.32 (0.09–0.53)**

+ PTTR & R_MAP 49521.35** 0.8196** 11.8 (8.59–16.2)** 0.42 (0.17–0.73)**

Cardiovascular endpoints

Base model 37222.89 0.8131 … …

+ PTTR 37134.86** 0.8165** 19.5 (16.2–23.8)** 0.62 (0.31–1.09)**

+ MAP 37065.38** 0.8196** 18.4 (14.4–22.31)** 1.24 (0.72–1.80)**

+ R_MAP 37147.81** 0.8167** 6.97 (1.42–10.7)* 0.69 (0.27–1.01)**

+ PTTR & R_MAP 37065.37** 0.8196** 18.3 (14.4–22.9)** 1.25 (0.72–1.82)**

The base model included cohort, sex, age, body mass index, smoking and drinking, the total-to-HDL serum cholesterol ratio, antihypertensive drug treatment, diabetes, and history of 
cardiovascular disease. The non-elevated 24–h ABP is <115 mmHg systolic and <65 mmHg diastolic. An ellipsis indicates not applicable. Significance of the difference with the base model: 
*P ≤ .05 and **P ≤ 0.001.
CI, confidence interval; IDI, integrated discrimination improvement (95% CI); MAP, 24-h mean arterial pressure; R_MAP, residual of MAP regressed on PTTR; NRI, net reclassification 
improvement (95% CI); PTTR, percentage of time that the 24-h blood pressure is within the target range.
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as evidenced by the log-likelihood statistic, the AUC and the IDI and NRI 
indexes. The 24–h PTTR refined the association with mortality in 15.2% of 
individuals and with the co-primary cardiovascular endpoint in 19.5%. The 
statistically significant increase in IDI by 1.25% (for the fullest-adjusted 
model of cardiovascular endpoints), albeit of small magnitude, reflects 
the increase in the average sensitivity given no change in specificity. For 
both endpoints, the addition of 24–h PTTR yielded the greatest increase 
in NRI and IDI, and PTTR combined with R_MAP the greatest increase in 
the C-index and IDI. Finally, multivariable-adjusted cubic spline models 
showed an inverse association of all endpoints with 24–h PTTR defined 
by the current and previous thresholds, i.e. <115/651 and <130/ 
80 mmHg,26–28 respectively. Removing the elevated 24-h ABP from the 
non-hypertensive 24–h ABP reduced the 24–h PTTR required to attain 
reduced relative risk for an adverse health outcome from ∼60% to 
∼18% (14.4–4.3 h) (Structured Graphical Abstract).

The 2024 ESC guidelines for the management of BP1 considered that 
the association between adverse health outcomes and BP is continuous 
with risk increasing from levels of systolic/diastolic OBP as low as 110/ 
70 mmHg. The task force therefore simplified the classification of OBP 
into non-elevated BP (<120/70 mmHg), elevated BP (120–139/70– 
89 mmHg), and hypertension (≥140/90 mmHg). In addition to lifestyle 
measures, antihypertensive drug treatment is indicated in hypertensive 
patients. In recognition of the multiplicative nature of cardiovascular 
risk factors,37 the same recommendation also applies to patients with 
elevated OBP, if their 10–year cardiovascular risk is ≥10% or in the 
presence of comorbidities.1 Furthermore, the 2024 ESC guidelines1

recommended out-of-office BP monitoring to confirm the classification 
of patients and to ensure that the OBP target of 120–129/70– 
79 mmHg is corroborated by the out-of-office BP. Ambulatory BP 
monitoring is the state-of-the-art method for assessing the 

Deaths
At risk

Model

Endpoints
At risk14 230 12 919 7672 5200 2016  916

0 630    1389 2137 2778 3057
14230 12444 7178 4728 1752 815
0 756 1388 1877  2179      2254

Model

A B

Figure 2 Time-dependent receiver operator characteristic curves for the co-primary endpoints in relation to the percentage of time with 
non-elevated 24–h ambulatory blood pressure. The non-elevated 24–h ambulatory blood pressure is <115 mmHg systolic and <65 mmHg diastolic. 
The area under the curve for total mortality (A) and the co-primary cardiovascular endpoint (B) increases with longer follow-up, because of the accrual 
of deaths and cardiovascular endpoints. The number of participants at risk and the number of deaths or cardiovascular endpoints is tabulated for 5-year 
intervals. The area under the curve is plotted for three models: (i) the base model including cohort (random effect), sex, age, body mass index, smoking 
and drinking, the total-to-HDL serum cholesterol ratio, antihypertensive drug treatment, and history of cardiovascular disease; (ii) the base model ex
tended by the residual of 24–h mean arterial pressure regressed on percentage of time that the 24-h blood pressure is within the target range (R_MAP); 
and (iii) the base model extended by the residual of 24-h mean arterial pressure regressed on percentage of time that the 24-h blood pressure is within 
the target range (R_MAP) and percentage of time that the 24-h blood pressure is within the target range (PTTR). The insert is a magnification of the 
three plotted lines at 15 years of follow-up. The full model including covariables, 24–h residual of mean arterial pressure and 24–h percentage of time 
with non-elevated ambulatory blood pressure results in a significantly greater area under the curve compared with both other models (P < .001). AUC, 
area under the curve; PTTR, percentage of time that the 24-h blood pressure is within the target range; R_MAP, residual of mean arterial pressure 
regressed on PTTR
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out-of-office BP.32,38 The proposed thresholds are <115/65, <120/70, 
and <110/60 mmHg for the non-elevated 24–h, daytime, and nighttime 
ABP, respectively. The 2018 ESC/ESH actionable thresholds29 were 
≥130/80, ≥135/85, and ≥120/70 mmHg, i.e. 15/15 mmHg higher for 
systolic/diastolic 24–h and daytime ABP and 10/10 mmHg higher for 
nighttime ABP.

Clinical implications
Population studies across all races and ethnicities highlight that hyper
tension is the major modifiable driver of cardiovascular complications. 

According to the 2019 Global Burden of Disease Study, hypertension is 
by far the leading risk factor causing death and disability.39 Physicians 
should be made aware that timely prevention before target organ dam
age becomes symptomatic or irreversible is the way forward. From 
young to old age, the absolute risk associated with BP increases, as evi
denced by the incidence rates of adverse health outcomes,40 whereas 
over the same age span, relative risk as quantified by HRs falls. A life- 
course perspective in the management of elevated BP and hypertension 
is therefore necessary.41

Verdecchia et al.42 recently published a seminal review of rando
mized clinical trials, comparing lower with higher BP targets. The take- 

A

C D

B

Figure 3 Association between the risk of the co-primary endpoints and the percentage of time with non-elevated or non-hypertensive 24-h ambu
latory blood pressure. Hazard ratios are obtained by cubic spline regression for total mortality (A, B) and the co-primary cardiovascular endpoint (C, D). 
The non-elevated 24-h ambulatory blood pressure is currently <115/65 mmHg (A, C ), while the 2018 European Society of Cardiology/European 
Society of Hypertension non-hypertensive 24-h ambulatory blood pressure, which includes the elevated 24–h ambulatory blood pressure, is <130/ 
80 mmHg (B, D). Hazard ratios are adjusted for cohort (random effect), sex, age, body mass index, smoking and drinking, the total-to-HDL serum chol
esterol ratio, antihypertensive drug treatment, diabetes, history of cardiovascular disease, and the residual of 24-h mean arterial pressure regressed on 
percentage of time that the 24-h blood pressure is within the target range. Shaded bands represent the 95% confidence interval of the regression line 
and grey bars the distribution of 24–h percentage of time with non-elevated ambulatory blood pressure (number of individuals). P-linear and 
P-non-linear indicate the significance of the linear and non-linear model components. The 2024 European Society of Cardiology non-elevated 24–h 
percentage of time with non-elevated ambulatory blood pressure, compared with the 2018 European Society of Cardiology/European Society of 
Hypertension non-hypertensive 24–h percentage of time with non-elevated ambulatory blood pressure, shortened the interval required to reduce 
relative risk from 60% to 18% (14.4–4.3 h). CI, confidence interval; HR, hazard ratio; 24-h PTTR, percentage of time that 24-h ambulatory blood pres
sure is within the target range
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home message was that the lowest well-tolerated BP is a simple and 
universally applicable BP target in the management of hypertension, a 
treatment goal also referred to in the 2024 ESC guidelines1 as the 
BP level as low as reasonably achievable. However, in high- and 
middle-income countries, the rule of halves still applies, indicating halv
ing of the prevalence at each step from being aware of hypertension, 
being treated, and having BP controlled.43 Statistics in low-income 
countries, such as in sub-Saharan Africa,44 are even much worse.

In a categorical analysis, Cox models were constructed by the devi
ation from mean coding, which compares the risk in each 24-h PTTR 
quartile to the average risk in the whole study population and allows 
to generate 95% CIs for each quartile. For all primary and secondary 
endpoints, HRs were significantly greater than unity in Q1 and signifi
cantly lower than unity in Q4. The P-values for a decreasing trend in 
the risk from Q1 (worst BP control) to Q4 (best BP control) were 
all significant. These results (see Supplementary data online, Table S6), 
taken together with the average BP values categorized by quartiles of 
the 24–h PTTR and tabulated in Table 1, suggest that patients who 
are hypertensive by any international criteria26–28 are at the highest 
risk and have the most to gain from treatment. Given that the associ
ation of adverse health effects with the BP level is log-linear40 and 
that risk factors are multiplicative,37 the delivery of healthcare should 
prioritize patients with established hypertension and those with ele
vated BP with a 10–year cardiovascular risk of ≥10%, as highlighted 
not only in the 2024 ESC guidelines,1 but in other international recom
mendations as well.26–28

Office BP is the standard method to diagnose and manage hyperten
sion. From this perspective, a supplemental analysis (Figure 1) demon
strated that in untreated participants, the predicted probabilities of 
belonging to the fourth 24–h PTTR quartile (better 24–h BP control) 
were only 0.35/0.44 and 0.13/0.07 for a systolic/diastolic OBPs of respect
ively 120/70 and 140/90 mmHg and 0.26/0.27 and 0.15/0.08 in patients on 
antihypertensive drug treatment. These observations highlight that with 
regard to optimal 24–h BP control, most patients were misclassified based 
on OBP. Although recommended by international guidelines26–29 as the 
primary approach to verify the OBP level, the technique is not universally 
available, particularly in low- and middle-income countries and is not read
ily accepted by all patients, because of the discomfort caused by the cuff 
inflations and the disturbance of sleep. Home BP measurement is the re
commended alternative,26–29 increases adherence to antihypertensive 
drug treatment,45 and is less expensive to set up and therefore applicable 
in low-income countries.46

Strengths and limitations
Several characteristics set the current study apart from previous re
ports: PTTR assessment accounting for systolic and diastolic BPs in a 
single variable, the use of ABP, the state-of-the-art method for record
ing the out-of-office BP,32,38 and the person-level meta-analysis of un
biased population cohorts enrolled in very diverse regions from the 
world. This approach is superior to pooling summary statistics from 
several studies47 or examining selected patients with hypertension, dia
betes, or comorbidities. Nevertheless, the present study has also sev
eral limitations. First, the linear interpolation applied to compute 
PTTR is inferior to beat-to-beat approaches, such as for instance imple
mented by intra-arterial BP monitoring.48 Cuffless devices are a non- 
invasive alternative but are not recommended by the 2024 ESC guide
lines.1 Second, the current meta-analysis, albeit prospective, as all ob
servational studies, remains vulnerable to confounding. However, a 
wide array of major confounders was considered, albeit that residual 
confounding is always possible, for instance by renal dysfunction, for 

which no adjustment was possible given that serum creatinine was 
not measured in all cohorts. Moreover, the current results are congru
ent with clinical trials, in which patients were randomized to intensive 
(<120 mmHg) compared with usual (<140 mmHg) BP control.49,50

Third, in all participants, OBP and ABP were only measured at baseline. 
Although the non-elevated ABP (ESC 2024)1 and non-hypertensive 
ABP (ESC/ESH 2018)29 were analysed as benchmarks, the current re
port cannot be considered as directly supporting the ESC guidelines. 
Indeed, no information was collected on the change in BP or hyperten
sion status over time nor about the use of antihypertensive drugs and 
the optimization of BP-lowering treatment, as proposed in the 2024 
ESC guidelines.1 Fourth, potential complications of excessive BP lower
ing, such as syncope, falls, or acute kidney injury, are unavailable in the 
IDACO database, thereby limiting the applicability of the findings, in 
particular to frail patients and the very elderly. However, in the patients 
randomized in the double-blind placebo-controlled HYVET trial51 (age 
range 80–105 years; interquartile range 81.2–85.3 years), active treat
ment reduced stroke mortality by 39%, all-cause mortality by 21%, 
and the incidence of heart failure by 64%. On active treatment, BP de
creased by 15.0/6.1 mmHg, but compared with placebo did not in
crease the rate of serious adverse events (358 vs 448). Finally, the 
IDACO cohort, although ethnically diverse, did not include Black indi
viduals born and living in Africa or individuals of Black ancestry living in 
other parts of the world, potentially limiting generalizability. However, 
compared with other racial groups, Blacks are more susceptible to the 
cardiovascular and renal complication of an elevated BP,46,52 so that a 
cautious extrapolation of the current findings is reasonable.

Conclusions
Using the state of the art for out-of-office BP monitoring,32,38 this 
person-level meta-analysis applied PTTR as metric to evaluate the 
ABP thresholds proposed in the 2024 ESC guidelines for the diagnosis 
and management of elevated BP and hypertension.1 Higher PTTR, indi
cative of more time that ABP is within the 2024 ESC target range, is as
sociated with lower rates of adverse health outcomes. Office BP often 
misclassifies individuals with regard to BP control, if not verified by the 
out-of-office BP, preferentially by ABP monitoring or otherwise by 
home BP self-measurement.
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