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Abstract
Pulse pressure amplification (PPA) is the brachial-to-aortic pulse pressure ratio and decreases with age and cardiovascular
risk factors. This individual-participant meta-analysis of population studies aimed to define an outcome-driven threshold for
PPA. Incidence rates and standardized multivariable-adjusted hazard ratios (HRs) of cardiovascular and coronary endpoints
associated with PPA, as assessed by the SphygmoCor software, were evaluated in the International Database of Central
Arterial Properties for Risk Stratification (n= 5608). Model refinement was assessed by the integrated discrimination (IDI)
and net reclassification (NRI) improvement. Age ranged from 30 to 96 years (median 53.6). Over 4.1 years (median), 255
and 109 participants experienced a cardiovascular or coronary endpoint. In a randomly defined discovery subset of 3945
individuals, the rounded risk-carrying PPA thresholds converged at 1.3. The HRs for cardiovascular and coronary endpoints
contrasting PPA < 1.3 vs ≥1.3 were 1.54 (95% confidence interval [CI]: 1.00–2.36) and 2.45 (CI: 1.20–5.01), respectively.
Models were well calibrated, findings were replicated in the remaining 1663 individuals analyzed as test dataset, and NRI
was significant for both endpoints. The HRs associating cardiovascular and coronary endpoints per PPA threshold in
individuals <60 vs ≥60 years were 3.86 vs 1.19 and 6.21 vs 1.77, respectively. The proportion of high-risk women
(PPA < 1.3) was higher at younger age (<60 vs ≥60 years: 67.7% vs 61.5%; P < 0.001). In conclusion, over and beyond
common risk factors, a brachial-to-central PP ratio of <1.3 is a forerunner of cardiovascular coronary complications and is an
underestimated risk factor in women aged 30–60 years. Our study supports pulse wave analysis for risk stratification.
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Introduction

Pulse pressure (PP), the difference between systolic and
diastolic blood pressure (BP), oscillates around mean
arterial pressure and increases from the central to the per-
ipheral arteries, causing PP amplification (PPA) [1–5]. PPA
is most commonly represented by the ratio of brachial-to-
aortic PP [1–5]. Over the human lifespan, PPA decreases
as a consequence of arterial stiffening associated with aging
and further promoted by hypertension, dyslipidemia, dia-
betes, and chronic kidney disease [4, 6]. Stiffening of
the central elastic arteries leads to the earlier return of
backward waves from peripheral reflection sites [1, 5],
thereby increasing central systolic pressure, so that the ratio
of brachial-to-aortic PP decreases. Among healthy, nor-
motensive individuals enrolled in the Anglo-Cardiff
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Collaborative Trial (ACCT), PPA decreased from 1.72 in
teenagers to 1.25 in octogenarians [7]. In populations [2]
and patients [8], arterial stiffening, as captured by lower
PPA, is associated with higher cardiovascular risk [2, 3],
coronary artery diseases [9], deterioration of renal function
[8], and mortality [3]. However, few prospective studies
focused on the incidence of major cardiovascular compli-
cations in relation to PPA. To the best of our knowledge,
there is therefore no published outcome-driven PPA
threshold, which might alert clinicians for the risk of car-
diovascular complications related to falling PPA. To
address this issue, the current individual-participant level
meta-analysis defined, calibrated and validated an outcome-
driven threshold for PPA, using the International Database
of Central Arterial Properties for Risk Stratification
(IDCARS) [10].

Methods

Study participants

The study protocol paper describes the construction of the
IDCARS database [10]. The longitudinal studies extracted
from the IDCARS resource qualified for the current

analysis, if information on brachial and central BP and
cardiovascular risk factors was available at baseline, if the
arterial pulse waveform had been measured, if follow-up
included both fatal and nonfatal endpoints, if study reports
were published in peer-reviewed journals, and if the study
participants were representative for a population. All studies
complied with the Helsinki Declaration on research in
humans [11] and were approved by the competent Institu-
tional Review Boards. Participants provided written
informed consent. All data were stripped from personal
identifiers, and if required by national legislations, addi-
tional ethical clearance was obtained. Supplementary
Table S1 lists cohort-specific information on the catchment
area, sampling strategies, timeframes of recruitment and
follow-up, and initial participation rates. Enrolment took
place from 1985 until 2015. For the present analysis,
baseline refers to the first measurement of central and per-
ipheral BP along with cardiovascular risk factors (October
2000 until February 2016). Across studies, the last follow-
up took place from October 2012 to December 2018
(Supplementary Table S1). Of 6650 IDCARS participants
qualifying for analysis, we excluded 1042 because they
were younger than 30 years without endpoints (n= 954),
peripheral PP was >130 mmHg (n= 10), central systolic BP
was <70 mmHg (n= 1) or >230 mmHg (n= 1), central
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diastolic BP was >150 mmHg (n= 1) or <55 mmHg
(n= 15), or because the pulse wave analysis was missing
(n= 60). This left 5608 participants for statistical analysis.

Pulse wave analysis

Brachial BP, measured immediately prior to the hemody-
namic assessment after participants had rested for 5 up to
15 min in the supine position, was the average of two
consecutive readings. Experienced observers recorded the
radial arterial waveform at the dominant arm during an 8-s
period by applanation tonometry. They used a high-fidelity
SPC-301 micromanometer (Millar Instruments Inc., Hous-
ton, TX), interfaced with a SphygmoCor CvMS device and
a laptop computer running SphygmoCor software (AtCor
Medical Inc., Itasca, IL). Recordings were discarded, if
systolic or diastolic variability of consecutive waveforms
exceeded 5% or if the amplitude of the pulse wave signal
was below 80 mV, or if the operator index was <70%. From
the radial signal, the SphygmoCor software reconstructs the
aortic pulse wave by means of a validated generalized
transfer function [12]. Estimates of central blood pressure
were calibrated on brachial systolic and diastolic BP. PPA
was the brachial-to-aortic PP ratio.

Ascertainment of endpoints

We ascertained the incidence of fatal and nonfatal endpoints
from the appropriate sources in each country. The primary
endpoint was a composite cardiovascular outcome consist-
ing of cardiovascular mortality, sudden death and nonfatal
endpoints, including myocardial infarction, heart failure,
stroke, and coronary arterial revascularization. The coronary
endpoint comprised sudden death and fatal and nonfatal
myocardial infarction and coronary revascularization. The
endpoints are listed in Supplementary Table S2. All end-
points were validated against hospital files or medical
records held by primary care physicians or specialists. Only
the first event within each category was considered in the
analysis of outcome.

Statistical analysis

Statistical methods are described in detail in the online-only
Data Supplement (pp. 2–5). In exploratory analyses, inci-
dence rates of endpoints were tabulated by tertiles of the
PPA distribution, while applying the direct method for
standardizing rates for cohort, sex and age (<40, 40–59, ≥60
years). The cumulative incidence of the cardiovascular and
coronary endpoints was plotted, while accounting for
cohort, sex, age and heart rate.

Multivariable-adjusted Cox models accounted for cohort
(random effect), sex, age, heart rate, body mass index,

smoking and drinking, the total-to-HDL serum cholesterol
ratio, the glomerular filtration rate estimated from serum
creatinine by the chronic kidney disease epidemiology
collaboration equation [13], antihypertensive drug intake,
history of cardiovascular disease and diabetes. The pro-
portional hazards assumption was checked by the
Kolmogorov-type supremum test.

After stratification for sex, median age (53.6 years) and
cohorts (n= 9; Supplementary Table S1), a random func-
tion was applied to subdivide the total IDCARS study
population (n= 5608) into a discovery (n= 3945) and
replication (n= 1663) sample. The size of the discovery
dataset required 171 cardiovascular endpoints to demon-
strate a difference between high-risk (above PPA risk
threshold) and low-risk (below PPA risk thresholds) indi-
viduals with the α-level and power set at 0.05 and 0.80,
respectively [14]. The default significance throughout the
current study was a two-tailed α-level of ≤0.05 with the SE
to compute two-sided confidence intervals [CI] set at 1.96.
However, given the prior probability in the discovery
dataset, in the replication analysis, the α-level was a one-
tailed level of ≤0.05 and the SE to compute CIs was 1.65.

To determine an operational threshold for PPA in the
discovery dataset, a two-pronged strategy [15, 16] was
applied using Cox regression. First, multivariable-adjusted
HRs were computed for 0.1 increments in PPA from the
10th to the 90th percentile of the PPA distribution. These
HRs expressed the risk in participants, whose PPA excee-
ded the cut-off point vs the average risk in the whole
population. The HRs with CIs were plotted as function of
increasing PPA thresholds to assess at which PPA level the
upper 95% confidence limit of the HRs crossed unity, sig-
nifying decreased risk [15]. Next, PPA thresholds were
obtained by determining the PPA levels yielding a 5-year
risk equivalent to the risk associated with a brachial systolic
BP of 120-, 130-, 140- and 160 mmHg [16]. Model cali-
bration was evaluated by comparing the predicted risk
against overoptimism-corrected Kaplan–Meier estimates in
PPA quintiles. The performance of PPA in risk stratification
was assessed from 2-by-2 tables providing specificity,
sensitivity and related statistics, the area (AUC) under the
receiver operating curve (ROC), the area (AUC) under the
receiver operating curve, and by the integrated discrimina-
tion improvement (IDI) and the net reclassification
improvement (NRI) [17].

Finally, subgroup analyses were conducted in partici-
pants stratified by sex, age (<60 vs ≥60 years), median
systolic BP (<130 vs ≥130 mmHg) and antihypertensive
treatment status. To compare relative risk across these
strata, deviation from mean coding [18] was applied. In a
further sensitivity analysis, models for the coronary end-
point were additionally adjusted for diastolic BP, the driv-
ing force of the coronary circulation.
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Results

Baseline characteristics of participants

Table 1 lists the main characteristics of the 5608 analyzed
participants. Mean age at baseline was 54.2 years. Among
all participants, 2988 (53.3%) had hypertension, 1946
(34.7%) were on antihypertensive treatment. Of 1946
patients reporting information on antihypertensive drugs,
672 (34.5%) and 1274 (65.5%) were taking a single agent
or combination therapy, respectively. Drug classes taken
were diuretics in 648 (33.3%) patients, β-blockers in 747
(38.4%), inhibitors of the renin–angiotensin system in 1184
(60.8%), and vasodilators in 833 (42.8%). Among the
5608 study participants (Table 1), 3035 (54.1%) were
women. The PPA distributions is shown in Supplementary
Fig. S1. The association between PPA and age is shown in
Supplementary Fig. S2. Compared to women, more men
reported smoking cigarettes (33.7% vs 10.2%) or consum-
ing alcoholic beverages (75.4% vs 28.9%).

Incidence of endpoints

Over a median follow-up of 4.1 years (interquartile range
(IQR): 3.6–6.9 years; 5th–95th percentile interval: 2.2–12.1
years), of 5608 participants, 255 (4.55%) experienced a
cardiovascular endpoint and 109 (1.94%) a coronary end-
point, resulting in rates of 9.59 events per 1000 person-
years (confidence interval (CI): 8.82–10.4) and 4.05 events
per 1000 person-years (CI: 3.53–4.57), respectively. Across
tertiles of the PPA distribution, the crude rates of cardio-
vascular and coronary endpoints decreased with higher PPA
category (Supplementary Table S3). Figure 1 shows the
cumulative incidence of the cardiovascular and coronary
endpoints by PPA tertiles with adjustment for cohort (ran-
dom effect), sex and age. Given that in the whole study
population, PPA was a risk factor, in the next step of the
analysis, we first determined an outcome-driven threshold
in the discovery sample.

Analysis of the discovery sample

Multivariable-adjusted HRs were plotted against PPA thresh-
olds stepwise increasing by 0.1 over the 10th–90th percentile
range of the PPA distribution (Fig. 2A, B). These
multivariable-adjusted HRs expressed the 5-year risks of car-
diovascular and coronary endpoints associated with succes-
sively increasing PPA thresholds compared to the average risk
in the discovery cohort. The upper 95% confidence limit of the
HRs crossed unity at a PPA level of 1.28 and 1.26 for the
cardiovascular and coronary endpoints, respectively. Further-
more, the PPA thresholds yielding a risk equivalent with a
systolic BP of 140mmHg were 1.28 (CI: 1.19–1.36) and 1.29

(CI: 1.22–1.36) for the cardiovascular and coronary endpoints
(Fig. 2C, D). With rounding applied, the PPA thresholds
distinguishing between low and high risk of the two endpoints

Table 1 Baseline characteristics of participants

Characteristic Discovery Replication All

Number in group 3945 1663 5608

Number with characteristic (%)

Ethnicity

White Europeans 1684 (42.7) 701 (42.2) 2385 (42.5)

Chinese 1279 (32.4) 544 (32.7) 1823 (32.5)

South Americans 982 (24.9) 418 (25.1) 1400 (25.0)

Women 2134 (54.1) 901 (54.2) 3035 (54.1)

Hypertension 2076 (52.6) 912 (54.8) 2988 (53.3)

Treated hypertension 1346 (34.1) 600 (36.1) 1946 (34.7)

Diabetes mellitus 246 (6.2) 93 (5.6) 339 (6.0)

History of
cardiovascular disease

555 (14.1) 238 (14.3) 793 (14.1)

Current smoking 853 (21.6) 326 (19.6) 1179 (21.0)

Drinking alcohol 1990 (50.4) 826 (49.7) 2816 (50.2)

Mean of characteristic (SD)

Age, y 54.2 (14.5) 54.2 (14.1) 54.2 (14.4)

Body mass index,
kg/m2

25.8 (4.9) 25.9 (4.8) 25.8 (4.8)

Brachial blood pressure, mmHg

Systolic 134.1 (20.9) 134.1 (21.2) 134.1 (21.0)

Diastolic 80.0 (10.6) 80.5 (10.8) 80.1 (10.7)

Pulse pressure 54.1 (16.3) 53.6 (16.3) 53.9 (16.3)

Central blood pressure, mmHg

Systolic 123.7 (21.0) 123.9 (21.5) 123.7 (21.2)

Diastolic 81.0 (10.8) 81.5 (11.0) 81.2 (10.9)

Pulse pressure 42.6 (16.0) 42.4 (16.2) 42.6 (16.1)

Heart rate, beats
per min

65.5 (11.4) 65.6 (11.5) 65.5 (11.4)

Total serum cholesterol,
mg/dL

194.8 (38.6) 196.8 (39.8) 195.4 (38.9)

HDL serum cholesterol,
mg/dL

57.4 (15.2) 57.6 (15.2) 57.5 (15.2)

Total-to-HDL
cholesterol ratio

3.6 (1.1) 3.6 (1.1) 3.6 (1.1)

Glomerular filtration
rate (mL/min/1.73 m2)

82.4 (19.9) 82.6 (19.1) 82.5 (19.6)

Blood glucose, mg/dL 90.6 (18.8) 90.9 (20.2) 90.7 (19.2)

Pulse pressure
amplification

1.31 (0.19) 1.31 (0.19) 1.26
(1.16–1.42)

Median follow-up
(IQR), years

4.1 (3.6–6.9) 4.2 (3.6–7.5) 4.1 (3.6–6.9)

After stratification for sex, median age (53.6 years) and cohorts, a
random function was applied to subdivide the total IDCARS study
population into a discovery and replication sample, which were well
matched (P ≥ 0.09 for all characteristics). Current smoking was
inhaling tobacco smoke on a daily basis. Drinking alcohol was the
occasional or daily consumption of alcoholic beverages. Diabetes
mellitus was use of anti-diabetic drugs, fasting blood glucose ≥126 mg/
dL, random blood glucose ≥200 mg/dL, a self-reported diagnosis, or
diabetes documented in practice or hospital records. Hypertension was
a brachial blood pressure of ≥140 mmHg systolic or ≥90 mmHg
diastolic, or use of antihypertensive drugs. The glomerular filtration
rate was derived from serum creatinine using the chronic kidney
disease epidemiology collaboration formula

HDL high-density lipoprotein
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endpoint were <1.3 vs ≥1.3). In the discovery dataset, the
adjusted HRs contrasting PPA levels of <1.3 vs ≥1.3 were 1.54
(CI: 1.00–2.36) for the cardiovascular endpoint and 2.45 (CI:
1.20–5.01) for the coronary endpoint (Table 2). These models
were well calibrated (Fig. 2E, F). A 1-SD PPA increment in
the discovery cohort yielded multivariable-adjusted HRs of
0.74 (CI: 0.26–0.97) and 0.57 (CI: 0.36–0.91) for the cardio-
vascular and coronary endpoint (Table 2).

Replication

In the replication population (Table 2), the HRs were
similar, but given the prior probability generated in the
discovery sample HRs are given with one-sided P values
and confidence intervals. However, given the smaller sam-
ple size, significance was not reached for the coronary
endpoint in the continuous analysis (P= 0.085).

Predictive performance

Supplementary Table S4 lists the performance of the 1.3
PPA threshold in the 5-year risk stratification and the AUC
for the continuously distributed PPA. For the cardiovascular
and coronary endpoints, the classification estimates derived
from 2-by-2 tables were broadly similar in the discovery,
replication and the whole dataset with specificity ~0.40 and
sensitivity ~0.80. For the continuously distributed PPA, the
AUC was around 0.60.

In the discovery and replication sample and in all parti-
cipants, NRI for the 1.3 PPA threshold was significant,
ranging from 16.1 to 33.7% and from 30.8 to 44.9% for the
cardiovascular and coronary endpoint, respectively
(Table 3). The corresponding NRI estimates in the con-
tinuous analysis ranged from 9.26 to 22.7% and from 21.5
to 30.2%. For both endpoints in the per threshold as well as
the continuous analyses IDI did not reach significance.

Subgroup and sensitivity analyses

To investigate the consistency of the 1.3 PPA threshold,
subgroup analyses were conducted in participants stratified
by sex, age (<60 vs ≥60 years), median systolic BP (<130 vs
≥130 mmHg) and antihypertensive treatment status (Fig. 3).
With full adjustments applied, the subgroup-by-PPA inter-
action terms were only significant if participants were
categorized by age (P ≤ 0.041). The HRs for a cardiovas-
cular endpoint in the age groups <60 vs ≥60 years were 3.86
(CI: 2.11–7.04) vs 1.19 (CI: 0.75–1.89); the corresponding
HRs for the coronary endpoint were 6.21 (CI: 2.50–15.4) vs
1.77 (CI: 0.80–3.89). Among 2006 young (<60 years) low-
risk individuals (PPA ≥ 1.3), 815 (40.6%) were women and
129 (6.43%) had isolated systolic hypertension (systolic/
diastolic BP: ≥140/<90 mmHg, irrespective of treatment
status), while among high-risk (PPA < 1.3) individuals in
the same age band these numbers were 1107 (67.7%) and
208 (12.7%), respectively (P < 0.001 for both). Among 423
older (≥60 years) low-risk (PPA ≥ 1.3) participants, 172
(40.2%) were women and 128 (30.3%) had isolated systolic
hypertension, while among high-risk (PPA < 1.3) indivi-
duals of similar age these numbers were 943 (61.1%) and
612 (39.7%), respectively (P < 0.001 for both). The pro-
portion of women at high risk (PPA < 1.3) was higher in
young individuals (<60 vs ≥60 years: 67.7% vs 61.5%;
P < 0.001).

In multivariable models additionally adjusted for dia-
stolic BP, the HR for coronary endpoints per threshold in
the discovery dataset (PPA < 1.3 vs ≥1.3; number endpoints/
individuals at risk: 66/2230 vs 12/1715) was 2.44 (CI:
1.18–5.07; P= 0.017) and 2.79 (CI: 1.10–7.06; P= 0.034)
in the replication dataset (25/949 vs 6/714). The corre-
sponding standardized HRs for PPA as continuously dis-
tributed variable were 0.57 (CI: 0.35–0.92; P= 0.022) and
0.64 (CI: 0.34–1.20; P= 0.12).

Fig. 1 Cumulative incidence of
the cardiovascular and coronary
endpoints by tertiles of pulse
pressure amplification.
Cumulative incidence of the
cardiovascular (A) and coronary
(B) endpoints was derived by
Cox regression with adjustment
for cohort, sex and age. P values
denote the overall significance
of the difference between the
PPA categories. Vertical lines
denote the SE. Tabulated data
are the number of participants
at risk at 5-year intervals

2482 Q.-F. Huang et al.



An outcome-driven threshold for pulse pressure amplification 2483



Discussion

According to our reading of the literature, the current study
breaks new grounds in two ways. First, it is a prospective
population study showing that lower PPA is a risk factor for
fatal combined with nonfatal cardiovascular and coronary
endpoints. Foremost, it defined and replicated an outcome-

driven PPA threshold of 1.3, which particularly below
age 60 indicated risk of a cardiovascular or coronary
endpoint.

To our knowledge, only three longitudinal population
studies reported on the risk associated with PPA. The
PARTAGE (Predictive Values of Blood Pressure and
Arterial Stiffness in Institutionalized Very Aged Population)
Study included 1126 participants (77.6% women), who
were living in French and Italian nursing homes (mean age:
88.5 years) [3]. During the 2-year follow-up, 247 subjects
died, and 228 experienced a major cardiovascular endpoint.
A 10% PPA increase was associated with decreases in the
event rates amounting to 24% and 17% for total mortality
and cardiovascular events, respectively. In the current
study, participants with a risk-carrying PPA had a sig-
nificant higher rate of isolated systolic hypertension (25.8%
vs 10.6%) and the HRs contrasting the risk of cardiovas-
cular and coronary endpoints per PPA threshold in indivi-
duals <60 vs ≥60 years were 3.86 vs 1.19 and 6.21 vs 1.77,
respectively. In the Framingham Heart Study [19], invol-
ving 2232 participants (58% women; mean age: 63 years),
151 cardiovascular endpoints occurred over 7.8 years of
follow-up. Several indexes reflecting aortic stiffness were
predictive, but the standardized multivariable-adjusted
hazard ratio for PPA was 0.86 (CI: 0.19–3.82; P= 0.84).
The Anglo-Cardiff Collaborative Study involved healthy
people and patients with risk factors, such as hypertension,
hypercholesterolemia, smoking or diabetes and patients
with a history of cardiovascular disease [20]. The 10,613
participants were from 18 to 101 years old (50.8% women).
In this report, PPA was expressed as the reciprocal of the
traditionally used definition, so that higher values repre-
sented individuals with a relatively higher aortic pressure
for a given brachial pressure. The aorta-to-brachial PP ratio
averaged 0.72 in healthy subjects (1.39 according to the
current PPA definition) and was consistently and sig-
nificantly higher in all other groups (range of means:
0.77–0.80 [1.25–1.30 according to the current definition])
except in smokers (mean value: 0.66 [1.51]).

Pulse pressure amplification and aging

There is large consistency among reports describing the age
dependency of PPA. In both women and men, central sys-
tolic BP increased more with age than brachial systolic BP
(P < 0.001) [21, 22]. The cross-sectional ACCT [7],
including 4001 healthy, normotensive individuals, aged
18–90 years, showed that PPA decreased from 1.72 in
teenagers to 1.25 in octogenarians. Another study combined
volunteers recruited from the community and patients
attending an open access clinic for the assessment of car-
diovascular risk [23]. Patients with cardiovascular disease,
diabetes or on drug treatment were excluded, but not those

Fig. 2 Threshold and calibration of pulse pressure amplification (PPA)
in the discovery sample including 3945 participants. Hazard ratios
(HRs) express the risk at each PPA level relative to the average risk in
the whole discovery sample for cardiovascular (A) and coronary
endpoints (B). The upper confidence limit crosses unity, denoted by
the vertical line, at 1.28 and 1.26 for cardiovascular and coronary
endpoints, signifying decreased risk. The PPA levels yielding
equivalent 5-year risks compared with a systolic blood pressure of
140 mmHg were 1.28 and 1.29 for the cardiovascular (C) and coronary
(D) endpoints, respectively. Model calibration for the cardiovascular
(E) and coronary (F) endpoints demonstrated that across PPA quintiles
the predicted risk was similar compared with the overoptimism-
corrected Kaplan–Meier estimates. All analyses were multivariable
adjusted for cohort (random effect), sex, age, body mass index, heart
rate, smoking and drinking, total-to-HDL serum cholesterol ratio,
estimated glomerular filtration rate, antihypertensive drug intake, his-
tory of cardiovascular disease, and diabetes

Table 2 Endpoints in relation to PPA per threshold or analyzed as
continuously distributed variable

Cohort Endpoint
Risk indicator

Ne/Nr HR (95% CI) P value

Discovery (n= 3945)

Cardiovascular

PPA < 1.3 vs ≥1.3 150/2230 vs
39/1715

1.54 (1.00–2.36) 0.048

PPA+ 1 SD 189/3945 0.74 (0.56–0.97) 0.031

Coronary

PPA < 1.3 vs ≥1.3 66/2230 vs
12/1715

2.45 (1.20–5.01) 0.014

PPA+ 1 SD 78/3945 0.57 (0.36–0.91) 0.018

Replication (n= 1663)

Cardiovascular

PPA < 1.3 vs ≥1.3 53/949 vs 13/
714

2.02 (1.07–3.78) 0.033

PPA+ 1 SD 66/1663 0.61 (0.39–0.96) 0.036

Coronary

PPA < 1.3 vs ≥1.3 25/949 vs 6/
714

2.90 (1.18–7.12) 0.025

PPA+ 1 SD 31/1663 0.61 (0.34–1.11) 0.085

Models were adjusted for cohort (random effect), sex, age, body mass
index, heart rate, smoking and drinking, total-to-HDL serum
cholesterol ratio, estimated glomerular filtration rate, antihypertensive
drug intake, history of cardiovascular disease, and diabetes. Given the
prior probability generated in the discovery sample, confidence
interval and P values in the replication sample are one-sided

Ne/Nr number of events/of participants at risk

2484 Q.-F. Huang et al.



with hypertension. PPA decreased linearly with age
(r=−0.70; P < 0.001) [23]. However, the association with
age of the ratio of brachial PP to the non-augmented central
PP was not statistically significant (r= 0.10; P= 0.10) [23].
In the current study, the correlation coefficient between
PPA and age was −0.50 (P < 0.001, Supplementary
Fig. S2).

Clinical relevance

That PPA declines with aging is well established [1–5].
However, among 3642 IDCARS participants younger than
60 years, 1636 (44.9%) had a risk-carrying PPA of <1.3,
indicative of early vascular aging and stiffening of the
central elastic arteries. Of these high-risk individuals, 1107
(67.7%) were women. Identifications of these individuals at
risk is clinically highly relevant, so that cardiovascular risk
factors can be timely managed to prevention cardiovascular
and coronary complications.

Study limitations

Whilst the IDCARS database is a powerful resource, our study
must be interpreted within the context of its potential limita-
tions. First, the reconstruction of the aortic pulse wave from the
radial pulse wave using the SphygmoCor technology requires
the application of a generalized transfer function, which has
been validated [24], but which has also been criticized [25].
For example, the SPC-301 micromanometer interfaced with
the SphygmoCor device uses a single pressure sensor for
applanation tonometry, but some validation studies of the
generalized transfer function have utilized a servo-controlled
automated tonometric system based on an arrayed sensor to
avoid issues related to a manually operated single sensor
[26, 27]. Second, the demographic characteristics, the period
of recruitment, and the assessment of endpoint data differed
between cohorts. However, the present analyses were adjusted
for cohort as a random effect. By design participant-level
meta-analyses allow applying the same statistical methods to

Table 3 Integrated
discrimination improvement and
net reclassification improvement
for pulse pressure amplification

Cohort Endpoint
Risk indicator

Integrated discrimination
improvement

Net reclassification
improvement

IDI (%) P NRI (%) P

Discovery (n= 3945)

Cardiovascular

PPA < 1.3 vs ≥1.3 0.12 (−0.25, 0.50) 0.52 16.1 (1.73, 30.5) 0.028

Continuous 0.27 (−0.15, 0.69) 0.21 9.26 (−5.29, 23.8) 0.21

Coronary

PPA < 1.3 vs ≥1.3 0.41 (−0.41,1.22) 0.33 33.0 (11.9, 54.2) 0.002

Continuous 0.40 (−0.47, 1.27) 0.36 21.6 (−0.41, 43.7) 0.054

Replication (n= 1663)

Cardiovascular

PPA < 1.3 vs ≥1.3 0.50 (−0.72, 1.71) 0.42 33.7 (10.0, 57.4) 0.005

Continuous 0.76 (−0.35, 1.88) 0.18 22.7 (−1.74, 47.1) 0.069

Coronary

PPA < 1.3 vs ≥1.3 0.89 (−2.08, 3.85) 0.56 44.9 (11.7, 78.2) 0.008

Continuous 1.08 (−0.60, 2.76) 0.21 30.2 (−4.45, 64.8) 0.088

All (n= 5608)

Cardiovascular

PPA < 1.3 vs ≥1.3 0.16 (−0.20, 0.53) 0.38 15.2 (2.76, 27.6) 0.017

Continuous 0.29 (−0.10, 0.68) 0.15 11.8 (−0.70, 24.3) 0.064

Coronary

PPA < 1.3 vs ≥1.3 0.49 (−0.37, 1.34) 0.26 30.8 (12.7,48.9) 0.001

Continuous 0.46 (−0.28, 1.21) 0.22 21.5 (2.85, 40.2) 0.024

The base model included cohort (random effect), sex, age, body mass index, heart rate, smoking and
drinking, total-to-HDL serum cholesterol ratio, estimated glomerular filtration rate, antihypertensive drug
intake, history of cardiovascular disease, and diabetes. The integrated discrimination improvement (IDI) is
the difference between the discrimination slopes of the base model and the base model extended by PPA.
The discrimination slope is the difference in predicted probabilities (%) between participants without and
with an endpoint. The net reclassification index (NRI) is the sum of the percentages of participants
reclassified correctly in individuals without and with an endpoint. IDI and NRI estimates are given with 95%
confidence interval
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all contributing cohorts, which is a strong point compared with
meta-analyses of summary statistics [28]. Finally, over a
median follow-up only 109 coronary endpoints occurred,
probably because the low event rate among Chinese (0.49%)
vs Europeans (2.64%) and South Americans (2.64%).

Conclusions

Over and beyond common risk factors, low PPA defined as
a brachial-to-central PP ratio of <1.3 is a forerunner of
cardiovascular and coronary complications and is an
underestimated risk factor in women aged from 30 to 60
years. Our study therefore adds to the growing evidence
supporting pulse wave analysis for risk stratification in
clinical centers where the technology is readily available. If
the technology is unavailable, such as for instance in low-
and middle-income countries, isolated systolic hypertension
can be used as a proxy for PPA [29], in particular in middle-
aged and older individuals [30]. However, an important
caveat pertains to adolescents and young adults with iso-
lated systolic hypertension. The risk of a cardiovascular
events in such patients is similar to that of age-matched
individuals without isolated systolic hypertension [31] and
lower than those with combined systolic-diastolic hyper-
tension or isolated diastolic hypertension [32, 33]. Indeed,
young adults with isolated systolic hypertension appear to
comprise a heterogeneous patients group, including those
with increased stroke volume, normal central blood pressure
but exaggerated blood pressure amplification from the
central to the peripheral arteries, and those with accelerated

vascular aging and premature arterial stiffness [34]. In these
young patients, assessing arterial stiffness is even more
indicated [35] as well as out-of-office blood pressure
monitoring to exclude white-coat hypertension [36].
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