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Summary

Background Arterial stiffening is central to the vascular ageing process and a powerful predictor and cause of diverse
vascular pathologies and mortality. We investigated age and sex trajectories, regional differences, and global reference
values of arterial stiffness as assessed by pulse wave velocity (PWV).

Methods Measurements of brachial-ankle or carotid-femoral PWV (baPWV or cfPWV) in generally healthy
participants published in three electronic databases between database inception and August 24th, 2020 were
included, either as individual participant-level or summary data received from collaborators (n = 248,196) or by
extraction from published reports (n = 274,629). Quality was appraised using the Joanna Briggs Instrument.
Variation in PWV was estimated using mixed-effects meta-regression and Generalized Additive Models for
Location, Scale, and Shape.

Findings The search yielded 8920 studies, and 167 studies with 509,743 participants from 34 countries were included.
PWYV depended on age, sex, and country. Global age-standardised means were 12.5 m/s (95% confidence interval:
12.1-12.8 m/s) for baPWV and 7.45 m/s (95% CI: 7.11-7.79 m/s) for cfPWV. Males had higher global levels than
females of 0.77 m/s for baPWV (95% CI: 0.75-0.78 m/s) and 0.35 m/s for cfPWV (95% CI: 0.33-0.37 m/s), but
sex differences in baPWV diminished with advancing age. Compared to Europe, baPWV was substantially higher
in the Asian region (+1.83 m/s, P = 0.0014), whereas cfPWV was higher in the African region (+0.41 m/s,
P < 0.0001) and differed more by country (highest in Poland, Russia, Iceland, France, and China; lowest in Spain,
Belgium, Canada, Finland, and Argentina). High vs. other country income was associated with lower baPWV
(~0.55 m/s, P = 0.048) and cfPWV (-0.41 m/s, P < 0.0001).

Interpretation China and other Asian countries featured high PWV, which by known associations with central blood
pressure and pulse pressure may partly explain higher Asian risk for intracerebral haemorrhage and small vessel
stroke. Reference values provided may facilitate use of PWV as a marker of vascular ageing, for prediction of vascular
risk and death, and for designing future therapeutic interventions.
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Research in context

Evidence before this study

Several studies investigated geographical variation in arterial
stiffness as measured by pulse wave velocity (PWV) in healthy
participants, but no survey on a global scale is available. We
searched MEDLINE (via PubMed), Web of Science, and Embase
from database inception to August 24, 2020, using search
terms pertaining to arterial stiffness and pulse wave velocity
without language restrictions. We additionally scanned
reference lists of relevant articles and reviews and included
additional unpublished datasets provided by the Study Group.
We contacted researchers for individual participant or summary
data of brachial-ankle or carotid-femoral PWV (baPWV or
cfPWV). Study quality as assessed by the Joanna Briggs
instrument was high for 83% of 167 included studies. Global
age-standardised baPWV was 12.5 m/s and cfPWV 7.45 m/s.

Introduction

Cardiovascular disease (CVD) is the leading cause of
mortality globally and a major contributor to reduced
quality of life."! Effective primary prevention of CVD
requires early identification of individuals at high risk
and early intervention. Arterial stiffening represents a
sensitive marker of vascular pathology and reflects
atherosclerosis, vascular calcification, inflammation,
and genuine vascular ageing featured by smooth muscle
cell senescence and fragmentation and degeneration of
elastic fibres (Central Illustration).” Arterial stiffness
precedes increases in blood pressure’ and is a strong
predictor of CVD and death.* Higher aortic stiffness is
associated with higher risk of heart failure,” atrial
fibrillation,® aortic aneurysms, impaired coronary artery
perfusion, and stroke.”” Arterial stiffness augments
central blood pressure, which damages the microcircu-
lation of organs with low vascular resistance, in partic-
ular kidney and brain, entailing cerebral microbleeds,
haemorrhagic stroke, lacunar stroke, and cognitive
impairment.” Aortic stiffness has also been associated
with entorhinal tau deposition,® a hallmark of Alz-
heimer’s disease.

Pulse wave velocity (PWV) is a validated, non-
invasive measure of arterial stiffness*’ that represents
the speed of the arterial pressure wave propagation
along an artery and increases in parallel with stiffness
of the vessel wall. Aortic PWV is a powerful predictor
of CVD independent of traditional risk factors'®'* and of
all-cause mortality with a 15% increase for each one m/s
increase in PWV.* Carotid-femoral PWV (cfPWV) and
brachial-ankle PWV (baPWV) are the two most

Added value of this study

We provide reference PWV values, details necessary to use
PWV in clinical routine, and comparisons between
geographical regions, countries, measurement methods and
by study quality.

Implications of all the available evidence

Arterial stiffness as measured by PWV is a surrogate of
vascular ageing and a strong predictor of cardiovascular
disease and death independent of traditional risk factors. High
PWV in China and other Asian countries may contribute to
excess incidence of ischemic and haemorrhagic stroke. Arterial
stiffness is an appealing target for pharmacological and
lifestyle intervention, however, large-scale controlled trials are
needed to guide clinicians.

commonly used types of PWV. While both reflect stiff-
ness of central conduit arteries, baPWYV is also affected
by stiffness of peripheral arteries.’

Detailed assessment of age- and sex-related variation
and reference values of PWV by world region and
country are needed to promote PWV measurement in
clinical routine. We previously reported baPWV trajec-
tories across the whole lifespan in 80,415 Chinese
community dwellers.”” Here, we performed a compre-
hensive global meta-analysis of PWV trajectories of
unprecedented size (n = 509,743). We included all
available studies that measured baPWV, cfPWV, or both
in community-dwelling or generally healthy individuals
to systematically assess global and regional distributions
and age trajectories of PWV and create a compendium
of global PWYV distributions.

Methods

For this systematic review and meta-analysis, we esti-
mated distributions and age trajectories of baPWV and
cfPWYV based on data from generally healthy individuals
examined worldwide, including individual-participant
data and summary data provided by collaborators
(n = 248,196) as well as summary data extracted from
published reports (n = 274,629), in this order of pref-
erence. All researchers identified by the systematic
literature search were contacted and invited to join the
Global PWV Study Group. Further studies or unpub-
lished data suggested by collaborators and studies cited
by studies identified via the systematic review were also
considered if inclusion criteria were fulfilled.
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Central Illustration: Pathophysiological and clinical correlates of arterial stiffness and trajectories of pulse wave velocity by age and sex. Arterial stiffness
represents a sensitive marker of vascular ageing reflecting diverse vascular pathologies (top left). Arterial stiffening increases central blood pressure and
pulse pressure, predisposing to cardiac disease by increasing afterload and decreasing coronary perfusion and damaging the microcirculation of the low
vascular resistance organs kidney and brain (top right). Pulse wave velocity (PWV) is a validated non-invasive measure of arterial stiffness and powerfully
predicts both CVD and all-cause mortality. Here we provide age- and sex-specific regional and global (bottom part of figure) distributions and reference
values for brachial-ankle and carotid-femoral PWV to facilitate routine clinical use of PWV. This figure includes content from Servier Medical Art by
Servier, licensed under a Creative Commons Attribution 3.0 unported license.
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Data collection
The systematic review identified studies by searching
the electronic databases of MEDLINE (via PubMed),
Web of Science, and Embase from database inception to
August 24, 2020, without language restrictions. The
search strategies were composed of keywords relating to
values of cfPWV or baPWV as detailed in the Appendix
(p 8). Data on generally healthy humans mainly
included data derived from community-based observa-
tional studies. Reviews, case reports, repeated studies,
patient series, duplicate data, or studies with sample
sizes below 100 were not considered. Included studies
are shown in the Appendix (pp 9-35). Study quality was
graded using the Joanna Briggs Instrument for Analyt-
ical Cross Sectional Studies as shown in the Appendix
(pp 36-41). The systematic literature search, data
extraction, and quality grading were performed by two
researchers working independently, with disagreements
resolved by consulting a third, senior researcher.
Covariables considered were age, sex, country and
year of study execution, study size, and details of the
PWYV measurement method used. Individual-participant
and summary data were allocated to groups defined by
decade of age, sex, study, and study country. Data
extracted from published reports were transformed if
needed as detailed in the Appendix (p 3). Participants
aged 90 years or older were included in a >90 age group.
World regions to which countries belonged were
based on the World Health Organization world region
classification with “Region of the Americas” split into
the Northern and Southern American continent, and
Western Pacific and South-East Asia region merged to
form an Asia region due to only one study available for
baPWV and for cfPWV each in the South-East Asia re-
gion. Only world regions with at least two studies
available were considered. Country income was taken
from World Bank Country and Lending Groups. The
impact of measurement device was assessed, and mea-
surement method was classified as oscillometry,
tonometry, or ultrasound. Measurements derived from
magnetic resonance imaging (n = 2 studies), aortic
PWYV, or pulse contour analysis (e.g., the UK Biobank
Study) were not considered. PWV is calculated as dis-
tance over transit time and the classification of different
procedures for deriving distance is shown in the
Appendix (p 4). If different PWV types (baPWV or
cfPWV) were reported in the same original publication,
data were analysed as in separate individual studies. If
year of study performance was given as a range, the
midpoint of the range was used; if not available (n =7 of
167 studies, 4.2%), year of publication was used instead.

Statistical analysis

Primary outcome parameters were averages of PWV by
age, sex, and geographical covariables, differences in
PWV between defined subgroups, and 95th percentiles
of PWV to be employed as reference values.

Global and country-wise age- and sex-conditional
distributions of PWV and reference values were
derived from individual-participant data (n = 178,073
data points and participants, 45 studies, 24 countries)
using Generalized Additive Models for Location, Scale
and Shape (GAMLSS)."” These flexible semi-parametric
models represent a generalization of the LMS method
and are preferred for the construction of reference
curves.'* More detail is given in the Appendix (p 3).

Averages of PWV by age, sex, geographical and other
covariables were derived from all available data
(n = 509,743 participants, 13,082 of which had both
baPWV and cfPWV measurements, 167 studies, 34
countries) using meta-regression of single means based
on inverse variance weighted linear mixed effects
models as implemented by the metafor R package.”
Random effects included random intercepts for indi-
vidual studies and an autoregressive AR (1) covariance
structure for decade of age. Fixed nonlinear age effects
were modelled using restricted cubic splines with four
evenly spaced knots. Effects were derived by linear
combinations of model parameters and Wald-type tests,
and likelihood ratio tests of nested models used to test
for any difference among subgroups. Age-standardised
PWYV globally and within subgroups was derived by
weighted pooling of model predictions using the age
distribution of the World Health Organization World
2000-2025 Standard Million population. Sensitivity an-
alyses included calculation of results after exclusion of
unpublished studies.

P-values are 2-sided and an alpha level of 0.05 is
used. Analysis was conducted using R version 4.2.0
(R Foundation for Statistical Computing, Vienna, Austria).

Role of the funding sources

The funding sources of the study had no role in study
design, data collection, data analysis, data interpretation,
writing of the report, or the decision to submit the
report for publication.

Results
The systematic literature search yielded 16,817 results
(8920 after exclusion of duplicate studies; Appendix p 5),
which after applying inclusion criteria resulted in 114
eligible studies. Of the studies and additional datasets
suggested by the Global PWV Study Group or refer-
enced by included studies, a further 53 fulfilled inclu-
sion criteria. Characteristics of included studies are
shown in the Appendix (pp 9-35). The global meta-
analysis of arterial stiffness included 509,743 partici-
pants of 167 studies conducted in 34 countries
(Appendix p 5). Respective numbers for baPWV were
356,450 (78 studies, 7 countries) and for cfPWV 166,375
(93 studies, 32 countries).

Global age-standardised average baPWV was 12.5 m/s
(95% confidence interval: 12.1-12.8 m/s) and cfPWV,
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Fig. 1: Global age- and sex-dependent distributions of baPWV and cfPWV. For both baPWV and cfPWV, levels and variability increased with
age. Males showed a faster increase than females in baPWV after age 20, but sex differences vanished at higher ages. For cfPWV, males featured
higher values beginning in adolescence, and the sex difference remained constant throughout the remaining lifespan. This analysis is based on
n = 178,073 individual data points and participants from 45 studies conducted in 24 countries.
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Fig. 2: Trajectories of PWV over the lifespan by country and world region. Individual lines represent individual countries and line colours, world
regions. Age trajectories of baPWV were relatively uniform within Asia and Europe individually whereas inter-country differences were more
pronounced for cfPWV trajectories. This analysis is based on data from n = 509,743 participants of 167 studies conducted in 34 countries.
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7.45 m/s (95% CI: 7.11-7.79 m/s), with higher levels
in males than in females of 0.77 m/s (95% CI:
0.75-0.78 m/s) for baPWV and 0.35 m/s (95% CIL
0.33-0.37 m/s) for cfPWV.

The global age- and sex-dependent distribution of
PWV is shown in Fig. 1 and individual quantiles and
reference values are given in the Appendix (pp 42-47).
Estimates of cfPWV age trajectories based on the cur-
rent cross-sectional data indicated an increase of cfPWV
during adolescence, followed by a slower ascent until
approximately age 60 years, and a steep ascent there-
after. For baPWYV, a similar dynamic was apparent, but
no individual participant data below age 20 years were
available. Sex differences in cfPWV emerged only after
adolescence, with higher mean cfPWV in males than
females, which remained constant during the remain-
ing lifespan. For baPWV, males had a markedly faster
increase than females during young adulthood, but at
higher ages this pattern reversed.

Investigating geographical differences, similar
baPWV levels and distributions were found within

Asian countries and within European countries (Figs. 2
and 3) with age-standardised baPWV substantially
higher in Asia vs. Europe (+1.83 m/s, P = 0.0014,
Table 1). For cfPWYV, age-standardised values were
similar between world regions (Table 2) except for Af-
rica (+0.41 m/s; P < 0.0001) but country-specific values
were more variable (Figs. 2 and 3) with cfPWV highest
in Poland, Russia, Iceland, France, and China and
lowest in Spain, Belgium, Canada, Finland, and
Argentina (Fig. 4a and D). Distributions by country are
displayed in the Appendix (pp 6-7). Of note, the United
States of America had the steepest increase in cfPWV
after age 60 (Appendix p 7). Country-specific sex dif-
ferences in PWV are summarized in Fig. 5 and indi-
cated higher PWV in males in all countries except
Germany, Hungary, Indonesia, and Poland.
Oscillometry was the dominant method for
measuring baPWV, while tonometry was the dominant
method for cfPWV. Both methods yielded comparable
PWYV values (Tables 1 and 2), and devices from different
manufacturers also tended to yield similar PWV values,
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Fig. 3: Age-standardised PWV by country and world region. Countries are ordered according to average PWV. baPWV was uniformly
lower in European as compared to Asian countries. There was a wide range of cfPWV averages between countries within the same region.
Poland, Russia, Iceland, France, and China featured the highest cfPWV. Estimates for the “Total” sex group include PWV summary data
extracted from the literature without reporting of PWV by sex and may therefore differ from pooled estimates of included data in men and

in women.
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No. = number of. Diff. = difference. Ref. = reference.

Variable Category Mean PWV (95% Cl)  No. participants  No. studies P Diff. to ref. category (95% Cl)
All data 12.5 (12.1-12.8) 356,450 78
Country China 12.8 (12.3-13.3) 227,799 29 0.029 0 (ref)

Germany 9.84 (7.74-11.94) 8478 1 -2.96 (-5.09 to -0.83)

Indonesia 12.8 (10.6-14.9) 132 1 -0.04 (-2.21 to 2.13)

Japan 12.5 (12.0-13.0) 62,837 30 -0.29 (-0.85 to 0.27)

South Korea 122 (11.5-12.8) 51,327 14 -0.64 (~1.33 to 0.05)

Spain 11.3 (9.7-12.8) 2815 2 ~1.54 (-3.09 to 0.00)

Switzerland 10.6 (8.5-12.7) 3062 1 -2.21 (-4.35 to -0.06)
Country income High Income 12.3 (11.9-12.7) 128,519 48 0.048 0 (ref)

Other Income 12.8 (12.3-13.3) 227,931 30 0.55 (0.01-1.08)
Device Sphygmocor 12.2 (10.0, 14.5) 11,014 1 0.12 0 (ref)

Omron 12.6 (12.2, 12.9) 213,674 66 0.32 (-1.89, 2.54)

Parks Doppler 10.8 (8.6, 13.0) 6719 1 -1.46 (-4.56, 1.64)

Vasera 12.0 (11.0, 13.0) 6655 5 -0.24 (-2.65, 2.18)

Vicorder 9.84 (7.67, 12.02) 8478 1 -2.40 (-5.49, 0.69)

Other 12.5 (11.4, 13.6) 109,910 4 0.24 (-2.22, 2.71)
Measurement method ~ Tonometry 12.2 (9.9-14.6) 11,014 1 0.35 0 (ref)

Oscillometry 12.5 (12.1-12.9) 338,717 76 0.25 (-2.08 to 2.58)

Ultrasound 10.8 (8.5-13.1) 6719 1 -1.46 (-4.72 to 1.80)
Path length measure Difference, Measured 11.9 (11.0-12.9) 129,958 6 0.31 0 (ref)

Absolute, Calculated 127 (12.1-13.3) 49,243 19 0.81 (-0.26 to 1.88)

Absolute, Measured 12.1 (11.1-13.2) 28,903 5 0.22 (-1.16 to 1.61)

Difference, Calculated  11.9 (11.1-12.8) 42,090 8 -0.00 (-1.24 to 1.24)

Not specified 12.6 (12.2-13.0) 106,256 40 0.68 (-0.33 to 1.68)
Region Europe 10.7 (9.6-11.8) 14,355 4 0.0020 0 (ref)

Asia 12.6 (12.2-12.9) 342,095 74 1.83 (0.71-2.94)
Study quality High Quality 12.5 (12.1-12.9) 322,153 67 0.68 0 (ref)

Other Quality 12.3 (11.6-13.1) 34,297 11 -0.16 (-0.94 to 0.61)
Study size (n) 2000+ 12.3 (11.8-12.8) 325,430 35 0.077 0 (ref)

500-2000 123 (11.8-12.8) 27,460 28 0.03 (-0.55 to 0.61)

<500 13.1 (12.4-13.8) 3560 15 0.79 (0.08-1.51)
Study year <2015 12.5 (12.1, 12.9) 335,545 65 0.35 0 (ref)

>2015 12.2 (11.5, 12.9) 20,905 13 -0.34 (-1.05, 0.37)

Mean PWV indicates age-standardised average PWV values in meters per second and 95% confidence intervals. Number of participants and number of studies give the
count of studies and participants used for each estimate in each subgroup. P (any diff.) is for any difference in standardised average PWV between category subgroups.

Table 1: Age-standardised baPWV by world region, country, and other covariables.

except for Complior devices, which on average appeared
to have higher cfPWV measurements than Sphygmocor
devices. Although found differences may be due to
differences in examined participants as opposed to
differences in measurement devices, prior studies
involving direct comparisons of measurement devices
also found higher measured PWV with Complior
devices.'® Whereas baPWV showed no appreciable dif-
ferences according to how path length in the calculation
of PWV was derived, with the different derivation
methods depicted in the Appendix (p 4), cfPWV based
on the difference between heart-carotid and heart-
femoral distance was on average lower than cfPWV
based on the absolute carotid-femoral distance (Table 2).
When repeating the main analysis while excluding un-
published studies, results remained very similar and the
main conclusions were unchanged (Appendix p 48).
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No

significant differences
cfPWV or baPWV were observed according to study

quality, study size, or study year.

Discussion

in age-standardised

Arterial stiffening is paramount to vascular ageing and is
associated with atherosclerosis, vascular calcification and
inflammation, diabetes and chronic kidney disease,
microangiopathy, and genuine vascular ageing repre-
sented by smooth musdle cell senescence and extracel-
lular matrix elastin loss.? Further possible determinants
of arterial stiffening include statin therapy,” thyroid dis-
orders, and autoimmune disease.”* PWV, a simple, non-
invasive measure of arterial stiffness, is one of the
strongest predictors of mortality and CVD independent
of vascular risk factors.*'>?° Arterial stiffening contributes
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Variable Category Mean PWV (95% Cl) No. participants No. studies P (any diff.) Diff. to ref. category (95% CI)
All data 7.45 (7.11-7.79) 166,375 93
Country China 8.46 (7.68-9.24) 35,749 9 <0.0001 0 (ref)
Algeria 7.79 (6.84-8.75) 424 2 -0.67 (-1.88 to 0.55)
Angola 8.06 (6.44-9.69) 737 2 -0.39 (-2.19 to 1.41)
Argentina 6.05 (3.79-8.31) 1710 1 -2.41 (-4.79 to -0.03)
Australia 6.80 (5.17-8.43) 3619 2 -1.66 (-3.45 to 0.13)
Austria 7.33 (5.68-8.98) 2696 2 -1.13 (-2.95 to 0.69)
Belgium 5.77 (3.47-8.06) 2444 1 -2.69 (-5.10 to -0.28)
Brazil 7.35 (6.56-8.14) 26,027 9 -1.10 (-2.19 to -0.02)
Canada 5.88 (3.55-8.21) 315 1 -2.58 (-5.04 to -0.12)
Czech Republic 6.65 (4.37-8.93) 1031 1 -1.81 (-4.20 to 0.59)
Finland 6.03 (4.39-7.68) 1046 2 -2.43 (-4.23 to -0.62)
France 8.69 (7.80-9.59) 5454 7 0.24 (-0.92 to 1.40)
Germany 8.33 (6.06-10.59) 8456 1 -0.13 (-2.51 to 2.25)
Greece 7.89 (6.74-9.04) 3651 4 -0.57 (-1.94 to 0.80)
Hungary 7.23 (6.28-8.18) 445 1 -1.23 (-2.44 to -0.02)
Iceland 8.98 (6.66-11.30) 940 1 0.52 (-1.91 to 2.96)
India 6.63 (4.30-8.95) 1770 1 -1.83 (-4.28 to 0.62)
Italy 7.44 (6.49-8.39) 9044 5 -1.02 (-2.22 to 0.19)
Lithuania 7.44 (5.01-9.87) 355 1 -1.02 (-3.56 to 1.52)
Macedonia 7.59 (5.32-9.86) 558 1 -0.87 (-3.25 to 1.52)
Netherlands 8.11 (7.15-9.07) 8998 6 -0.35 (-1.56 to 0.87)
Poland 9.42 (7.77-11.06) 920 2 0.96 (-0.85 to 2.76)
Portugal 7.91 (6.58-9.23) 5877 3 -0.55 (-2.08 to 0.97)
Russia 9.38 (7.10-11.66) 279 1 0.92 (-1.48 to 3.32)
South Africa 6.36 (5.20-7.52) 2876 4 -2.10 (-3.48 to -0.71)
South Korea 6.18 (5.02-7.34) 1608 4 -2.28 (-3.65 to -0.90)
Spain 5.66 (3.36-7.95) 265 1 -2.80 (-5.21 to -0.39)
Sweden 7.05 (4.74-9.35) 3056 1 -1.41 (-3.83 to 1.00)
Switzerland 6.44 (4.83-8.06) 2039 2 -2.01 (-3.79 to -0.24)
United Kingdom 6.37 (5.32-7.42) 11,069 5 -2.09 (-3.37 to -0.80)
United States of America 7.22 (6.51-7.93) 19,374 11 -1.24 (-2.26 to -0.21)
Uruguay 7.04 (4.79-9.29) 3543 1 -1.42 (-3.79 to 0.96)
Country income High Income 7.32 (6.98-7.66) 96,245 64 <0.0001 0 (ref)
Other Income 7.74 (7.38-8.09) 70,130 30 0.41 (0.26-0.57)
Device Sphygmocor 7.00 (6.55, 7.46) 53,799 36 0.0008 0 (ref)
Complior 8.48 (7.97, 8.98) 45,591 28 1.47 (0.83, 2.12)
Omron 6.77 (5.49, 8.05) 6382 4 -0.23 (-1.57, 1.11)
Parks Doppler 6.62 (5.35, 7.89) 10,268 4 -0.38 (-1.71, 0.95)
Pulsepen 8.06 (6.77, 9.35) 18,977 4 1.06 (-0.29, 2.41)
Vasera 6.75 (4.17, 9.33) 339 1 -0.26 (-2.86, 2.35)
Vicorder 6.76 (5.71, 7.82) 15,815 6 -0.24 (-1.37, 0.89)
Other 7.00 (6.18, 7.81) 15,204 10 -0.01 (-0.92, 0.90)
Measurement method Tonometry 7.62 (7.25-7.98) 132,698 76 0.080 0 (ref)
Oscillometry 6.77 (5.90-7.64) 22,536 11 -0.85 (-1.76 to 0.07)
Ultrasound 6.67 (5.51-7.83) 11,141 6 -0.94 (-2.14 to 0.25)
Path length measure  Difference, Measured 6.94 (6.39-7.49) 58,595 28 0.13 0 (ref)
Absolute, Calculated 6.77 (3.93-9.61) 339 1 -0.17 (-3.05 to 2.71)
Absolute, Measured 7.88 (7.31-8.44) 50,391 27 0.94 (0.18-1.70)
Absolute, Measured, Corrected Or Alternative Distance 8.10 (6.95-9.25) 13,175 6 1.16 (-0.10 to 2.42)
Not specified 7.46 (6.93-7.98) 43,875 31 0.52 (-0.22 to 1.25)
Region Europe 7.50 (7.07-7.93) 68,623 47 <0.0001 0 (ref)
Africa 7.91 (7.46-8.36) 4037 8 0.41 (0.25-0.57)
Asia 7.56 (6.82-8.30) 42,746 16 0.06 (-0.77 to 0.88)
North America 7.10 (6.25-7.95) 19,689 12 -0.40 (-1.32 to 0.53)
South America 7.19 (6.30-8.08) 31,280 11 -0.31 (-1.28 to 0.65)

(Table 2 continues on next page)
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Variable Category

Mean PWV (95% Cl) No. participants No. studies P (any diff.)

Diff. to ref. category (95% Cl)

(Continued from previous page)

High Quality

Other Quality

Unknown

Study size (n) 2000+
500-2000
<500

Study year <2015
>2015

Study quality

7.43 (7.06-7.79) 135,861 76 0.44 0 (ref)

6.94 (5.75-8.14) 7097 6 -0.48 (-1.71 to 0.75)
7.89 (7.00-8.77) 23,417 11 0.46 (-0.48 to 1.40)
7.71 (7.06-8.36) 104,436 21 0.52 (ref)

7.30 (6.87-7.73) 56,693 52 -0.41 (-1.15 to 0.34)
7.58 (6.91-8.25) 5246 20 -0.13 (-1.04 to 0.77)
7.52 (7.16, 7.89) 122,684 78 033 0 (ref)

7.11 (6.35, 7.88) 43,691 15 -0.41 (

Presentation of results is as described in the legend to Table 1. No. = number of. Diff. = difference. Ref. = reference.

Table 2: Age-standardised ¢fPWV by world region, country, and other covariables.

to systolic hypertension, heart failure, atrial fibrillation,®
aortic aneurysm formation,”’ coronary artery disease
and stroke,?’ is involved in elevated CVD risk related to
preeclampsia and prematurity,”>** and facilitates hyper-
tensive end-organ damage as chronic kidney disease,
lacunar stroke, and vascular cognitive impairment.***’
Here, we aggregated global PWV measurements to
facilitate clinical use of PWV. In our meta-analysis,
global average baPWV age-standardised to the age
structure of the World Health Organization World
2000-2025 Standard Million population was 12.5 m/s,
and cfPWV, 7.45 m/s. Country-specific age-standardised
averages are provided in Fig. 3 and Tables 1 and 2.
Global age- and sex-dependent PWV distributions are
shown in Fig. 1, and country-specific distributions in the
Appendix (pp 6-7). PWV distributions were charac-
terised by the cross-sectional mean values continuously
increasing from young adulthood to approximately age
60 years, with steeper increases during adolescence and
at older ages coinciding with periods of physiological
hormonal transitions. Although this study did not assess
hormone levels, prior studies found free testosterone
associated with higher aortic stiffness in men and oes-
tradiol with lower stiffness in women.” Before adoles-
cence, cfPWV showed an approximately linear increase
and no sex differences. Whereas males featured higher
cfPWV and baPWV than females after adolescence, the
sex difference was relatively constant for cfPWV over the
remaining lifespan, but was greatest during young
adulthood for baPWV and diminished afterwards due to
accelerated increases in baPWV in females after age
40 years during menopause (Fig. 1).” Sex differences in
age-standardised PWV (especially cfPWV) were hetero-
geneous between countries and males featured higher
PWV than females in all countries except Poland, Ger-
many, Indonesia, and Hungary (Fig. 5). Age-dependent
increases in PWV differed between countries and were
steepest for cfPWV in the USA (Appendix p 7). Differ-
ences in PWV between countries may be due to differ-
ences in the prevalence of vascular risk factors, many of
which are related to PWV," the impact of diet and ex-
ercise,”*’! heart rate,”” and racial or ethnic and genetic
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variation. Indeed, relevant heritability of cfPWV of
approximately h? = 0.4 was found in 1480 participants of
the Framingham offspring cohort aged on average 60
years old.” Although few of the studies provided infor-
mation on the race or ethnicity of participants, cfPWV
was highest in Africa (Table 2), which is consistent with
previous reports of higher PWV in individuals of Afri-
can American as compared to those of European
descent.”*

The most commonly used types of PWV are baPWV
and cfPWV. Both are highly reproducible, with co-
efficients of variation in the range of 3.6%-7.4%.%
Measurement of PWV is reliable in the presence of
atrial fibrillation,*? and bilateral severe peripheral artery
disease prohibiting baPWV measurement is rare. In two
large Chinese cohorts,”” 16/9897 (0.16%) and 159/
77,973 (0.20%) of participants featured ankle-brachial
index <0.9 on both sides (unpublished data). While
baPWV is higher than cfPWV,* both are correlated
(r =0.73)* and are excellent predictors of cardiovascular
events.'*'** Both cfPWV and baPWV measure the speed
of the pulse pressure wave along the aorta and central
medium-sized proximal muscular arteries, but baPWV
additionally includes variability due to the wave speed
along the lengthy muscular arteries of the leg. We found
baPWV to vary relatively less than cfPWV (Fig. 3), which
likely reflects the limited variation of muscular artery
PWV with age.”” Measurement of baPWV is simpler
than that of cfPWV, ideally requiring only the wrapping
of blood pressure cuffs on extremities.** Differences in
PWV according to measurement method, device
manufacturer, or path length measure used were not
evident for baPWV (Table 1). For cfPWV, Complior
devices and absolute path length measurements tended
to yield higher PWV measurements (Table 2).

Two key findings of our study merit discussion: 1)
Asian compared to European countries had substantially
higher baPWV (+1.83 m/s) (Fig. 3 and Table 1). Higher
baPWV is associated with augmented central systolic
and pulse pressure and may contribute to higher risk of
intracerebral haemorrhage and stroke due to small
vessel disease in certain Asian countries and to the high
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Fig. 4: a: World map of baPWV by country. For Indonesia, data from fewer than 1000 participants were available. b: World map of cfPWV by
country. For the following countries, data from fewer than 1000 participants were available: Algeria, Angola, Canada, Hungary, Iceland,
Lithuania, North Macedonia, Poland, Russia, and Spain.

risk of stroke in China.”** It is tempting to speculate  (Table 2). 2) High country income was robustly associ-
that reducing arterial stiffness might improve preven-  ated with both lower cfPWV and baPWV. This is in line
tion of stroke in these countries. Importantly, China was ~ with higher socio-economic status at the level of in-
also among the countries with the highest cfPWV  dividuals being associated with slower age-related
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Fig. 5: Sex differences in PWV by country. Age-standardized PWV values in males (x axis) vs. in females (y axis) are shown by country. Males
featured higher baPWV and cfPWV in most countries and sex differences were more uniform between countries for baPWV than for cfPWV.
Variability in PWV due to sex was less than variability due to country. Diagonal lines indicate identical PWV in males and females. Algeria is not

shown because no data on cfPWV in Algerian females was available.

increases in PWV,* and with the fact that high-income
countries feature lower incidence of and mortality from
major cardiovascular events.*

Strengths of this study include its unprecedented
size and global scope. It included most published and
several unpublished studies on cfPWV and baPWV
values, in part with individual data or summary statistics
provided by members of the Global PWV Study Group,
and thereby offers a hitherto unavailable compendium
of global and regional PWV trajectories and distribu-
tions. One earlier analysis reported reference and
normal values of PWV based on data from 11,092 in-
dividuals in 8 European countries without overt CVD or
certain CVD risk factors, and by presence and severity of
arterial hypertension.* In contrast, the reference values
provided here are intended to be representative of the
general population of each country considered and
include participants with CVD and with risk factors in
the prevalences present in each of these populations.
Reference values may enable researchers and clinicians
to put newly measured PWV values into the context of
the relevant population. Weaknesses include that for
many countries representative data on PWV were not
available, that part of our data were extracted from
publications with varying quality, and that we did not
delineate the relative contributions to regional differ-
ences in PWV of genetic and environmental factors.

In summary, herein we provide global and regional
age- and sex-dependent distributions and reference

www.thelancet.com Vol 92 June, 2023

values of baPWV and cfPWV in generally healthy peo-
ple, which may aid increased clinical use of PWV as a
measure of vascular ageing, predictor of hypertensive
end-organ damage, cardiovascular disease, and death.
Smaller intervention studies have reported improve-
ment of arterial stiffness by caloric restriction,” diet’
(e.g., low-sodium high-potassium diet)* and dietary
supplements (e.g., curcumin, and nicotinamide), exer-
cise,’** and drugs inhibiting angiotensin-II or reducing
systemic inflammation. Arterial stiffness is an appealing
target for prevention, however, large-scale intervention
studies are needed to guide clinicians.
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