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1  | INTRODUC TION

Normal and pathological values of arterial stiffness (AS) were first 
reported in 1893 and mentioned in textbooks for the next century.1 
In 1983, Avolio and colleagues2 showed that AS evaluated through 
carotid-femoral pulse wave velocity (cfPWV) in large populations 
was significantly correlated with age and mean arterial pressure. It 
was later demonstrated that hypertension, age, and diabetes melli-
tus were main determinants of cfPWV.3,4 cfPWV is currently con-
sidered a predictor of cardiovascular risk and a prognostic marker 
of all-cause mortality even for populations of different backgrounds 
and medical conditions.5–9 An increase of one standard deviation in 
cfPWV represents an increase in mortality and risk of cardiovascular 

events equivalent to 10 years of aging, or more than 1.5 times the 
risk determined by increases of 10 mm Hg of systolic blood pressure 
(SBP) values.10

Several clinical investigations have revealed the relevance of 
cfPWV measurement as a biomarker that characterizes cardiovas-
cular risk and all-cause mortality. However, these investigations 
have also shown that AS and cardiovascular risk factors (CRFs) 
are different in Europeans, Hispanics, Chinese, African, subcon-
tinental Indian, and Amerindians from Brazil.11–15 Reference inter-
vals (RIs) of cfPWV that characterize large healthy populations are 
still incomplete for the Latin American population, specifically in 
the Southern Cone. Furthermore, there are few population-based 
studies that evaluate AS in populations from Brazil, Uruguay, and 
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The aims of this study were to determine cfPWV RIs and percentiles in a cohort of 
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curves and body-height percentile curves for children and adolescents. cfPWV was 
measured in 1722 healthy participants with no cardiovascular risk factors (9–87 years, 
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covariate analysis. Then, mean and standard deviation age-related equations were 
obtained for cfPWV using parametric regression methods based on fractional poly-
nomials and age-specific (year-to-year) percentile curves that were defined using the 
standard normal distribution. Age-specific first, 2.5th, 5th, 10th, 25th, 50th, 75th, 
90th, 95th, 97.5th, and 99th percentile curves were calculated. Finally, height-related 
cfPWV percentile curves for children and adolescents (<21 years) were established. 
After adjusting for age and blood pressure differences with respect to females, males 
showed higher cfPWV levels (6.60 vs 6.45 m/s; P < .01). Thus, specific RIs for males 
and females were reported. The study provides the largest database to date concern-
ing cfPWV in healthy people from Argentina. Specific RIs and percentiles of cfPWV 
are now available according to age and sex. Specific percentiles of cfPWV according 
to body height were reported for people younger than 21 years.
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Argentina.13,16,17 Moreover, there are currently neither age-related 
nor sex-related cfPWV percentile curves and/or RIs for a large and 
healthy Argentinean population with no evident cardiovascular dis-
ease or CRFs. This is an important issue, since the lack of normal 
age-related RIs is a limitation in clinical practice, particularly in our 
continent.

Existing studies show controversial results with respect to sex-
related differences in cfPWV. Moreover, the influence of sex on 
AS remains to be defined.9,18–20 Considering the above-mentioned 
discrepancies, the need for sex-specific cfPWV percentiles and RIs 
obtained in a large healthy Argentinean cohort is evident.

Several studies have also shown the association between in-
creased AS in children and adolescents and subclinical atheroscle-
rosis21,22 and high blood pressure (BP).23–25 Moreover, abnormal 
AS values have been associated with pediatric obesity,21,22 insulin 
resistance,26,27 and diabetes mellitus.28,29 These findings point out 
the relevance of early detection of abnormal AS values beyond phys-
iological limits. Consequently, the need for RIs for pediatric popula-
tions is evident.30–32

In this context, the development of guidelines and recommen-
dations for standard AS assessment has been encouraged, with the 
aim of obtaining accurate data and allowing comparative analysis 
among different populations.33 Furthermore, the Arterial Stiffness’ 
Collaboration group34–36 reported the relevance of standardizing 
and defining both the methods and the statistical approaches for 
stiffness analysis (ie, providing the equations from which RIs are cal-
culated). There is also lack of standardization of approaches used to 
analyze or interpret cfPWV data (ie, fixed cutoff points, percentile 
distribution by decade or 5-year periods, percentiles for adults or 
for patients 40 years and older), which limits and hinders the clinical 
use of cfPWV.

Considering the lack of knowledge in terms of AS reference 
values for Argentinean patients, the aims of this work were: (1) 
to determine AS levels using cfPWV measurements in a cohort of 
healthy patients, not exposed to CRFs, from an Argentinean pop-
ulation to obtain age- and sex-related cfPWV percentile curves 
and RIs; and (2) to determine body height–related cfPWV per-
centiles and RIs for patients younger than 21 years (children and 
adolescents.

2  | MATERIAL S AND METHODS

This study is part of a project that started in 2010 in Tandil, Buenos 
Aires Province, Argentina, aimed at investigating the prevalence 
of CRFs. Preliminary data have been published.37 Tandil is located 
360 km to the south of Buenos Aires city (37°19′08″S9°08′05″W). 
According to the National Institute of Statistics and Census report of 
2010, the population was 123 871. Ethnically, the population is a mix 
of European immigration influx and native population.

The research protocol was approved by the institutional ethics 
committee in agreement with the Declaration of Helsinki and Good 
Clinical Practice Guidelines.

Asymptomatic individuals from the community were consid-
ered for enrollment in this study. Participants were submitted to a 
clinical interview, blood sampling, and anthropometric assessment 
performed by the same group of physicians. Blood samples were ob-
tained after 9 to 12 hours of fasting. Glycemia, lipid profile, and kidney 
functional parameters were determined. Anthropometric evaluation 
and a brief clinical interview allowed assessment of the exposure 
to CRFs. Patients included in the study met the following criteria: 
(1) normal BP at the time of examination (BP ≤ 140/90 mm Hg in 
adults and BP ˂90th percentile in patients 16 years and younger)32; 
(2) no history of cardiovascular, pulmonary, or renal disease; (3) not 
receiving any medication (antihyperlipidemic, antihypertensive, or 
antidiabetic drugs); (4) glycemia <6.11 mmol/L (<110 mg/dL), total 
blood cholesterol levels <5.17 mmol/L (<200 mg/dL),38 and normal 
serum triglycerides levels, defined as <1.69 mmol/L (<150 mg/dL), 
≤1.5 mmol/L (<130 mg/dL), or ≤1.13 mmol/L (<100 mg/dL) for pa-
tients 18 years and older, between 10 and 17 years, and younger 
than 10 years, respectively.39

Patients who smoked, patients with diabetes mellitus, obese 
patients (body mass index [BMI] ≥ 30 kg/m2 for adults or BMI 
≥97th percentile for patients younger than 18 years), patients 
with hypertension, or patients with averaged high BP levels at 
the time of the study were excluded. BP was measured using au-
tomatic sphygmomanometers (705IT; Omron Healthcare Inc.). BP 
values for adults were classified following guidelines for the man-
agement of arterial hypertension.38 In turn, BP levels in children 
and adolescents were categorized, considering sex, age, and body 
height.32

Based on inclusion and exclusion criteria, we defined a popu-
lation that included 1722 participants (age range: 9–87 years, 60% 
male) used to define cfPWV RIs (Tables 1 and S1).

2.1 | cfPWV measurements

All parameters were measured in patients after 15 minutes of rest 
in the supine position in a temperature-controlled (≈22°C) room, 
in order to reach steady hemodynamic conditions. cfPWV was 
measured using two high-fidelity strain gauges mechanotrans-
ducers (Motorola MPX 2050, Motorola Inc.) connected to an 
electronic signal amplifier device (Arteriometer, model V100), as 
described in other works.17,37,40,41 The mechanotransducers were 
positioned on the skin over the carotid and femoral arteries to 
record, simultaneously, the arterial BP waves. Pressure waves 
were continuously recorded while monitored on the computer 
screen by using software that works in a Windows environment. 
The software calculates the time delay, or pulse transit time, 
between end-diastole pressures (the foot of the waveform) of 
both recorded arterial pressure waves using a maximal upstroke 
algorithm. The direct distance between the carotid and femoral 
sensors was considered as the path length used for calculating 
cfPWV. In each patient, several cfPWV calculations were made 
from a single continuous recording, which included at least 10 car-
diac cycles. All recordings were duplicated.33 The cfPWV values 
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TABLE  1 Distribution of the patient population among age groups: children and adolescents and older group divided into age quartiles

Mean SE
95% CI lower and 
upper limit SD Minimum p 25th p 50th p 75th Maximum

Children (n = 365, male: 290 [79.5%])

Age, y 13.8 0.1 13.7 13.9 1.4 9.0 14.0 14.0 15.0 15.0

Body weight, kg 13.8 0.8 56.3 59.3 12.5 23.6 50.5 58.5 66.0 99.0

Body height, cm 165.5 0.7 164.1 166.9 11.4 131.0 159.0 168.0 173.0 194.0

BMI, kg/m2 20.7 0.1 20.5 21.0 2.7 9.1 18.9 20.8 22.4 27.7

Total cholesterol, mg/dL 159.6 1.2 157.3 162.0 22.8 110.0 142.0 160.0 178.0 198.0

Triglycerides, mg/dL 73.3 1.2 71.0 75.7 22.7 40.0 56.0 70.0 88.0 142.0

Glycemia, mg/dL 82.0 0.5 81.1 82.9 8.9 63.0 75.0 83.0 90.0 97.0

Creatinine, mg/dL 0.8 0.0 0.8 0.9 0.1 0.6 0.8 0.8 0.9 1.1

Hematocrit, % 40.8 0.1 40.5 41.0 2.6 36.0 38.4 40.8 43.0 47.0

SBP, mm Hg 111.5 0.4 110.6 112.3 8.3 89.0 105.0 111.0 118.0 129.0

MBP, mm Hg 80.8 0.3 80.2 81.3 5.5 60.2 77.4 80.8 84.0 95.0

DBP, mm Hg 60.3 0.3 59.7 60.9 5.9 39.0 57.0 60.0 64.0 75.0

PP, mm Hg 51.2 0.4 50.3 52.1 8.6 29.0 44.0 51.0 57.0 72.0

HR, beats per min 69.2 0.7 67.8 70.5 13.1 44.0 59.0 67.0 77.0 111.0

cfPWV, m/s 5.1 0.0 5.0 5.1 0.6 2.8 4.7 5.0 5.4 7.3

Adolescents (n = 221, male: 159 [71.9%])

Age, y 17.5 0.1 17.3 17.8 1.7 16.0 16.0 17.0 19.0 21.0

Body weight, kg 67.6 0.9 65.7 69.4 11.1 48.0 60.0 67.0 75.3 99.0

Body height, cm 173.1 0.7 171.6 174.5 8.8 153.0 168.0 173.5 180.0 191.0

BMI, kg/m2 22.5 0.2 22.2 22.9 2.5 16.7 20.7 22.5 24.3 28.4

Total cholesterol, mg/dL 158.1 1.7 154.8 161.4 24.7 100.0 138.0 163.0 178.0 198.0

Triglycerides, mg/dL 74.0 1.4 71.2 76.8 21.1 40.0 59.0 72.0 88.0 142.0

Glycemia, mg/dL 82.0 0.6 80.8 83.2 9.2 63.0 75.0 82.0 89.0 97.0

Creatinine, mg/dL 0.9 0.0 0.8 0.9 0.1 0.6 0.8 0.9 0.9 1.1

Hematocrit, % 40.5 0.2 40.2 40.9 2.5 36.0 39.0 40.0 42.0 47.0

SBP, mm Hg 119.6 0.6 118.5 120.8 8.6 98.0 113.0 120.0 126.0 138.0

MBP, mm Hg 86.7 0.5 85.7 87.6 6.9 72.8 81.8 86.0 91.6 106.8

DBP, mm Hg 64.7 0.5 63.6 65.7 7.9 49.0 60.0 62.0 70.0 86.0

PP, mm Hg 54.9 0.6 53.8 56.1 9.0 34.0 48.0 55.0 60.0 76.0

HR, beats per min 66.8 0.8 65.3 68.3 11.2 41.0 59.0 65.0 74.0 107.0

cfPWV, m/s 5.6 0.0 5.5 5.7 0.7 3.9 5.2 5.5 5.9 7.4

Adults (quartile 1) (n = 283, male: 158 [55.8%])

Age, y 29.9 0.3 29.4 30.4 4.5 22.0 26.0 30.0 34.0 36.0

Body weight (kg) 69.1 2.3 64.4 73.7 14.0 30.0 62.0 71.1 78.8 99.0

Body height, cm 169.2 1.4 166.4 172.1 8.6 150.0 164.0 170.0 175.0 190.0

BMI, kg/m2 24.0 0.2 23.6 24.3 3.1 13.7 21.8 24.3 26.0 29.9

Total cholesterol, mg/dL 157.7 1.4 154.9 160.5 23.9 100.0 140.0 157.0 178.0 198.0

Triglycerides, mg/dL 74.3 1.3 71.7 77.0 22.3 40.0 59.0 70.0 85.0 134.0

Glycemia, mg/dL 81.2 0.5 80.1 82.2 8.7 63.0 75.0 82.0 88.0 97.0

Creatinine, mg/dL 0.8 0.0 0.8 0.9 0.1 0.6 0.8 0.8 0.9 1.1

Hematocrit, % 40.9 0.1 40.6 41.1 2.4 36.0 39.0 41.0 43.0 47.0

SBP, mm Hg 118.7 0.7 117.4 120.0 11.1 90.0 110.0 119.0 129.0 139.0

MBP, mm Hg 90.4 0.5 89.5 91.4 8.0 72.0 84.6 90.2 97.8 106.8

(Continues)
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Mean SE
95% CI lower and 
upper limit SD Minimum p 25th p 50th p 75th Maximum

DBP, mm Hg 71.6 0.4 70.8 72.5 7.3 57.0 66.0 70.0 78.0 88.0

PP, mm Hg 47.1 0.5 46.1 48.1 8.5 20.0 41.0 47.0 53.0 81.0

HR, beats per min 69.6 0.7 68.1 71.0 12.5 40.0 61.0 68.0 76.0 111.0

cfPWV, m/s 6.1 0.1 6.0 6.2 1.0 3.2 5.4 6.2 6.8 9.3

Adults (quartile 2) (n = 285, male: 123 [43.5%])

Age, y 40.9 0.2 40.6 41.3 2.6 37.0 39.0 40.0 43.0 46.0

Body weight, kg 70.1 1.7 66.5 73.6 10.7 52.0 62.1 69.0 78.0 90.8

Body height, cm 166.7 1.2 164.2 169.2 7.5 154.0 161.0 165.0 169.0 185.0

BMI, kg/m2 23.7 0.2 23.3 24.0 2.9 16.6 21.4 23.8 25.9 29.8

Total cholesterol, mg/dL 156.4 1.4 153.7 159.1 23.3 100.0 138.0 155.0 175.0 198.0

Triglycerides, mg/dL 75.6 1.3 73.0 78.2 22.5 40.0 57.0 75.0 88.0 142.0

Glycemia, mg/dL 82.7 0.5 81.6 83.7 9.0 63.0 76.0 84.0 90.0 97.0

Creatinine, mg/dL 0.8 0.0 0.8 0.8 0.1 0.6 0.8 0.8 0.9 1.1

Hematocrit, % 40.7 0.2 40.4 41.0 2.6 36.0 38.4 40.0 43.0 47.0

SBP, mm Hg 116.6 0.6 115.3 117.8 10.9 82.0 110.0 115.0 124.0 139.0

MBP, mm Hg 90.0 0.5 89.1 91.0 8.2 69.0 84.4 89.8 95.8 108.2

DBP, mm Hg 72.4 0.5 71.5 73.3 7.7 55.0 66.0 72.0 78.0 89.0

PP (mm Hg) 44.2 0.5 43.3 45.1 8.0 18.0 39.0 43.0 50.0 70.0

HR, beats per min 67.3 0.7 65.9 68.7 12.1 42.0 58.0 66.0 74.0 111.0

cfPWV, m/s 6.6 0.1 6.5 6.8 1.2 3.1 5.8 6.5 7.3 10.7

Adults (quartile 3) (n = 291, male: 158 [54.3%])

Age, y 51.5 0.2 51.2 51.9 2.6 47.0 50.0 52.0 54.0 56.0

Body weight, kg 71.8 2.5 66.7 76.9 11.5 55.0 59.0 75.2 80.0 88.0

Body height, cm 168.9 1.6 165.5 172.3 7.6 156.0 162.0 169.0 175.0 183.0

BMI, kg/m2 24.9 0.2 24.5 25.2 2.7 18.1 22.8 24.8 27.1 30.0

Total cholesterol, mg/dL 152.2 1.4 149.3 155.0 24.4 100.0 132.0 150.0 175.0 198.0

Triglycerides, mg/dL 75.0 1.3 72.4 77.5 21.8 40.0 59.0 74.0 87.0 142.0

Glycemia, mg/dL 80.9 0.5 79.8 81.9 9.0 63.0 73.0 82.0 88.0 97.0

Creatinine, mg/dL 0.8 0.0 0.8 0.8 0.1 0.6 0.7 0.8 0.9 1.1

Hematocrit, % 40.9 0.1 40.6 41.1 2.5 36.0 39.0 41.0 43.0 47.0

SBP, mm Hg 122.6 0.6 121.3 123.8 11.1 81.0 116.0 123.0 131.0 139.0

MBP, mm Hg 94.9 0.5 93.9 95.9 8.8 66.6 90.0 96.0 100.8 109.0

DBP, mm Hg 76.5 0.5 75.6 77.5 8.2 52.0 70.0 78.0 82.0 89.0

PP, mm Hg 46.0 0.4 45.2 46.9 7.4 24.0 40.0 47.0 51.0 72.0

HR, beats per min 67.4 0.7 66.0 68.8 12.2 42.0 59.0 65.0 74.0 111.0

cfPWV, m/s 7.7 0.1 7.5 7.8 1.4 4.1 6.1 7.5 8.6 12.5

Adults (quartile 4) (n = 277, male: 137 [49.6%])

Age, y 64.7 0.4 64.0 65.4 6.1 57.0 60.0 64.0 68.0 87.0

Body weight, kg 66.2 2.0 62.2 70.3 13.2 30.0 57.0 68.0 74.0 99.0

Body height, cm 161.9 1.5 158.8 164.9 9.9 142.0 156.0 163.0 168.0 190.0

BMI, kg/m2 25.3 0.2 25.0 25.6 2.7 14.5 23.5 25.7 27.4 29.9

Total cholesterol, mg/dL 154.0 1.5 151.1 156.8 24.4 100.0 133.0 151.0 175.0 198.0

Triglycerides, mg/dL 74.0 1.3 71.6 76.5 21.0 40.0 59.0 70.0 85.0 142.0

Glycemia, mg/dL 83.4 0.5 82.4 84.4 8.6 63.0 77.0 84.0 91.0 97.0

TABLE  1  (Continued)

(Continues)
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assigned to each patient were the means of the measurements, 
which were multiplied by a distance scaling factor of 0.8.18,38 
cfPWV data were considered valid only if the coefficient of vari-
ation of the individual measurements was <10%. When technical 
mistakes were made or low-quality signals were observed, cfPWV 
was recalculated.

2.2 | Data analysis

Continuous and categorical variables are expressed as mean ± stand-
ard deviation or as percentage, respectively. Data analysis was per-
formed using MedCalc Statistical Software (version 14.8.1.) and IBM 
SPSS software (version 20). The differences between groups were 
analyzed by determining the P value (statistical threshold <0.05), and 
by analyzing the differences in mean value, standard error, and their 
95% confidence interval.

A stepwise data analysis was performed. First, we evaluated 
whether separate RIs for males and females were needed. To this 
end, linear regression and analysis of covariance (ANVOCA) were 
performed, and sex influence was examined before and after ad-
justment for cofactors (ie, age and BP). Thus, correlations (Table 2) 
were performed to identify demographic, anthropometric (ie, 
body height, body weight, and BMI), blood (ie, total cholesterol), 
and/or hemodynamic (ie, heart rate and BP) variables that should 
be considered as cofactors in ANCOVA. Once the variables sig-
nificantly associated with cfPWV were identified, ANCOVA was 
performed. As a result, specific RIs for males and females were 
necessary (Table 3).

As a second step, mean and standard deviation age-related equa-
tions (for males and females) were obtained for cfPWV. Parametric 
regression methods based on fractional polynomials, as described by 
Royston and Wright42 and previously used to construct RIs for arterial 
parameters in the Arterial Stiffness’ Collaboration group methodolog-
ical strategy,34–36 were implemented using the MedCalc Software 
(for further details see Supplementary Material). Then, using the 
equations obtained for mean and standard deviation, age-specific 
percentiles were defined using the standard normal distribution (z) 

(Table 4). Age-specific first, 2.5th, 5th, 10th, 25th, 50th, 75th, 90th, 
95th, 97.5th, and 99th percentile curves were calculated.

Finally, a similar approach was used to determine height-related 
cfPWV percentile curves for the entire population and specifically 
for children and adolescents (<21 years) and adults (divided in four 
quartiles of age). It is known that sex steroids modulate large artery 
stiffness in the prepuberty and postpuberty periods.43,44 In conse-
quence, the upper limit of the analyzed population of adolescents was 
set up to age 21 years to ensure that body growth and development 
were completed and that adulthood was undoubtedly reached.44 
First, considering age and body height as covariates in ANCOVA, we 
observed that it was not necessary to define body height–related 
cfPWV RIs for males and females separately (Table 5). Then, follow-
ing the approach described to obtain age-related percentile curves 
for cfPWV, body height–related cfPWV percentile curves were con-
structed (Tables S5–S8).

Considering a 95% and 90% reference limit and confidence in-
terval (two-sided), respectively, and a 95% and 10% reference range 
and relative margin of error, respectively, the minimum required 
sample size was 377 patients.45

3  | RESULTS

3.1 | General characteristics of the analyzed 
population

A total of 1722 healthy patients were included in this research. 
Table 1 and Table S1 summarize the characteristics of the patients 
and discriminates values for males and females. As shown in Table 
S1, the mean age for the population was 36 ± 19 years (range 
9–87 years). Females were significantly older than males (P < .001). 
Males showed higher weight, height, and BMI values (P < .001). SBP 
and pulse pressure (PP) mean values of males were significantly 
higher than those for females (P < .001), while diastolic BP (DBP) 
levels were higher in females (P < .01). Total cholesterol, triglycer-
ides, glycemia, and creatinine mean values were within physiological 
ranges, as established by the exclusion criteria.

Mean SE
95% CI lower and 
upper limit SD Minimum p 25th p 50th p 75th Maximum

Creatinine, mg/dL 0.8 0.0 0.8 0.9 0.1 0.6 0.8 0.8 0.9 1.1

Hematocrit, % 40.9 0.2 40.6 41.2 2.6 36.0 39.0 40.0 43.0 47.0

SBP, mm Hg 125.2 0.6 124.0 126.5 10.5 90.0 119.0 126.0 135.0 139.0

MBP, mm Hg 96.4 0.5 95.3 97.4 8.8 69.2 90.6 98.0 103.0 109.0

DBP, mm Hg 77.1 0.5 76.0 78.2 9.2 50.0 71.0 79.0 84.0 89.0

PP, mm Hg 48.1 0.5 47.1 49.1 8.4 27.0 42.0 48.0 52.0 79.0

HR, beats per min 69.0 0.7 67.6 70.4 12.1 47.0 60.0 68.0 77.0 111.0

cfPWV, m/s 8.3 0.1 8.1 8.5 1.5 4.0 7.3 8.2 9.4 13.4

BMI, body mass index; cfPWV, carotid-femoral pulse wave velocity; CI, confidence interval; DBP, diastolic blood pressure; HR, heart rate; MBP, mean 
blood pressure; PP, pulse pressure; SBP, systolic blood pressure; SD, standard deviation; SE, standard error.

TABLE  1  (Continued)
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The cfPWV value for the entire population (N = 1722) was 
6.5 ± 1.6 m/s. cfPWV increased with aging, with less dispersion 
among younger patients (Figures 1, S3, and S4).

3.2 | Analysis of the need for sex-based RIs 
characterization

Tables 2 and 3 show correlation and covariance (ANCOVA) analysis, 
respectively, performed to determine whether an analysis by sex was 
needed in this research. The correlation analysis in Table 2 shows var-
iables potentially associated with values of cfPWV, age, and sex. This 
allowed individualized cofactors to be included in ANCOVA. As seen 
in Table 2, cfPWV was positively associated with age (as expected), 
female sex, BMI, and BP (SBP, DBP, mean arterial pressure, and PP). 
It is noteworthy that females were older than males (Table S1), which 
could explain the positive association between cfPWV and female 
sex. Additionally, in this analysis, females showed positive associa-
tions with cfPWV, age, BMI, SBP, DBP, PP, and heart rate. Additionally, 
age was positively associated with cfPWV, sex, cholesterol, BMI, and 
BP (SBP, DBP, mean arterial pressure, and PP) (Table 2).

As seen in Table 3 (model 1) the study of sex-related cfPWV dif-
ferences should consider not only age and BP values, but also other 
variables as cofactors in ANCOVA (hematocrit, serum cholesterol, and 
BMI). ANCOVA included SBP, DBP, mean BP, and PP values (despite 
their collinearity), to consider the contribution of differences in BP 
to the sex-related differences in cfPWV. Analysis of sex differences 
in terms of cfPWV (ANCOVA) showed significant differences after 
adjustments using model 1 and model 2. As seen in Table 3, cfPWV 
values obtained in males were higher than those found in females after 
adjustment by age and mean BP (P = .002). Similarly, when adjustment 
included age, BMI, total cholesterol, hematocrit, and mean BP, the sig-
nificant and clinical difference was maintained (Table 3). These findings 
suggest that cfPWV RIs could be discriminated by sex. Furthermore, it 
is important to take into account this analysis, since, as seen in Table 1, 
cfPWV mean values were higher in females than in males, while oppo-
site results were obtained after covariate analysis (including age, total 
cholesterol, hematocrit, BMI, and BP levels as cofactors) (Table 3).

TABLE  2 Simple and point biserial correlations between cfPWV 
and demographic, anthropometric, blood, and hemodynamic 
factors

cfPWV, m/s
Sex (1: female; 
0: male) Age, y

cfPWV, m/s

R – .073* .732*

P value – .003 .000

Sex (1: female; 0: male)

R .073* – .213*

P value .003 – .000

Age, y

R .732* .213* –

P value .000 .000 –

Body height, m

R .126* −.466* .090**

P value .003 .000 .035

Body weight, kg

R .383* −.290* .238*

P value .000 .000 .000

BMI, kg/m2

R .406* −.211* .456*

P value .000 .000 .000

Total cholesterol, mg/dL

R −.089* .003 −.096*

P value .000 .907 .000

Triglycerides, mg/dL

R .012 .030 .018

P value .610 .216 .455

Glycemia, mg/dL

R .022 −.016 .029

P value .359 .514 .230

Creatinine, mg/dL

R .011 .027 .030

P value .655 .259 .215

Hematocrit, %

R .052** .008 .037

P value .030 .732 .122

SBP, mm Hg

R .442* −.180* .338*

P value .000 .000 .000

MBP, mm Hg

R .567* −.035 .524*

P value .000 .148 .000

DBP, mm Hg

R .570* .079* .579*

P value .000 .001 .000

(Continues)

cfPWV, m/s
Sex (1: female; 
0: male) Age, y

PP, mm Hg

R −.084* −.311* −.223*

P value .000 .000 .000

HR, beats per min

R −.002 .078* −.010

P value 0.944 .001 .689

BMI, body mass index; DBP, diastolic blood pressure; HR, heart rate; 
MBP, mean blood pressure; PP, pulse pressure; cfPWV, carotid-femoral 
pulse wave velocity; SBP, systolic blood pressure.
* and ** correlation is significant at the 0.05 level and 0.01 level (two-
tailed), respectively.

TABLE  2  (Continued)
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Based on the statistical analysis detailed above, the resulting 
equations were as follows:

•	 For all patients:

•	 For females:

•	 For males:

In the equations, cfPWV and age were expressed in m/s and 
years, respectively.

The resulting equations to determine height-related cfPWV per-
centile were: 

 

In the equations, cfPWV and body height were expressed in m/s 
and centimeters, respectively.

3.3 | cfPWV––age RIs (percentile analysis)

As seen in Table 4, specific percentiles of cfPWV values for 5-
year age intervals were generated including the entire population 

according to sex. Moreover, a similar analysis was performed using 
values corresponding to each year of age (from 9 to 87 years), as 
shown in Table S2.

Figure 1A shows age-specific cfPWV percentiles for the entire 
population (N = 1722). As expected, there was a positive correlation 
between age and cfPWV values, representing a gradual and continu-
ous increase in terms of AS associated with age. Residual distribution 
(z scores) for the AS-age analysis is illustrated in Figure 1B.

3.4 | cfPWV RIs according to age and sex 
(percentile analysis)

According to results derived from data shown in Tables 2 and 3, we 
opted to perform cfPWV percentile analysis and age analyses, dis-
criminating males from females.

As seen in Table 4, cfPWV percentiles corresponding to 5-year 
age intervals were generated for females (top) and males (bot-
tom). A similar analysis was performed for each year of age (from 
9 to 87 years), as seen in Tables S3 and S4 for females and males, 
respectively.

Figures S3A and S4A show the cfPWV age percentiles for fe-
males and males, respectively. Residual distribution (z scores) are 
illustrated in Figures S3B and S4B.

3.5 | cfPWV––height RIs in patients younger than 
21 years (percentile analysis)

We used ANCOVA to analyze a young-patient cohort (ie, patients 
younger than 21 years, n = 407). As seen in Table 5, before adjusting 
for body height, males showed higher cfPWV values than females 
(5.31 ± 0.04 m/s vs 5.14 ± 0.07 m/s, respectively; P < .05) and higher 
body height (170.32 ±0.57 cm vs 158.94 ±1.11 cm, respectively; 
P ˂ .001). After adjusting for age and body height, cfPWV values 
of females and males were compared. There were no statistically 

cf PWVM =−1.8117+7.6900 ⋅ log(age)−0.1562 ⋅age+1.537 ⋅10−3
⋅age2

cfPWV SD=0.2225−3.078 ⋅10−2
⋅age0.5+3.586 ⋅10−2

⋅age

−1.932 ⋅10−4
⋅age2.

cfPWVM =0.062441+5.3108 ⋅ log(age)−0.09658 ⋅age

+1.151 ⋅10−3
⋅age2

cfPWV SD=1.0392−0.4128 ⋅age0.5+0.08020 ⋅age−3.65 ⋅10−4
⋅age2.

cfPWV M =1.3942+3.4927 ⋅ log(age)−0.02436 ⋅age+5.698 ⋅10−4
⋅age2

cfPWV SD =−0.04760+0.06798 ⋅age0.5+0.02987 ⋅age

−2.091 ⋅10−4
⋅age2.

cfPWVM=8.4496−0.61 ⋅ log(height)+9.475 ⋅10−5
⋅height2

cfPWV SD=6.1918−0.6120 ⋅height0.5+8.127 ⋅10−5
⋅height2

TABLE  3 Analysis of sex-related independent differences in cfPWV levels (ANCOVA)

cfPWV after adjustment value, m/s

95% CI for 
mean 
difference

Covariates in the model were evaluated at the 
following values

MV ± SE
Lower 
limit

Upper 
limit P value

Mean 
differ-
ence

SE 
differ-
ence

Lower 
limit

Upper 
limit Age, y

BMI, 
kg/m2

Total 
cholesterol, 
mg/dL

Hematocrit, 
%

MBP, 
mm Hg

Model 1

Male 6.59 ± 0 .032 6.522 6.649 0.002 0.165 0.052 0.063 0.268 35.89 – – – 89.538

Female 6.40 ± 0.040 6.342 6.498

Model 2

Male 6.588 ± 0.033 6.523 6.653 0.003 0.167 0.055 0.058 0.275 35.89 23.424 156.39 40.78 89.55

Female 6.422 ± 0.041 6.341 6.503

ANCOVA, analysis of covariance; BMI, body mass index; cfPWV, carotid-femoral pulse wave velocity; CI, confidence interval; MV, mean value; SE, 
standard error.
P value obtained using unpaired two-tailed test comparing male and female groups. Model 1 adjusted for age and mean blood pressure (MBP) as per-
formed by Boutouyrie et al (2010). Model 2: adjusted by cofactors determined in Table 2, avoiding variables that introduced error by collinearity (simple 
and point-biseral correlation analysis).
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significant differences in cfPWV values between young females and 
males of similar age and body height (P = .836). Consequently, in the 
young patient cohort, the height-related cfPWV percentile analyses 
did not require discrimination by sex.

The specific percentile analysis of cfPWV vs body height in 
the young cohort is shown in Figure S5A, where sex was not dis-
criminately differentiated. Figure S5B shows the distribution of 
residuals for cfPWV according to body height of the analyzed 
population.

Finally, Tables S5 and S6 show body height–specific cfPWV per-
centiles for healthy patients younger than 21 years for 1-cm and 
5-cm intervals from 131 to 194 cm.

Supplementary Material Tables S7 and S8 show body height–
specific cfPWV patients younger than 21 years for 1-cm intervals 
for males and females, respectively.

4  | DISCUSSION

AS assessed through the measurement of cfPWV is currently the 
gold standard for noninvasive AS because of its accuracy, reproduc-
ibility, and predictive value. Since it is a well-known and easy-to-use 
technique, cfPWV determinations are widely used, but using a single 
reference value of cfPWV to discriminate normal from abnormal AS 

TABLE  4 cfPWV (m/s) percentiles for females and males

Age, y 1st 2.5th 5th 10th 25th 50th 75th 90th 95th 97.5th 99th

Females

10 3.36 3.54 3.70 3.88 4.19 4.52 4.86 5.16 5.34 5.50 5.68

15 3.81 4.02 4.20 4.40 4.74 5.12 5.50 5.84 6.04 6.22 6.42

20 3.99 4.23 4.43 4.67 5.06 5.50 5.94 6.33 6.57 6.78 7.01

25 4.04 4.32 4.55 4.83 5.28 5.79 6.30 6.75 7.03 7.26 7.54

30 4.06 4.37 4.64 4.95 5.47 6.05 6.62 7.14 7.45 7.72 8.04

35 4.07 4.42 4.72 5.07 5.65 6.29 6.94 7.52 7.87 8.17 8.52

40 4.10 4.49 4.82 5.20 5.84 6.55 7.26 7.90 8.28 8.61 9.00

45 4.18 4.59 4.95 5.37 6.06 6.83 7.60 8.29 8.70 9.06 9.48

50 4.30 4.75 5.13 5.57 6.31 7.13 7.96 8.69 9.14 9.52 9.97

55 4.49 4.96 5.36 5.83 6.61 7.47 8.34 9.12 9.59 9.99 10.46

60 4.74 5.23 5.65 6.14 6.95 7.85 8.76 9.57 10.06 10.48 10.97

65 5.06 5.57 6.00 6.50 7.34 8.28 9.21 10.05 10.55 10.98 11.49

70 5.46 5.98 6.42 6.93 7.79 8.74 9.69 10.55 11.06 11.50 12.02

75 5.93 6.46 6.91 7.42 8.29 9.25 10.21 11.08 11.60 12.04 12.57

80 6.49 7.01 7.46 7.98 8.85 9.81 10.77 11.64 12.15 12.60 13.13

85 7.13 7.65 8.09 8.60 9.46 10.41 11.37 12.23 12.74 13.18 13.70

Males

10 3.67 3.83 3.97 4.13 4.40 4.70 5.00 5.27 5.43 5.57 5.73

15 3.83 4.06 4.25 4.48 4.85 5.26 5.68 6.05 6.28 6.47 6.70

20 3.89 4.17 4.41 4.69 5.16 5.68 6.20 6.66 6.94 7.19 7.47

25 3.91 4.25 4.53 4.86 5.41 6.02 6.64 7.19 7.52 7.80 8.13

30 3.94 4.31 4.64 5.01 5.64 6.34 7.03 7.66 8.03 8.36 8.73

35 3.98 4.39 4.75 5.17 5.86 6.63 7.40 8.10 8.51 8.87 9.29

40 4.04 4.50 4.89 5.34 6.09 6.93 7.77 8.52 8.97 9.36 9.81

45 4.14 4.62 5.04 5.53 6.33 7.23 8.12 8.93 9.41 9.83 10.31

50 4.27 4.79 5.23 5.74 6.59 7.53 8.48 9.33 9.84 10.28 10.80

55 4.45 4.99 5.45 5.98 6.87 7.86 8.85 9.73 10.27 10.73 11.27

60 4.67 5.22 5.70 6.25 7.17 8.19 9.22 10.14 10.69 11.17 11.72

65 4.93 5.50 5.99 6.55 7.50 8.55 9.60 10.55 11.11 11.60 12.17

70 5.24 5.82 6.32 6.89 7.85 8.93 10.00 10.96 11.53 12.03 12.62

75 5.59 6.18 6.68 7.27 8.24 9.32 10.41 11.38 11.96 12.47 13.05

80 5.99 6.58 7.09 7.67 8.65 9.74 10.83 11.80 12.39 12.90 13.49

cfPWV, carotid-femoral pulse wave velocity.
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values.38 The first cutoff value was set to 12 m/s, and then reduced 
to 10 m/s, considering standardized AS measurements using the di-
rect carotid-femoral distance and the intersecting tangent algorithm 

to determine the pulse transit time.33 The cutoff value was recom-
mended as a biomarker of end organ damage in patients with aor-
tic stiffening. However, there are some aspects to consider with 
respect to this assumption. First, this cutoff value is the result of 
analyzing cfPWV values from several specialized medical centers. 
Second, these data were acquired using different technologies and 
mathematical conversion factors.17,33,38 Third, linked to this limita-
tion, there are unsolved questions, such as the influence of sex on 
cfPWV values and methodological differences approaching data 
analysis. Fourth, the cutoff value of 10 m/s is used only in adult or 
elderly patients, and not children or adolescents, in which even ab-
normal values would be below that threshold.

The assessment of AS in young healthy individuals was only 
recently reported. In 2009, the European Society of Hypertension 
mentioned that increases in AS were found more frequently in 
children with hypertension than in those with normotension; how-
ever, normal ranges of AS in children should only be determined 
after obtaining undoubted conclusions regarding the value and 
relevance of the arterial parameter.46 Evidently, conclusions are 
only possible if RIs are established for any population. In 2016, the 
Guidelines for the Management of High Blood Pressure in Children 
and Adolescents recommended that cfPWV measurements should 
be considered as “criteria to define hypertension-induced organ 
damage” in children and adolescents. Moreover, the identification 

F IGURE  1 Panel 1-A: Age-specific 
carotid-femoral pulse wave velocity 
(PWV) percentiles for the entire 
population (N = 1722). Panel 1-B: Residual 
distribution (z scores) for the carotid-
femoral PWV–age analysis for the entire 
population

A

B

F IGURE  2 Differences in carotid-femoral pulse wave velocity 
(PWV) (m/s) between data obtained in the Argentinean population 
and the European population from the reference values for Arterial 
Stiffness’ Collaboration.18
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of cfPWV values ˃95th percentile (cutoff) for age and sex were con-
sidered abnormal.32 This contributed to the growing interest in the 
definition of RIs or cutoff levels according to age and sex, including 
children and adolescents.

In addition to the above-described considerations, there are 
reported differences among European, Hispanic, Chinese, African, 
subcontinental Indian, and Amerindian populations from Brazil,11–15 
in terms of AS and exposure to CRFs. These discrepancies en-
couraged authors to characterize an Argentinean population, not 
exposed to traditional CRFs, in terms of AS. In our study, AS was 
evaluated using a single device and considering the following crite-
ria: (1) the distance between pulse sensors was directly measured 
and referred to as “direct distance,” (2) values were considered by 
data processing (nonmathematical conversion factors were used), 
(3) data from children and adult patients were included, (4) the ar-
terial pulse wave foot was identified using a validated algorithm. 
Moreover, our data were analyzed following accepted, recom-
mended, and standardized methods, considering the reference 
values for Arterial Stiffness’ Collaboration group data.18,35,36 This 
strategy allowed us to encourage other researchers who, using our 
data, could reproduce results described in this work using equa-
tions shown in Material and Methods.

As previously described, arterial cfPWV has been measured 
since 1893; however, RIs obtained in large samples are not as fre-
quent as would be desirable. In recent years, the reference values 
from the Arterial Stiffness’ Collaboration group has made significant 
contributions to clinical and epidemiological research by provid-
ing the reference values of the regional AS (PWV for the femoral-
carotid pathway)18 and reference values of local stiffness for the 
femoral35 and carotid artery.36 It is known that the contribution of 
risk factors other than age and BP to cfPWV is small or insignifi-
cant.47 Nevertheless, in our study, we included asymptomatic pa-
tients not exposed to CRFs. As in the European group, the values of 
cholesterol, triglycerides, and glycemia were within the physiological 
ranges18 and according to the thresholds of the European Society 
of Hypertension/European Society of Cardiology hypertension 
guidelines.38 This consideration is important when determining the 
normal values or IRs to minimize the possible effects of risk factor 
clustering.

Figure 2 shows a comparison of data obtained in our Argentinean 
population with those reported for healthy Europeans patients 
(n = 1455 patients) by the reference values from the Arterial 
Stiffness’ Collaboration group.18 For the 10th and 50th percentiles, 
similar AS values were observed in each age category, since the 
Argentinean population exhibited lower values. However, the 90th 
percentile for patients aged 60 to 69 years and for those older than 
70 years, differences in cfPWV values were observed (P < .05). In 
fact, cfPWV values of the Argentine cohort were particularly lower 
(−2.7 and −2.59 m/s) than those of the European population in the 
subgroup of patients older than 60 years (Figure 2). Unfortunately, 
we are not able to determine the origin of these differences, but 
some methodological aspects could explain those findings. First, the 
software used to measure the transit time between two pressure 

waves used the point of maximal upstroke. This method has been 
shown to provide cfPWV values lower than those calculated using 
the intersecting tangent algorithm (which was used for the European 
measurements). This difference is particularly evident when the rise 
time of the pressure waveform is low, which is frequently found 
in aged patients.18 Second, as mentioned in the work reported by 
the Reference Values for Arterial Stiffness’ Collaboration group,18 
outliers were more frequent towards older ages. This could be the 
origin (at least partially) of the observed differences, particularly in 
the higher percentiles. Third, there is a curious and remarkable in-
crease of cfPWV observed in the European research, specifically in 
the 90th percentile in patients aged 60 and older.18

In 2012, Fischer et al48 demonstrated that sex, age, and mean 
arterial pressure were significant independent predictors of cfPWV 
values. In 2015, Thurn et al49 reported that sex differences in terms 
of cfPWV were found starting at age 9 years, and they were sig-
nificantly higher in boys than in girls. Interestingly, this research 
includes patients from Turkey and Germany. However, when analyz-
ing the specialized literature, this is not the rule, and in cases where 
sex-related differences were detected, they were deemed not to be 
relevant. For example, the European Arterial Stiffness’ Collaboration 
group reported significant differences in terms of cfPWV (P < .05) 
after adjustments for age and BP; however, no sex discrimination 
was exhibited when the European RIs were reported.18 In our re-
search, in agreement with the investigation of the European group, 
we decided to analyze sex differences in cfPWV, adjusting for age 
and BP (model 1) and adding other CRFs (model 2). After a clear 
confirmation, we report the percentile study separating males from 
females. This was not the case for patients younger than 21 years, 
when RIs considering body height values were defined. After adjust-
ing for age and body height, we did not find sex-related differences 
in cfPWV levels.

In the Argentinean population, the 50th percentile of boys aged 
between 9 and 15 years shows slightly higher values of cfPWV than 
those found by Fischer in the German population48 and by Reusz 
in Hungarian, Italian, and Algerian populations.50 However, in boys 
aged 16 to 17 years, these differences tend to disappear. AS mea-
sured in Argentinean girls were always halfway between values 
found by Reusz and Fischer for patients aged 9 to 13 years, the high-
est observed at 14 years and older.48,50 Those observations were 
also found when the 90th and 95th percentiles were analyzed by 
comparing our young cohort with those reported by Fischer and 
Reusz (patients aged 9–17). Our data regarding the 90th and 95th 
percentiles found in boys and girls were in an intermediate position 
between those reported by Reusz and Fischer.48,50

5  | LIMITATIONS

This research used a cross-sectional design. Consequently, the in-
crease of AS with age should be interpreted with caution, since it 
may misestimate the real age-related change of cfPWV of the pa-
tients included in this study. Finally, it should be noted that this 
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population has certain characteristics that may not be fully applica-
ble to other races, ethnicities, or regions.

6  | CONCLUSIONS

Our study provides the largest database to date concerning cfPWV 
in healthy people in Argentina. cfPWV RIs and percentiles for an 
adult healthy Argentinian population are now available, taking into 
account the age and sex of the patients. Additionally, specific height-
related cfPWV percentiles are reported for a young (younger than 
21 years) and healthy population. The cfPWV percentiles can assist 
in the definition of AS in an Argentinian population and contribute to 
the correct interpretation of stiffness data obtained in both research 
and clinical settings.
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