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Accurate and reproducible measures are required to study
arterial stiffness in human populations. The reproducibility
of aortic pulse wave velocity was evaluated in 14 partic-
ipants from a population-based study of cardiovascular
disease in the elderly. Three data files were collected per
participant by each of two sonographers and files were
read by two readers. Seven of the 14 participants returned
for a second visit 1 week later to assess between-visit
variability. Reproducibility was evaluated with Pearson
and intraclass correlations and by the absolute value of the
difference between replicate values. The overall reliability
coefficient was rI 5 0.77. Between-sonographer, between-

reader, and between-visit correlations were rP 5 0.80 to
0.87, rP 5 0.73 to 0.89 and rP 5 0.63. The mean absolute
value of the difference between replicates was 59.4 to 94.0
cm/sec and 88.7 to 112.8 cm/sec for sonographers and
readers, respectively. These results indicate that the mean
PWV measure is reproducible even when sonographers
and readers are newly trained. Am J Hypertens 2001;14:
463–468 © 2001 American Journal of Hypertension, Ltd.
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T he elasticity of the central arteries converts the
pulsatile action of the heart into continuous lami-
nar blood flow to the cells of the body. The large

arteries expand with each ventricular contraction, and their
subsequent elastic recoil adds to the forward propulsion of
blood. As we age, the arteries stiffen, resulting in changes
to the dynamics of this system including increases in
systolic blood pressure and a widening of the pulse pres-
sure. Structural changes that occur with age include frag-
mentation and degeneration of elastin, increases in colla-
gen, and a thickening of the arterial wall.1 A progressive
dilatation of the arteries accompanies this stiffening pro-
cess. Arterial stiffening occurs at different rates for differ-
ent individuals and can be viewed as a process of biolog-
ical aging of the vascular system. The cause of increasing
vascular stiffness with age in humans is not known. Dif-
ferences in the progression of vascular stiffness with aging
may be an important determinant of the development of
hypertension, especially systolic hypertension, with the
subsequent substantial risk of vascular disease.

Vascular stiffness can be measured in a number of

ways.2 Many investigators have chosen to evaluate vascu-
lar stiffness through the calculation of pulse wave veloci-
ty.3–7 To measure pulse wave velocity, transducers that
detect the pulse wave (either pressure or Doppler) are
positioned at two different arterial sites. Velocity is esti-
mated by dividing the arterial distance between these two
points by the time it takes the pulse wave to travel from
one transducer to the other. Stiffer arteries have higher
pulse wave velocity, as the pulse wave travels faster in a
stiffer vessel.

To study vascular stiffness in human populations, ac-
curate and reproducible measures are required. The pur-
pose of this report is to evaluate the reproducibility of
aortic pulse wave velocity, as measured in our laboratory.

Methods
The Epidemiology Ultrasound Research Laboratory at the
University of Pittsburgh develops and conducts noninva-
sive vascular testing for epidemiological research. To de-
velop a protocol for the measurement of aortic pulse wave
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velocity, a collaboration was initiated with the Laboratory
of Cardiovascular Science, Gerontology Research Center
at the National Institute on Aging. The techniques origi-
nally developed and used by this group3 were tested and
refined for use in our laboratory.

The original protocol used two different pairs of arterial
sites, an ascending aorta/femoral artery combination and a
carotid artery/femoral artery combination. During early
testing of this protocol, differences in reproducibility were
observed depending on whether the aorta/femoral or the
carotid/femoral site was used. For the aorta/femoral site,
good reproducibility was achieved only when an experi-
enced sonographer collected the pulse waves. When a less
experienced sonographer was used, a high number of
falsely elevated results were obtained because of an in-
ability to position the unidirectional probe accurately to
insonate the ascending aorta. Use of a bidirectional Dopp-
ler would facilitate proper probe placement at the ascend-
ing aorta. However, even with this equipment upgrade, a
highly skilled sonographer would be required. Therefore,
the carotid/femoral sampling sites were chosen, and the
variability of the measurement was further reduced by
using the mean of three separate data files for each par-
ticipant rather than a single measure. Results using the
carotid/femoral sites were similar between the experienced
and inexperienced sonographers, but were more variable
than results obtained by the experienced sonographer us-
ing the aorta/femoral sites.

The final protocol requires the participant to lie in a
supine position for 5 min before testing during which time
three EKG leads are attached. The participant is required
to remain awake and to refrain from talking during the
testing session. Two blood pressure readings are recorded
using an automated device (Dinamap, Critikon Company,
Tampa, FL). Two non-directional transcutaneous Doppler
flow probes (model 810-a, 10 MHz, Parks Medical Elec-

tronics, Aloha, OR) are positioned at the right common
carotid and right femoral arteries. A computer system
displays and records output from the EKG and the two
Doppler probes. The arterial flow waves from the two
arterial sites are simultaneously recorded and the output is
captured and stored in the computer system for subsequent
scoring. Three data collection runs are performed, each
obtaining 20 sec of simultaneously recorded carotid and
femoral flow waveforms.

After the collection of the waveform data, the distance
between the sampling sites (the carotid and femoral arter-
ies) is measured with a tape measure. To reduce the
influence of body contours on the distance measure, the
tape measure is held above the surface of the body, parallel
to the plane of the examination table. Three distances are
measured: 1) from the second intercostal space to the
sampling site on the right common carotid artery; 2) from
the second intercostal space to the inferior edge of the
umbilicus; and 3) from the inferior edge of the umbilicus
to the sampling site on the right common femoral artery.
The distance traveled by the waveform is calculated by
subtracting the distance between the second intercostal
space and the sampling site on the carotid artery from the
sum of the other two distance measures.

The data are scored using software developed by the
Laboratory of Cardiovascular Science, Gerontology Re-
search Center, National Institute on Aging. For each file,
the reader deletes poor (unclear) waveforms, and the re-
maining waveforms are averaged to create composite
waveforms for both the carotid and femoral pulse wave. A
file is rejected if it has,10 acceptable waveforms (10
heartbeats) for averaging. The software averages the se-
lected waveforms and determines the time from the R-
wave of the EKG to the foot of each waveform (Fig. 1).
The difference in timing between the two waves is the time
component of the velocity equation. Aortic pulse wave

FIG. 1. Determination of time (in milliseconds) difference between foot of carotid waveform and foot of femoral waveform. Time difference 5
(time to femoral foot) 2 (time to carotid foot) 5 158.9 2 116.3 5 42.6 msec.
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velocity is then calculated by dividing the distance trav-
eled by the time differential between the two waveforms.
Results from all usable data collection runs (n5 3) for
each participant are averaged.

To test formally the reproducibility of this protocol,
PWV measures were repeated on 14 participants from a
population-based study of cardiovascular disease in the
elderly. Six of the 14 participants were women and one
participant was African-American. The average age at the
time of the study was 77.5 years (range, 73 to 82 yr). Of
the participants, 50% were hypertensive by history, use of
antihypertensive medication, or blood pressure$140/90.
There were no significant differences between the partic-
ipants selected for the reproducibility study and the re-
mainder of the study population for race, sex, smoking,
systolic or diastolic blood pressure, body mass index, or
waist circumference.

The design of the study is represented in Fig. 2. Each
participant had three data files collected by each of two
sonographers, and the resulting data files were read by
each of two readers. To assess between-visit variability,
seven of the 14 participants returned for a second visit 1
week later, which followed the same protocol as the first
visit. The total number of files collected was 252 (14
participants3 3 files 3 2 sonographers3 2 readers5
168) 1 second visit (73 3 3 2 3 2 5 84). For both
sonographers and readers, observer one was more experi-
enced than observer two. Each reader evaluated the quality
of the waveforms in each 20-sec data file, and waveforms
that showed significant motion artifact were excluded. The
remaining waveforms were averaged to provide a single
composite waveform. If a data run had,10 “good” or
clear waveforms, it was considered unusable. Results from
the three data collection runs were averaged to produce the
final PWV values for each participant for each visit by
sonographer and reader.

A repeated measures analysis of variance (SAS soft-
ware, Procedure VARCOMP, SAS v. 6.12, SAS Institute,
Cary, NC) was used to partition the total variance into the
components originating from between-sonographer differ-
ences, between-reader differences, and random error. The

significance of the sources of variation and possible inter-
action terms were tested using a random effects repeated
measures (SAS software, [SAS, Cary, NC] Procedure
GLM).8 To simplify the analysis, between-visit differences
were examined by stratifying the results by sonographer
and reader. The random-effects model Yijk 5 m 1 Pi 1
Sij 1 Rijk 1 eijk was used where Yijk is the mean aortic
PWV for the ith participant by the jth tech and kth reader;
m is the grand mean PWV of the study population; Pi is the
ith participant effect, Sij is the effect of the jth sonographer
on the ith participant, Rijk is the effect of the kth reader and
jth sonographer on the ith participant andeijkl is the
residual error. Pi, Sij , Rijk andeijkl are uncorrelated random
variables with mean zero and variances (s2

P, s2
S, s2

R,
s2

e), respectively. Although the reliability estimates de-
crease slightly, sonographer and reader variation were
treated as random effects rather than fixed effects, so that
the resulting intraclass correlations would be generalizable
to sonographers and readers other than those in this study.9

Reproducibility of aortic pulse wave velocity was esti-
mated using the intraclass correlation coefficient of reli-
ability.9–11 The intraclass correlation coefficient is calcu-
lated as the ratios2

P/(s2
P 1 s2

E), where s2
p is the

variability of the pulse wave velocity measure between
participants, ands2

E 5 s2
S 1 s2

R 1 s2
e, is the sum of the

variation from the various sources of error. High values of
the intraclass correlation coefficient indicate that most of
the measurement variation is due to differences between
participants and very little to the various sources of error.
An overall intraclass correlation coefficient of reliability
was calculated using this formula. To more closely eval-
uate the specific sources of error, pairs of records were
evaluated holding other sources of error constant. For
example, using only readings from the first visit by reader
number 1, the results of sonographers 1 and 2 were com-
pared. For each set of paired records, a standard Pearson
correlation and the mean and standard deviation of the
absolute value of the differences were calculated. Finally,
all paired records were analyzed according to the recom-
mendations of Bland and Altman for between-sonographer
and between-reader reproducibility.12

FIG. 2. Design of reproducibility study.
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Results
Three data files were collected per participant by each
sonographers at each visit. Twelve of these data files from
six participants were rated as unusable because of artifact
or “noise” in the waveform collection, a discard rate of
4.8% (12/252). However, each participant had at least two
usable data collection files for each visit and sonographer,
except in two instances with only one usable data file for
each visit and sonographer. The PWV was calculated as
the mean result of the three data files per participant,
excluding unusable files. Therefore, the reproducibility
reported is for the mean of three files and not for a single
measurement.

When all records (n5 56) from 14 participants, two
sonographers and two readers from the first visit were
analyzed, the overall intraclass correlation coefficient was
0.77. This reliability coefficient indicates that 77% of the
variation in PWV was due to differences between partic-
ipants. Less than 1% of the variation was due to the
sonographer, 2% was due to the reader, and the remaining
20% of variation was due to random error. Repeated
measures random-effects ANOVA indicated that patient
differences were the only significant source of variation in
PWV. Variations due to readers (P 5 .69),sonographers
(P 5 .35), andvisits were not significant, nor were any
interactions found to be significant.

The Pearson and intraclass correlations and absolute
value of the difference are presented in Table 1 for each
source of error while holding the other sources of error
constant. The contribution of sonographer variation was
small for both readers. However, the experienced reader
(observer 1) had slightly higher reproducibility compared
to the inexperienced reader, with Pearson correlations of
0.89 v 0.73 and intraclass correlations of 0.86v 0.73.
Similarly, reader reproducibility was good, with slightly
higher reproducibility (Pearson correlations of 0.87v 0.80
and intraclass correlations of 0.83v 0.72.) when wave-
forms were collected by the experienced sonographer. The
better reproducibility of the experienced sonographer and
experienced reader is also demonstrated by the smaller

mean and standard deviation of the absolute value of the
differences for reader 1 and sonographer 1. This demon-
strates the advantage of having a primary sonographer and
a primary reader performing the work, particularly if pro-
spective measures are planned.

Figure 3 illustrates the reproducibility between two
observers for all measures at both visits, according to the
recommendations of Bland and Altman.12 The upper pan-
els show the relationship between the two observers’
results for between-sonographer comparisons and be-
tween-reader comparisons. The lower panels show the
differences between the two observers against their mean.
The plots show that 95% of the differences are within6
1.96 standard deviations of the mean, which meets the
criteria for repeatability.

Discussion
To study vascular stiffness successfully in human popula-
tions, the chosen measure must be reproducible. This
study has demonstrated that aortic pulse-wave velocity can
be measured in a reproducible manner when the PWV
value is the mean of three files. Measurement variability
due to the sonographer and reader was not found to con-
tribute significantly to the overall variation in the measure.
It is important to note that good results were achieved,
even though one sonographer and one reader were rela-
tively inexperienced. The best results were obtained when
records from the experienced sonographer and reader were
used, which emphasizes the importance of training and
experience for both sonographers and readers. Good re-
producibility was also found when measurements of the
same participant were compared between two different
visits. This suggests that pulse-wave velocity is relatively
constant for a given participant and it is reasonable to
expect to measure changes in this variable over time.

The reproducibility of PWV measured by our labora-
tory compares favorably with previous reports for PWV
and other vascular stiffness measures that were also found
to be reproducible according to the methods of Bland and

Table 1. Reproducibility of pulse wave velocity*

N
Pearson

Correlation
Intraclass
Correlation

Absolute Value
of Difference in
PWV (cm/sec)†

Between sonographers (reader constant)
Reader 1 14 0.89 0.86 59.4 (55.1)
Reader 2 14 0.73 0.73 94.0 (108.6)

Between readers (sonographer constant)
Sonographer 1 14 0.87 0.83 88.7 (50.5)
Sonographer 2 14 0.80 0.72 112.8 (71.6)

Between Visits (within participant)
Sonographer 1
Reader 1 7 0.63 0.62 168.8 (157.3)

* Sonographer 1 and reader 1 are more experienced than sonographer 2 and reader 2.
† Data reported as mean (SD).
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Altman methods.13 The analysis presented here advances
the previous reports on PWV by showing that reproduc-
ibility remains high even after accounting for multiple
sources of measurement variation, including between
sonographers, between readers and between visits. As
expected, the reproducibility of pulse wave velocity was
best when the sources of error were limited. Although each
source of error is small in and of itself, their combined
effect can have a substantial impact. Thus, it is recom-
mended that a primary sonographer and a primary reader
do the majority of work for a given study. In the case of a
multicenter study, central reading is recommended.

The entity of vascular stiffness is receiving increasing
recognition as an important correlate of atherosclerosis.14

Vascular stiffness has been found to be increased among
individuals with high levels of cardiovascular risk fac-
tors15 and it has been found to correlate positively with
extent of coronary atherosclerosis.16 Positive correlations

between vascular stiffness and stage of arterial disease
have been found in animal studies.17 In addition, stiffening
of the aorta has been shown to correlate with an increase
in characteristic impedance18 and left ventricular hyper-
trophy.19,20 These findings were independent of age and
arterial pressure.

This analysis suggests that the pulse wave velocity
measure has good reproducibility, even when evaluating
newly trained observers. Measures of vascular stiffness
such as pulse wave velocity may eventually be of use in
clinical practice to identify high risk individuals and to
monitor effectiveness of antihypertensive therapy.

Acknowledgments

The vascular stiffness measures were supported by the
Department of Epidemiology Ultrasound Research Labo-

FIG. 3. Reproducibility of pulse wave velocity (PWV) between sonographers and between readers for all measures at both visits (■, reader
1; }, reader 2; Œ, sonographer 1; F, sonographer 2). Upper panels show the relationships between sonographer and between reader. Lower
panels are Bland-Altman plots, which shows the between-observer difference in measurements of PWV versus the mean of the measure-
ments (–––, mean; ---, 6 1.96 [SD]). To meet the definition of repeatability, $ 95% of the differences should lie within 1.96 SD of the
differences, as shown here.

467AJH–May 2001–VOL. 14, NO. 5, PART 1 AORTIC PULSE WAVE VELOCITY IN ELDERLY



ratory, University of Pittsburgh Graduate School of Public
Health. This research was conducted under the tenure of
an established investigator from the American Heart As-
sociation (KST).

References

1. Lakatta EG, Mitchell JH, Pomerance A, Rowe GG: Human aging:
changes in structure and function. J Am Coll Cardiol 1987;10:42A–
47A.

2. Arnett DK, Evans GW, Riley WA: Arterial stiffness: a new cardio-
vascular risk factor? Am J Epidemiol 1994;140:669–682.

3. Vaitkevicius PV, Fleg JL, Engel JH, O’Connor FC, Wright JG, Lakatta
LE, Yin FC, Lakatta EG: Effects of age and aerobic capacity on arterial
stiffness in healthy adults. Circulation 1993;88:1456–1462.

4. Wright JS, Cruickshank JK, Kontis S, Dore C, Gosling RG: Aortic
compliance measured by non-invasive Doppler ultrasound: descrip-
tion of a method and its reproducibility. Clin Sci 1990;78:463–468.

5. Hoeks AP, Brands PJ, Reneman RS: Assessment of the arterial
distension waveform using Doppler signal processing. J Hypertens
1992;(suppl)10:S19–S22.

6. Asmar RG, Benetos A, Topouchian J, Laurent P, Pannier B, Brisac
AM, Target R, Levy BI: Assessment of arterial distensibility by
automatic pulse wave velocity measurement. Validation and clinical
application studies. Hypertension 1995;26:485–490.

7. Avolio AP, Deng FQ, Li WQ, Luo YF, Huang ZD, Xing LF,
O’Rourke MF: Effects of aging on arterial distensibility in popula-
tions with high and low prevalence of hypertension: comparison
between urban and rural communities in China. Circulation 1985;
71:202–210.

8. SAS Institute I: SAS/STAT user’s guide, version 6. 4th ed. Cary,
NC SAS Institute, 1990, pp 1161–1672.

9. Fleiss JL: The design and analysis of clinical experiments. New
York, John Wiley and Sons, 1986.

10. Dunn G: Design and analysis of reliability studies. New York,
Oxford University Press, 1989.

11. Landis JR, Koch GG: A review of statistical methods in the analysis
of data arising from observer reliability studies (part I). Statistica
Neerlandica 1975;29:101–123.

12. Bland JM, Altman DG: Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986;1:307–
310.

13. Liang YL, Cameron JD, Teede H, Kotsopoulos D, McGrath BP:
Reproducibility of arterial compliance and carotid wall thickness
measurements in normal subjects. Clin Exp Pharmacol Physiol
1998;25:618–620.

14. Hopkins KD, Lehmann ED, Gosling RG: Aortic compliance mea-
surements: a non-invasive indicator of atherosclerosis? Lancet 1994;
343:1447.

15. Lehmann ED, Hopkins KD, Gosling RG: Aortic compliance mea-
surements using Doppler ultrasound: in vivo biochemical correlates.
Ultrasound Med Biol 1993;19:683–710.

16. Hirai T, Sasayama S, Kawasaki T, Yagi S: Stiffness of systemic
arteries in patients with myocardial infarction. A noninvasive
method to predict severity of coronary atherosclerosis. [Published
erratum appears in Circulation 1989;80:1946]. Circulation 1989;80:
78–86.

17. Farrar DJ, Bond MG, Riley WA, Sawyer JK: Anatomic correlates of
aortic pulse wave velocity and carotid artery elasticity during ath-
erosclerosis progression and regression in monkeys. Circulation
1991;83:1754–1763.

18. Merillon JP, Motte G, Masquet C, Azancot I, Guiomard A, Gourgon
R: Relationship between physical properties of the arterial system
and left ventricular performance in the course of aging and arterial
hypertension. Eur Heart J 1982;3(suppl A):95–102.

19. Bouthier JD, De Luca N, Safar ME, Simon AC: Cardiac hypertro-
phy and arterial distensibility in essential hypertension. Am Heart J
1985;109:1345–1352.

20. Boutouyrie P, Laurent S, Girerd X, Benetos A, Lacolley P, Abergel
E, Safar M: Common carotid artery stiffness and patterns of left
ventricular hypertrophy in hypertensive patients. Hypertension
1995;25:651–659.

468 AJH–May 2001–VOL. 14, NO. 5, PART 1AORTIC PULSE WAVE VELOCITY IN ELDERLY


