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Home blood pressure measurement and ambulatory blood pressure monitoring in general practice
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Controlled White-coat Masked Sustained
Hypertension patient
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Comparison between carotid- femoral and brachial-ankle
pulse wave velocity as measures of arterial stiffness
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Background Arterial stiffness is an important risk
factor for cardiovascular disease. Carotid-femoral

pulse wave velocity (cfPWV) is the most recognized and
established index of arterial stiffness. An emerging
automatic measure of PWV primarily used in the Asian
countries is brachial-ankle PWV (baPWV).

Method To systematically compare these two
methodologies, we conducted a multicenter study involving
a total of 2287 patients.

Results There was a significant positive relation between
baPWV and cfPWV (r=0.73). Average baPWV was
approximately 20% higher than cfPWV. Both cfPWV and
baPWV were significantly and positively associated with age
(r=0.56 and 0.64), systolic blood pressure (r=0.49 and
0.61), and the Framingham risk score (r=0.48 and 0.63).
The areas under the receiver operating curves (ROCs) of
PWV to predict the presence of both stroke and coronary
artery disease were comparable between cfPWV and
baPWV.

Introduction

Arterial stiffness is associated with a number of delete-
rious cardiovascular conditions [1-3] and has been iden-
tified as an independent risk factor for cardiovascular
disease [4]. Because of its clinical importance, a number
of indices have been developed and introduced to charac-
terize arterial stiffness [5-8]. However, clinicians and
researchers still report great difficulties in selecting
the most appropriate methodology for their specific use
{7]. Parenthetically, a measure of arterial stiffness has
not been fully incorporated in routine clinical practice.
Although no one methodology has been proved superior,
pulse wave velocity (PWV) is the most recognized and
established index of arterial stiffness [7]. Tlte most fre-
quently studied index to date among a variety of PWV

measures is carotid-femoral PWV (cfPWV). ¢fPWYV has -

been used in landmark studies of arterial stiffness con-
ducted in Europe [2,9] and Australia [10] as well as in the
Framingham Heart Study in the USA [11]. Despite the
accumulating clinical evidence, this measure of PWYV has
not been fully included in routine clinical settings. An
emerging measure of PWV that has been widely used in
Japan and other east-Asian countries in the past 10 years
is brachial-ankle PWV (baPWV) [8,12—-15] (or some have
referred to as brachial-ankle PWV index [14]). This
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Conclusion Collectively, these results indicate that cfPWV
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atitomated measure of PWV is very unique in that it

has been widely used in routine clinical settings, at least

in Japan, with impressive number of machines (~10000)
already been incorporated in various clinics and hospitals.

Although these two PWV measures are widely used in the
Western and Eastern societies, respectively, associations
between the two are not clear. A few studies that have
attempted to address this issue are small scale in nature
[8,13]. Additionally, it is not known how each of the
arterial stiffness measures are associated with coronary
heart disease (CHD) risk factors. Moreover, how both
techniques are comparatively related to clinical events is
not currently known. In an attempt to systematically
address these issues, we conducted a multicenter study
to determine associations between c¢fPWV and baPWV.

Methods

Patients

Patients were participants in the community-based
research studies from six different institutions in Japan
and one in the USA. A total of 2287 adults (1265 men
and 1022 women) were studied. All procedures were
reviewed and approved by the local Human Research

DOI:10.1097/HIH.0b013e3283269467
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Committees. Each patient provided written consent to
participate in the study.

Before the experiments, patients abstained from alcohol
and caffeine and fasted for at least 3 h. Patients were
studied under supine resting conditions in a quiet,
temperature-controlled room.

Pulse wave velocity measurements

Electrocardiogram, bilateral brachial and ankle blood
pressures, and carotid and femoral arterial pulse waves
were simultaneously measured with a vascular testing
device (VP-2000; Omron Healthcare) [12]. This machine
was originally developed as a screening device for hyper-
tension (via blood pressure), peripheral artery disease (via
ankle brachial index), and arterial stiffness {via PWV),
and this necessitated the use of four blood pressure cuffs
on each limb. Carotid and femoral arterial pressure wave-
forms were stored for 30s by applanation tonometry
sensors attached to the left common carotid artery (via
a neck collar) and left common femoral artery (via elastic
tape around the waist). Bilateral brachial and post-tibial
arterial pressure waveforms were stored for 10's by extre-
mities cuffs, connected to a plethysmographic sensor and
an oscillometric pressure sensor, wrapped around both
arms and ankles.

Pulse wave velocity was calculated from the distance
between two arterial recording sites divided by transit
time. Transit time was determined from the time delay
between the proximal and distal ‘foot’ waveforms. The
foot of the wave was identified as the commencement of
the sharp systolic upstroke, which was automatically
detected by a band-pass filter (5-30 Hz). Time delay
between right brachial and tibial arteries (Tba), between
carotid and femoral arteries (Tcf), and between femoral
and tibial arteries (Tfa) were obtained. The path length
from the carotid to the femoral artery (Dcf) was directly
assessed in duplicate with a random zero length measure-
ment over the surface of the body with a nonelastic tape
measure [16]. For patients whose distance between the
carotid and femoral artery was not available, Dcf was
estimated using the equation [0.318 x height (cm)+
10.56] [17]. Agreement between cfPWV obtained using
the estimated Decf and directly measured Dcf was excel-
lent (»=0.99). The path lengths from the suprasternal
notch to brachial artery (Dhb), from suprasternal notch
to femur (Dhf), and from femur and ankle (Dfa) were
calculated automatically by the machine using the fol-
lowing equations {13]:

Dhb = (0.220 x height {cm} — 2.07)
Dhf = (0.564 x height {cm} — 18.4)

Dfa = (0.249 x height{cm} + 30.7)

cfPWV and baPWV Tanaka et al. 2023

Pulse wave velocity was calculated by the following
cq%ionsz
L Def
Carotid—f | PWV = —
E‘II‘QI’:X emora Tof
Dhf + Dfa — Dhb

Brachial—ankle PWV =
rachial—ankle Tha

The results obtained with right side and left side baPWV
were identical (r=0.97). As such, right baPWV is
reported in the present study. The validity and rgliability
of the automatic device for measuring PWV have been
established previously [12].

Blood samples

A blood sample was collected from the antecubital vein
using venipuncture after an overnight fast. Plasma con-
centrations of glucose, lipids, and lipoproteins were
determined by use of a standard enzymatic technique
as previously described [16]. Glomerular filtration rate
(eGFR) was calculated using the following equation
introduced by the Japanese Society of Nephrology [18].

Men: eGFR (ml/min per 1.73m?)

=194 x Cr—1.094 X agc~0.287

Women : eGFR (ml/min per 1.73 m?)

=194 x Cr710% 5 age0287 x 0.739

Statistical analyses

Univariate regression and correlation analyses were used
to analyze the relations between variables of interest.
Forward stepwise multiple-regression analyses were used
to determine the influence of central and peripheral
arterial stiffness on baPWV. To do so, only variables that
had significant univariate correlations with ¢fPWV and/or
baPWV were included in the model. Receiver operating
characteristic (ROC) curves for both ¢fPWV and baPWV
were constructed, and area under the curves (AUC) was
calculated. This analysis was performed in a cohort of 814
patients [36 strokes and 40 coronary artery disease
(CAD)] collected in three different institutions. Statisti-
cal significance was set apriori at P<0.05. Data are
expressed as means = SEM.

Results

Table 1 shows the clinical and biochemical characteristics
as well as PWV for the patients. On average, baPWV was
approximately 20% higher than ¢fPWYV,

As demonstrated in Fig. 1, there was a significant positive
relation between baPWV and c¢fPWV (»=0.73). Sub-
group analyses revealed no systematic differences
between men and women or between Japanese and
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Table 1 Patient characteristics

2009, Vol 27 No 10

Variable Mean + SD
n 2287
Age (years) 56+ 16
Sex (%emale) 56
CVD (%) 4.8
Height (cm) 16249
Body weight (kg) 61112
Systalic BP (mmHg) 128419
Diastolic BP (mmHg) 81+13
Total cholesterol {mg/dl) 209+36
LDL-cholesterol {mg/dI) 124433
HDL-cholesterol {mg/dl) 58+16
Triglyceride (mg/dl) 127493
Plasma glucose (mg/dl) 103425
cfPWV (cm/s) 1256 +388
baPWV {(cmis) 1484 +342
eGFR (ml/min per 1.73m?) 7920

BP, blood pressure; GVD, cardiovascular disease; eGFR, estimated glomerular
filtration rate; PWV, pulse wave velocity.

American populations. Both ¢fPWV and baPWV were
significantly and positively associated with age (#=0.56
and 0.64; Fig. 2 and Table 2), systolic blood pressure
(SBP) (r=0.49 and 0.61), and the Framingham risk score
(r==0.48 and 0.63; Fig. 3). Stepwise multiple regression
analyses indicated that the two primary determinants of
both ¢fPWV and baPWV were age and SBP, explaining
43 and 60% of variances associated with c¢fPWV and
baPWYV, respectively. Figure 4 shows the results of the
cross-sectional analyses involving the ROC of PWV 1o
predict the presence of both stroke and CAD in a cohort
of 814 patients (36 strokes and 40 CAD). The areas under
the ROC curve for ¢fPWV and baPWV were comparable
in stroke (0.62 and 0.63) and CAD (0.60 and 0.60).

Discussion
Pulse wave velocity is an established index of arterial
stiffness and its first clinical use can be traced to Bramwell

Fig. 1
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and the Nobel laureate, A.V. Hill [5]. In the present
stydy, we performed comparative analyses of cfPWV and
baPWV in a large number of patients who participated
in the multicenter study. First, we demonstrated that
baPWV was significantly and positively associated with
cfPWV in the pooled population. Second, both PWV
measures exhibit similar associations with various risk
factors for CAD. Third, the areas under the ROC curve to
predict the presence of CAD and stroke were comparable
for cfPWV and baPWV. Collectively, these results indi-
cate that cfPWV and baPWV are indices of arterial stiff-
ness that are similarly related to CHD risk factors and
predict clinical events to similar extents.

There was a strong positive association between cfPWV
and baPWYV, suggesting that both measures of PWV are
indices of ‘central’ (or cardiothoracic) artery stiffness.
These results are consistent with previous small-scale
studies showing that baPWV is more closely associated
with the index of central artery stiffness [8,13,19]. We
have also previously reported that changes in central
artery stiffness induced by a lifestyle modification are
closely associated with the corresponding changes in
baPWV [8]. Thus, in contrast to the prevailing notion,
baPWYV appears to reflect central arterial stiffness rather
than peripheral artery stiffness. However, the regression
line between ¢fPWV and baPWV deviated from the line
of identity. On average, baPWV was approximately 20%
higher than cfPWV. This finding indicates that some
(albeit small) portions of baPWV may be determined by
‘peripheral’ (or muscular) arterial stiffness as suggested by
a previous study [8].

The comparative assessment and analyses of different
indices of arterial stiffness, particularly the comparisons
with cfPWYV, are becoming increasingly impogtant given
the recent European guidelines for the management of
arterial hypertension proposing that a ¢fPWV value of
more than 1200 cm/s be used as an index of subclinical
organ damage [9]. The regression line obtained in the
present study reveals that a baPWV value of 1450 cm/s is
equivalent to the threshold value of 1200 cm/s proposed
by the European Society of Hypertension and the Euro-
pean Society of Cardiology [9]. Such setting of a threshold
PWYV value may become a necessity if arterial stiffness
measures were to be fully integrated into routine clinical
settings.

Carotid-femoral pulse wave velocity has been shown to
be accurate, reliable, and relatively simple to use and has
been strongly linked with cardiovascular disease [1,2,14].
However, this methodology has not been widely incor-
porated in the routine clinical settings. The use of pres-
sure transducers or Doppler probes on target arteries
may be perceived as somewhat difficult to clinical staff.
Additionally, some patients may feel uncomfortable
exposing the inguinal area during the acquisition of
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femoral pressure waveforms. These trends were particu-
larly evident in generally demure Japanese population
and required a development of a novel arterial stiffness
index. baPWV has a procedural advantage of being very
simple to use, only requiring the wrapping of blood
pressure cuffs on four extremities. As a result, it has
become a very popular modality to assess arterial stiffness
in Japan [13], and it has been incorporated in thousands of
local (i.e. nonresearch-oriented) clinics and hospitals.

Brachial-ankle pulse wave velocity has been criticized
that the pulse wave does not travel directly from the
brachial arteries to the post-tibial arteries in the same
arterial tree and that the nomenclature of PWV is inap-
propriate. However, the same argument can be made
for the well established cfPWV. cfPWV measures the
velocity of pulse wave from carotid to femoral arteries,
and these two arteries are not connected directly in the
same arterial tree. Another issue pertaining to cfPWV is
that there has been no consensus in terms of how the
arterial path length should be measured. In large epide-
miological studies from France that yielded the most
clinically significant findings on cfPWV [1,20,21], the

Table 2 Associations between pulse wave velocity (PWV) and risk
factors for coronary heart disease

Variable cfPWV baPWV
Age 0.56 0.64
Systolic BP 0.49 0.61

Diastolic BP 0.13 0.23
Mean BP 0.48 0.58
Pulse pressure 0.50 0.56

FRS 0.48 0.63
eGFR -0.32 -0.25

BP, blood pressure; eGFR, estimated glomerular filtration rate; FRS, Framingham
risk score; PWV, pulse wave velocity. Values are Pearson correlation coefficients.
All are significant at P< 0.001.

straight distance between the carotid and femoral arteries
was applied. On the contrary, different investigations,
including the Framingham Heart Study, employed the
subtraction of the carotid artery length from the carotid to
femoral straight distance in order to account for the pulse
traveling in the opposite direction {22]. Rajzer e a/. [23]
recently compared the values of aortic PWV obtained
with different arterial path length measurement: the
carotid to femoral straight distance vs. the subtraction
of the carotid artery length from the suprasternal notch to
femoral straight distance. They reported that PWV
measured with the former method was 25% higher com-
pared with that using the latter method. We recently
measured the aortic path lengths directly by the three-
dimensional transverse magnetic resonance image arter-
ial tracing in 256 apparently healthy adults and found that
PWYV calculated with the straight distance between car-
otid and femoral sites 26% overestimated the actual
arterial path length {24]. Thus, it should be acknow-
ledged that both ¢fPWV and baPWYV have inherent
problems with regard to the measurement of arterial path
length. '

Both cfPWV and baPWYV were significantly and similarly
associated with various risk factors for CAD in the present
study. Multiple regression analyses revealed that the two
primary determinants of ¢fPWV and baPWV were the
same {age and SBP). Interestingly, the strength of associ-
ations was somewhat greater for baPWV. These results
are consistent with a recent epidemiological study [14]
showing that both ¢fPWV and baPWV were significantly
associated with the presence and severity of coronary
calcification among overweight postmenopausal women.
Interestingly, baPWV displayed stronger associations
with the presence of coronary calcium than cfPWV
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[14]. A similar finding that baPWV is more strongly
related to left ventricular mass than ¢fPWYV has also been
reported [15]. Although baPWV is predominantly a
measure of central artery stiffness [8], it also displays a
modest correlation with peripheral artery stiffness (e.g.

leg PWV) [8]. Thus, baPWV may be affected by more

peripheral or systemic disease processes.

The areas under the ROC curve were also similar for
baPWYV and <fPWV. The results from this cross-sectional
analysis indicate that both cfPWV and baPWV have
similar abilities to associate with the presence of CAD
and stroke. However, the values depicting the areas
under the ROC curve were somewhat lower than what
have been reported in the literature. This may be related
to a lower cardiovascular risk in the Japanese population.

Furture prospective longitudinal studies are warranted to’

properly address this issue.

Carotid-femoral pulse wave velocity values reported in the
present study appear high compared with some of the
previously published studies [3,11] but are consistent
with other studies [1,25]. The divergent cfPWV values
are attributed to a different method used to measure the
arterial path length (20% differences in mean values). In
the latter studies, the arterial path length is the distance
berween the carotid and femoral recording sites, whereas
the distance between carotid and femoral recording sites
minus the distance from the carotid location to the super-
sternal notch is used in the former studies. Although this
choice of methodology would produce approximately 20%
differences in cfPWYV values [24], it is still a matter of
debate which arterial path length should be measured for
the calculation of cfPWV. However, Sugawara er a/. [24]
have recently demonstrated that subtraction of the dis-
tance from the carotid location to the supersternal notch is
the closest to the actual aortic length directly measured
by the three-dimensional MRI. In baPWV, arterial path
length is automatically estimated from one’s height.

In summary, the newer automated measure of PWV
(baPWYV) was strongly associated with the gold standard
measure of PWV (cfPWV). Additionally, both ¢fPWV and
baPWYV exhibit similar association with established risk
factors for CAD and provide similar areas under the ROC
curve for both stroke and CAD. Given the simplicity
of the technique, baPWV is a promising new technique
that is ideal for large-scale population studies and for
incorporation into routine clinical settings. However, a
more thorough analysis against a conventional technique
is desirable.
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