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Arterial Stiffness (AS) is a primary cardiovascular risk factor. AS

increases myocardial oxygen demand and LV work and

decreases coronary perfusion. Pulse Wave Velocity (PWV) is

considered the gold standard for assessing AS. However, PWV

testing is time consuming and impractical in the clinical setting.

The purpose of this study was to determine if Pulse Wave

Analysis (PWA) parameters obtained with applanation tonom-

etry can be used to predict PWV. Radial artery PWA testing and

aortic PWV measurements were performed on 77 apparently

healthy subjects. A correlation matrix between all the studied

variables and a stepwise multiple regression were performed.

The best regression equation was obtained with central PWV as

the dependent variable and Age, Height, Weight, Brachial

Systolic and Diastolic Blood pressures, normalized and non-

normalized Augmentation Index, Cardiac Cycle time, Ejection

Duration, reflected wave round trip travel time, and time to peak

pressure as independent variables. Finally, a Bland-Altman test

was performed to determine the agreement between measured

and predicted PWV. No significant correlations between PWV

and PWA parameters were found. The resulting stepwise

regression equation was PWV = 1.76 1 0.044*Age 1

0.023*SBP (R = 0.544, Adj-R2 = 0.28, P < 0.001). No agreement

between measured and predicted PWV was observed using the

Bland-Altman test. Although the regression equation is signifi-

cant, the adjusted coefficient of determination shows that the

model could explain just 28% of PWV variability. These findings

suggest that PWA should not be used as a surrogate measure

for assessing aortic PWV and stiffness. Exp Biol Med 234:1339–

1344, 2009
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Introduction

Hypertension is a major public health problem for

nearly 30% of the population 18 years and older (1) and is

closely related to heart disease and stroke (2, 3). Chronic

hypertension may produce anatomical changes to the aorta’s

tunica media that will progressively generate Arterial

Stiffness (4). Hemodynamically, Arterial Stiffness increases

myocardial work via a decreased aortic compliance and an

increased reflecting pressure wave velocity (5, 6). In recent

years, non-invasive techniques that assess central hemody-

namics have increased in popularity (7, 8), primarily

because they have proven to be better predictors of future

cardiovascular events when compared to brachial blood

pressure measured via sphygmomanometry (6, 7, 9–13).

Applanation Tonometry (AT) is a non-invasive and

relatively inexpensive technique that is currently used in the

clinical setting to assess central hemodynamics (12, 14–18).

There are two main assessments derived from AT: Pulse

Wave Analysis (PWA) and Central Pulse Wave Velocity

(PWV). Aortic PWA is derived from the radial pulse

waveform and the use of a mathematical transfer function

(5, 16, 18) and is mainly used to evaluate central

hemodynamics such as Aortic Pulse Pressure and Augmen-

tation Index (AIx) (5, 11, 12, 15, 16, 19, 20).

Although some PWA parameters, such as round trip

travel time of the reflecting wave (DTp) and AIx (Fig. 1),

provide information on aortic wave reflection and Arterial

Stiffness (11, 12, 19), it is the measurement of Carotid-

Femoral PWV (CF-PWV) that is recognized as the gold

standard for Arterial Stiffness assessment (7, 8, 17, 19, 21).

We reasoned that if a valid surrogate for complex CF-PWV

could be derived from simple PWA parameters, there would

be several clinical benefits. PWA can be performed in 10 to

15 minutes, while CF-PWV can require 30 to 40 minutes, is

technically very demanding, and involves the combination

of AT with an electrocardiogram and body landmarks

measurements (7, 11, 14, 22). Several previous studies have

addressed the relation between CF-PWV and some PWA

parameters, but the results are conflicting and the studies
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were not designed to answer the question regarding a

surrogate measure (22–29).

This will be the first study designed specifically to

determine whether CF-PWV may be obtained from PWA

parameters in healthy subjects (22–25). Accordingly, the

purpose of our study is to predict CF-Pulse Wave Velocity

from Pulse Wave Analysis parameters using applanation

tonometry. We will test the hypothesis that there exists a

significant regression model to use PWA as a surrogate

measure of CF-PWV and Arterial Stiffness.

Methods

Subjects. Forty-one men and thirty-six women, 18.9–

63.5 years of age, were enrolled in the study. All subjects

were apparently healthy, with no known cardiovascular

disease or major cardiovascular risk factors, and none were

receiving any prescribed medications. The study was

approved by the Institutional Review Board of the

University of Florida and written informed consent was

obtained from all subjects. Height and weight were assessed

before subjects were placed in a supine resting position on a

gurney in a quiet, temperature-controlled environment.

Following a 10-minute rest period, brachial blood pressure

was measured in triplicate via an automated non-invasive

device (BpTRU BPM-100, VSM MedTech Ltd., Vancou-

ver, BC, Canada). Subjects remained in the same position

and conditions for the duration of the measurements. All

subjects were tested at the same time of day to avoid any

diurnal variations following at least 8 hours of fasting and

with no caffeine intake for at least 12 hours.

Pulse Wave Analysis. The assessment of arterial

wave reflection characteristics was performed noninvasively

using the SphygmoCor Pulse Wave Analysis Px system and

SCOR-2000 Version 6.31 software (AtCor Medical,

Sydney, Australia). High-fidelity radial artery pressure

waveforms were recorded by applanation tonometry of the

radial pulse in the left wrist using a ‘‘pencil type’’
micromanometer (Millar Instruments, Houston, TX). The

aortic pressure waveform was derived non-invasively from

the radial pulse using applanation tonometry and application

of a generalized transfer function, which corrects for

pressure wave amplification in the upper limb (5). At least

five consecutive measurements were performed per subject,

and the average of the best three high-quality recordings,

defined as an in-device quality index of over 80% (derived

from an algorithm including average pulse height variation,

diastolic variation, and the maximum rate of rise of the

peripheral waveform), was used for analysis. The following

PWA parameters related to the amplification and temporal

characteristics of the reflecting wave were used as

independent variables in the present study; for further

details, consult Nichols and Singh (12):

Augmentation Index (AIx), defined as reflected wave

amplitude divided by pulse pressure and is expressed as a

percentage (20);

Normalized AIx (AIx@75), defined as AIx normalized

to a fixed heart rate of 75 beats per minute (30),

Round trip travel time of the reflecting wave (DTp),

defined as the forward traveling wave from the ascending

aorta to the major reflection site and back, is measured from

the foot of the forward traveling pressure wave to the foot of

the reflected wave (12),

Time to peak pressure (TPP), defined as the time where

the aortic systolic pressure is reached,

Cardiac Cycle time (tCC), defined as the duration time

of a cardiac cycle, and

Ejection Duration (ED), defined as the duration time of

every cardiac systole.

Pulse Wave Velocity. CF-PWV was measured in

triplicate from the left common carotid pulse to the left

femoral pulse using applanation tonometry, as described

elsewhere (17, 22, 31, 32). In general, pressure waveforms

were gated with simultaneous electrocardiographs and were

used to calculate the PWV between the two sites (Carotid-

Femoral). Foot-to-foot PWV was calculated by determining

the delay between the appearance of the pressure waveform

foot in the carotid and femoral sites (Dt). The measurement

of the tonometry transit distance (TTD) was made using a

measuring tape on the surface of the body connecting the

carotid measuring site with the suprasternal notch and the

suprasternal notch with the femoral measuring site,

respectively. The aortic or central transit distance (CTD)

was estimated subtracting two times the suprasternal notch-

carotid distance to TTD, to account for parallel transmission

in the aorta and common carotid (33). Finally, CF-PWV was

estimated dividing CTD by Dt, using SphygmoCor Pulse
Wave Velocity Vx system and SCOR-2000 Version 6.31

software.

Figure 1. Aortic pressure wave synthesized from the measured
radial artery pressure wave (applanation tonometry) using a
generalized transfer function. ED, Ejection Duration; DTp, Round
trip travel time; Pd, Diastolic pressure; Ps, Systolic pressure; Pi,
Inflection point indicating the beginning of the reflected pressure
wave; AIx¼ [(Ps–Pi)/(Ps–Pd)] 3 100.
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Statistical Analysis. Data analysis was performed in

three steps using SPSS software (version 16.0, Chicago, IL).

A correlation matrix was produced using all the study

variables (Age, Height, Weight, AIx, AIx@75, DTp, TPP,

tCC, ED, and PWV) to look for significant associations at P
, 0.05. Then, a stepwise multiple regression was performed

to obtain the best regression equation, including aortic PWV

as the dependent variable and the remaining variables as

independent. The stepwise multiple regression uses the

highest regression coefficients between PWV and the

independent variables, without significant collinearity

between these variables or predictors. It adds them up until

no additional predictors contribute significantly to the

model, based on the adjusted determination coefficient

(Adj-R2). Finally, a Bland-Altman test for agreement

between CF-PWV and the best regression equation was

performed, with 0.35 m/s as the maximal tolerated differ-

ence (34), a value that approximates a 5% error in normal

subjects (7).

Results

Table 1 shows subject characteristics and descriptive

statistics of the variables used in the study.

The correlation matrix between all the variables used in

the study is shown in Table 2. Within the matrix, it is

possible to observe that PWV is significantly correlated with

three different variables (Age r¼ 0.479, Weight r¼ 0.272,

and SBP r¼ 0.324), with no significant correlation with any

PWA parameter (AIx, AIx@75, DTp, TPP, tCC, or ED).

Age, Height, and Weight are the variables with more

numbers of significant correlations within the variables.

Especially relevant is the finding of a significant correlation

between PWV and Age, while no significant correlation is

represented between DTp and Age (r¼�0.038, P . 0.05).

Table 1. Subject Characteristics and Descriptive Statistics (n ¼ 77)

Minimum Maximum Mean SD

Age (years) 18.90 63.52 26.44 9.33
Height (cm) 146.00 195.00 172.83 10.81
Weight (Kg) 44.00 121.00 70.59 15.03
BMI (Kg/m2) 17.36 33.52 23.46 3.38
SBP (mmHg) 96.00 138.00 116.19 10.47
DBP (mmHg) 60.00 88.00 72.74 6.77
MAP (mmHg) 71.00 106.00 86.27 7.66
AIx (%) –25.33 36.33 7.55 12.47
AIx@75 (%) –31.67 29.00 0.48 12.79
DTp (ms) 105.33 208.33 157.17 19.03
TPP (ms) 170.00 276.67 227.55 21.61
tCC (ms) 612.00 1434.67 1030.80 171.42
ED (ms) 246.00 386.00 336.35 22.86
PWV (m/s) 3.69 9.10 5.61 0.93

BMI, Body Mass Index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; MAP, Mean Arterial Pressure; AIx, Augmentation Index;
AIx@75, normalized AIx; DTp, Round trip travel time; TPP, time to peak pressure; tCC, Cardiac Cycle time; ED, Ejection Duration; PWV, Pulse
Wave Velocity.

Table 2. Correlation Matrix Between All Variables

Height
(m)

Weight
(Kg)

SBP
(mmHg)

DBP
(mmHg)

AIx
(%)

AIx@75
(%)

DTp
(ms)

TPP
(ms)

tCC
(ms)

ED
(ms)

PWV
(m/s)

Age (years) .164 .271* .142 .097 .501** .376** –.038 .265* .252* .295** .479**
Height (m) .722** .513** .078 –.371** –.480** .443** –.041 .305** .152 .171
Weight (Kg) .564** .175 –.242* –.332** .237* –.148 .215 .044 .272*
SBP (mmHg) .464** –.074 –.041 .032 –.156 –.047 –.178 .324**
DBP (mmHg) .223 .252* –.208 .054 –.078 –.144 .045
AIx (%) .904** –.291* .501** .145 .389** .154
AIx@75 (%) –.432** .216 –.251* .135 .117
DTp (ms) .133 .319** .348** –.060
TPP (ms) .636** .645** .016
tCC (ms) .606** .092
ED (ms) .083

SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; AIx, Augmentation Index; AIx@75, normalized Aix; DTp, Round trip travel time;
TPP, time to peak pressure; tCC, Cardiac Cycle time; ED, Ejection Duration; PWV, Pulse Wave Velocity.
* P , 0.05.
** P , 0.01.
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The best regression equation after performing a

stepwise analysis is:

PWV ¼ 1:76þ 0:044 � Ageþ 0:023 � SBP
ðR ¼ 0:544; Adj�R2 ¼ 0:28; P , 0:001Þ:

Although this equation resulted in a highly significant P
value (P , 0.001), the variability of the dependent variable

can be explained by just 28% of the model (Adj-R2¼ 0.28).

In addition, it is possible to observe that no PWA parameter

is included in the equation, mainly because no significant

correlation was seen between PWV and PWA parameters.

The agreement analysis of the best regression equation

is represented in Figure 2, where the mean of the differences

between the measured and the predicted PWV is 0 m/s and

the standard deviation is 0.78 m/s. The range established by

mean 6 2 SD (0.0 6 1.56 m/s) is three-fold greater than the

range established a priori as the maximal tolerated differ-

ence (60.35 m/s) and 50% of the sample is out-of-range.

Discussion

This study was designed to elucidate a possible

surrogate measurement for Carotid-Femoral PWV using

PWA. Our findings are three-fold: first, no significant

correlations were found between CF-PWV and PWA

parameters; second, the best regression equation to estimate

CF-PWV included Age and Systolic Blood Pressure as

independent variables, with just 28% of the variability

explained by the model; and third, the Bland-Altman

agreement analysis did not confirm the best regression

equation as a surrogate of CF-PWV. Based on these results,

we reject our hypothesis and conclude that PWA cannot be

used as a surrogate measurement for CF-PWV in apparently

healthy, normal subjects.

Arterial Stiffness has been linked to hypertension and is

an independent risk factor for cardiac disease (5, 6). Indeed,

Arterial Stiffness is a better predictor of future cardiac

events when compared to brachial blood pressure (6, 7, 10–

13). Pulse Wave Velocity (PWV) is considered the gold

standard for determining Arterial Stiffness (7, 8). Unfortu-

nately, measurement of CF-PWV using AT is time

consuming, must be coupled with electrocardiogram

monitoring, requires precise body landmark measurements,

and is technically demanding. Alternatively, Pulse Wave

Analysis (PWA) has been proposed as a surrogate method to

assess Arterial Stiffness (11, 12, 19). Indeed, if PWA could

be used as a valid surrogate for Arterial Stiffness, clinical

screening for cardiovascular disease could be simplified and

significantly shortened.

Previous investigations have yielded conflicting results

(22–25). London et al. (23) were the first to report a

significant relationship between PWV and DTp (r¼�0.598,

P , 0.001). Subsequently, others have erroneously cited

that study as evidence that PWA data can be used as a

surrogate measurement for Arterial Stiffness (7, 9, 35, 36).

However, London et al. (23) used a different method

(Transcutaneous Doppler flow velocity vs. AT) to assess

PWV and their study was further confounded by using a

mixed sample of healthy subjects and end-stage renal

disease patients, including both normotensive and hyper-

tensive subjects. Moreover, only 36% of PWV variability

was explained by their model and no statistical agreement

test was performed (23). Interestingly, McEniery et al. (29),

in a large sample of normal subjects, reported that a direct

relation exists between DTp and CF-PWV (r ¼ 0.34, P ,

0.001), suggesting that the reflecting wave returned more

slowly from the periphery when central stiffness is

increased. The authors do not explain their paradoxical

finding (29).

In contrast, Nakae et al. (24) did not find a significant

correlation between radial AIx and brachial-ankle PWV in

treated hypertensive subjects using a tonometry device.

Using the same methodology as applied in the present study,

Yasmin and Brown (25) and Wimmer et al. (22) found

significant correlations between AIx and central PWV (r ¼
0.29, P , 0.005), and AIx@75 and central PWV (r¼ 0.31,

P , 0.0001), respectively, in offspring hypertensive siblings

(25) and subjects with chronic kidney disease (22).

Although Yasmin and Brown (25) and Wimmer et al. (22)

designed their studies to determine possible PWV measure-

ments using PWA, they found only modest correlations.

More importantly, their models explained only 8.4 and 9.6%

of PWV variability. Lastly, neither study tested for

statistical agreement between both techniques (34).

Our results showed no statistically significant correla-

tions, but our correlation coefficient between AIx and PWV

was comparable to the r values observed between AIx and

PWV in previous studies (r¼ 0.15 vs. r¼ 0.29 (25) and r¼
0.25 (22)). Comparable r values across studies confirms that

the behavior of the different AIx/PWV regression functions

are similar and, despite the statistical significance shown

elsewhere (22, 25), the overall PWV variability is poorly

explained by the different models. From a statistical

perspective, the appropriate interpretation of these r values

is that AIx cannot be used as a surrogate of PWV.

Another reason, in our opinion, for the somewhat

disparate conclusions across studies is that entirely different

populations were tested. While Yasmin and Brown (25) and

Wimmer et al. (22) tested clinical populations, and London

et al. (23) tested a mixed sample, as described above, we

tested apparently healthy subjects with no known cardio-

vascular disease or risk factors. We believe that this is a very

important factor because vascular diseases alter dispersion

and reflection of the pressure wave (5, 12, 16, 20, 23, 37).

Consequently, an increase in the relationship between PWV

and AIx or DTp is to be expected.

Our study is not without limitations. A larger sample

size and more subjects 50 years of age and older would

strengthen our results, though no change in the general

outcomes would be expected. A second possible limitation

of the present study is the use of indirect non-invasive

assessment for PWV and PWA. However, Sakurai et al.
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(38) measured PWA and PWV invasively via aortic

catheterization and observed no statistical relation between

AIx and PWV (r ¼ 0.28, P . 0.05), supporting the same

general outcome observed with non-invasive measurements

in the present study (38).

To date, this is the first study designed specifically to

determine whether PWA parameters can be used as

surrogates for CF-PWV measurement. The best regression

equation found within the present study did not use any of

the PWA parameters and did not pass the statistical test for

agreement (34), which shows PWV should not be replaced

by PWA to assess Arterial Stiffness. Our finding is further

supported by Kelly et al. (39), who reported different and

contradictory AIx and PWV responses to vasoactive drugs,

confirming that a strong relationship does not exist between

AIx (eq. PWA parameter) and central PWV. Finally, it

should be noted that the European Society of Cardiology, in

its ‘‘Expert Consensus Document on Arterial Stiffness,’’

correctly argues that: ‘‘Central pressure, AIx, and PWV

cannot be used interchangeably as indexes of Arterial

Stiffness’’ (8).

Although PWA is a validated assessment for central

aortic pressure (12), increased myocardial work (40, 41),

and cardiovascular risk, we conclude that PWA cannot be

used as a surrogate measure of Carotid-Femoral PWV in

apparently healthy, normal subjects.
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