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 Abstract 
  Background:  Brachial-ankle pulse wave velocity (PWV) is increasingly used for the measure-
ment of arterial stiffness. In the present study, we quantified the interrelationship between 
brachial-ankle and carotid-femoral PWV in a workplace population, and investigated the asso-
ciations with cardiovascular risk factors and carotid intima-media thickness (IMT).  Methods:  
Brachial-ankle and carotid-femoral PWV were measured using the Omron-Colin VP1000 and 
SphygmoCor devices, respectively. We investigated the interrelationship by the Pearson’s cor-
relation analysis and Bland-Altman plot, and performed sensitivity and specificity analyses. 
 Results:  The 954 participants (mean ± standard deviation age 42.6 ± 14.2 years) included 630 
(66.0%) men and 203 (21.3%) hypertensive patients. Brachial-ankle (13.4 ± 2.7 m/s) and carotid-
femoral PWV (7.3 ± 1.6 m/s) were significantly correlated in all subjects (r = 0.75) as well as in 
men (r = 0.72) and women (r = 0.80) separately. For arterial stiffness defined as a carotid-fem-
oral PWV of 10 m/s or higher, the sensitivity and specificity of brachial-ankle PWV of 16.7 m/s 
or higher were 72 and 94%, respectively. The area under the receiver operating characteristic 
curve was 0.953. In multiple stepwise regression, brachial-ankle and carotid-femoral PWV were 
significantly (p < 0.001) associated with age (partial r = 0.33 and 0.34, respectively) and sys-
tolic blood pressure (partial r = 0.71 and 0.66, respectively). In addition, brachial-ankle and 
carotid-femoral PWV were significantly (p < 0.001) associated with carotid IMT (r = 0.57 and 
0.55, respectively) in unadjusted analysis, but not in analysis adjusted for cardiovascular risk 
factors (p  ≥  0.08).  Conclusions:  Brachial-ankle and carotid-femoral PWV were closely corre-
lated, and had similar determinants. Brachial-ankle PWV can behave as an ease-of-use alterna-
tive measure of arterial stiffness for assessing cardiovascular risk.  © 2016 S. Karger AG, Basel 
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 Introduction 

 With the applanation tonometry technique, pulse waves can be estimated from super-
ficial arterial sites, such as the carotid and femoral arteries. Pulse wave velocity (PWV) can 
then be calculated by dividing the distance of the travel path of the pulse waves by the time 
difference between the pulse waves of the two arterial sites. Among several possible measure-
ments of PWV between two superficial arterial sites, carotid-femoral PWV is considered as a 
standard measure of aortic stiffness  [1] . There is evidence that carotid-femoral PWV predicts 
cardiovascular events and mortality in the general population  [2, 3]  and in patients with 
various diseases  [4–8] , such as hypertension  [5] , diabetes mellitus  [6]  and end-stage renal 
disease  [7, 8] . Current hypertension guidelines recommend the use of carotid-femoral PWV 
for the assessment of arterial stiffness and cardiovascular risk  [9] .

  The current advanced plethysmographic technique with oscillometric cuffs allows 
accurate pulse wave recording on the brachial and ankle arteries and the measurement of 
brachial-ankle PWV  [10] . This new technique is easy to use, reproducible and less dependent 
on operators. It is closely correlated with carotid-femoral PWV and proposed as a measure of 
aortic stiffness  [11] . There is accumulating evidence that brachial-ankle PWV also predicts 
cardiovascular events and mortality  [12–17] . Brachial-ankle PWV is recommended by some 
 [18] , though not all  [9] , current hypertension guidelines and is increasingly used in clinical 
practice in China, Japan, and several other countries. Brachial-ankle PWV has been criticized 
for inclusion of muscular arteries and for the estimation of wave path from body height 
instead of real measurement. Nonetheless, it would be clinically relevant to quantitatively 
compare brachial-ankle with carotid-femoral PWV for the proper use of this new technique 
in the assessment of arterial stiffness. 

  In the present study, we quantified the interrelationship between brachial-ankle and 
carotid-femoral PWV and investigated their associations with demographic and clinical char-
acteristics, such as age and systolic blood pressure, and with carotid intima-media thickness 
(IMT) in a Chinese workplace population.

  Methods 

 Study Population 
 Our study was conducted in the framework of comprehensive cardiovascular health examinations for 

all employees (including those who were retired but still lived in the area of the factory at the time of the 
study) of a factory, located in an isolated coast area, 300 km south of Shanghai  [19–21] . The family members 
of the employees being at least 15 years of age and living in the nearby region were also invited for partici-
pation. The Ethics Committee of Ruijin Hospital, Shanghai Jiaotong University School of Medicine approved 
the study protocol. All subjects gave written informed consent.

  Of the 1,052 study subjects (participation rate 80.7%), 98 were excluded from the present analysis, 
because carotid-femoral (n = 71, including 3 subjects with atrial fibrillation) or brachial-ankle PWV (n = 12) 
was not measured, and because data of physical examinations were missing (n = 15). Thus, the number of 
participants included in the present analysis was 954.

  Filed Work 
 One experienced physician measured clinic blood pressure 5 times consecutively by standard mercury 

sphygmomanometry on the nondominant arm, after the subjects had rested for at least 5 min in the sitting 
position. These 5 blood pressure readings were averaged for analysis. The same observer also administered 
a standardized questionnaire to collect information on medical history, lifestyle, and use of medications. 
Hypertension was defined as a blood pressure of at least 140 mm Hg (systolic) or 90 mm Hg (diastolic) or as 
the use of antihypertensive drugs.

  A trained technician measured body height and body weight. Body mass index was calculated as the 
body weight in kilograms divided by the height in meters squared. Venous blood samples were taken after 
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overnight fasting for measurements of plasma glucose concentration and serum concentrations of total and 
high-density lipoprotein cholesterol, triglycerides, creatinine and uric acid. Diabetes mellitus was defined as 
a plasma fasting glucose level of at least 7.0 or 11.1 mmol/l at any time or as the use of antidiabetic medi-
cation. 

  Measurement of PWV 
 Carotid-femoral PWV was measured by applanation tonometry. A trained technician used a high-fidelity 

SPC-301 micromanometer (Millar Instruments, Houston, Tex., USA) interfaced with a laptop computer 
running the SphygmoCor software, version 7.1 (AtCor Medical, West Tyde, N.S.W., Australia) to record 
sequentially the waveforms of the carotid and femoral arteries. With the simultaneously recorded ECG (lead 
II) tracing, the time delay between the two arterial sites was calculated after both carotid and femoral wave-
forms were imported for at least 12 s. PWV (cm/s) was calculated by dividing the length between the two 
arterial sites by the time interval. The path length was the difference between the distance from the sternal 
notch to the femoral site and the distance from the sternal notch to the carotid site. A recent study showed 
that this calculating method underestimated the path length and hence also PWV  [22] . Therefore, we had to 
use a lower threshold of the carotid-femoral PWV for the definition of arterial stiffness, i.e., 10 m/s  [9, 22]  
instead of 12 m/s  [23] .

  Brachial-ankle PWV was measured by the Vascular Profiler-1000 device (Omron, Kyoto, Japan), with an 
oscillometric cuff technique. This measurement was performed on the same occasion as the carotid-femoral 
PWV measurement by another trained technician. There is no defined order between the two PWV measure-
ments. After the subjects had rested in the supine position for 10 min, the cuffs were placed on both arms 
and ankles. The device automatically measures the pulse waves of the brachial and ankle arteries, and esti-
mates the path length of the pulse wave according to the body height of the subjects  [10] . Brachial-ankle PWV 
was then calculated as the ratio of the path length to the time interval between the ankle and brachial pulse 
waveforms for both sides. The brachial-ankle PWV of the right and left sides were averaged for analysis. The 
device also simultaneously measures blood pressure on the 4 limbs. The ankle-brachial index (ABI) was 
calculated as the ratio of the lower-side ankle to the higher-side brachial systolic blood pressure. An ABI of 
0.90 or lower was considered abnormal  [9, 18, 24] .

  Measurement of Carotid IMT 
 A trained sonographer performed IMT measurement of the right common carotid artery with an echo-

tracking ultrasonic system (ArtLab, Esaote, Italy). The acquired data were analyzed offline with the auto-
matic detection of the intima and media and the automatic measurement and reporting of the IMT. The 
segment of the common carotid artery 1 cm proximal to the bifurcation was chosen. The IMT readings on the 
far wall were averaged for statistical analysis. 

  Statistical Analysis  
 For database management and statistical analysis, we used SAS software (version 9.2, SAS Institute, 

Cary, N.C., USA). The categorical variables were described as number (percent) and the continuous variables 
as mean ± standard deviation. Means and proportions were compared with the Student t test and the χ 2  test, 
respectively. The interrelationship was analyzed by correlation analysis with Pearson’s method and by the 
Bland-Altman approach after normalization of the two PWV measurements. For the normalization of the two 
PWV measurements, we subtracted the mean from the original measurement and then divided the difference 
by the standard deviation. The receiver operating characteristic (ROC) curve was drawn for accuracy of 
brachial-ankle PWV in the evaluation of arterial stiffness diagnosed by carotid-femoral PWV. Single and 
multiple regression analyses were performed to study the associations of the two PWV measurements with 
cardiovascular risk factors and with carotid IMT.

  Results 

 Characteristics of the Study Participants 
 The 954 participants [630 (66.0%) men] had a mean age (±standard deviation) of 42.6 

± 14.2 years, and included 203 (21.3%) hypertensive patients, 89 (9.4%) of whom took 
antihypertensive drugs.  Table 1  shows the characteristics of the study participants by 
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gender. Men and women differed significantly (p  ≤  0.03) in all characteristics except for age 
(42.6 ± 14.2 years, p = 0.19), pulse rate (73.5 ± 9.5 beats/min, p = 0.07), plasma fasting 
glucose (4.4 ± 1.0 mmol/l, p = 0.65), serum total cholesterol (4.8 ± 0.9 mmol/l, p = 0.13), 
the prevalence of diabetes mellitus (2.1%, p = 0.18) and the use of antihypertensive drugs 
(9.8%, p = 0.19).

  Men had significantly higher brachial-ankle (13.7 ± 2.5 vs. 12.7 ± 2.8 m/s, p < 0.001) and 
carotid-femoral PWV (7.4 ± 1.6 vs. 7.2 ± 1.7 m/s, p = 0.02) compared with women. In men as 
well as in women, both brachial-ankle and carotid-femoral PWV were significantly (p < 0.001) 
higher with age advancing (r  ≥  0.58) and with higher systolic blood pressure (r  ≥  0.58).

  Interrelationship between Brachial-Ankle and Carotid-Femoral PWV 
 Brachial-ankle and carotid-femoral PWV were significantly   (p < 0.001) and closely corre-

lated with each other in all subjects (r = 0.75) and in men (r = 0.72) and women (r = 0.80) 
separately ( fig. 1 ). In single regression with brachial-ankle and carotid-femoral PWV as 
dependent and independent variables, respectively, the slope and intercept were 1.26 and 
4.10 m/s, respectively, in all subjects, 1.20 and 4.81 m/s, respectively, in men, and 1.32 and 
3.22 m/s, respectively, in women. 

  After normalization of both brachial-ankle and carotid-femoral PWV, we performed the 
Bland-Altman analysis to investigate the agreement between the two PWV measurements 
( fig. 2 ). The mean difference (±2 standard deviations) between the two measurements was 
0.001 (±1.392), 0.075 (±1.39), and –0.144 (±1.347) normalized unit in all subjects, men and 
women, respectively. The correlation coefficients between the difference and the average of 
the two PWV measurements were 0.0004, –0.0248 and –0.0144, in all subjects, men and 
women, respectively (p  ≥  0.53 for all).

  The prevalence of arterial stiffness according to carotid-femoral PWV ( ≥ 10 m/s) was 
6.3%. According to the regression equation in all subjects, a brachial-ankle PWV of 16.7 m/s 

 Table 1.  Characteristics of the study participants by gender

Characteristic Men (n = 630) Women (n = 324) p value

Age, years 43.0 ± 14.8 41.8 ± 12.8 0.19
Body height, cm 167.6 ± 6.1 157.7 ± 5.0 <0.0001
Body weight, kg 66.9 ± 9.9 56.1 ± 8.1 <0.0001
Body mass index 23.8 ± 3.2 22.6 ± 3.2 <0.0001
Pulse rate, beats/min 73.1 ± 9.9 74.2 ± 8.6 0.07
Current smoking, n (%) 300 (48.4) 2 (0.6) <0.0001
Alcohol intake, n (%) 236 (38.0) 5 (1.6) <0.0001
Systolic blood pressure, mm Hg 123.8 ± 18.9 117.7 ± 21.3 <0.0001
Diastolic blood pressure, mm Hg 76.3 ± 11.3 71.9 ± 10.9 <0.0001
Prevalence of hypertension, n (%) 147 (23.7) 56 (17.5) 0.03
On antihypertensive medication, n (%) 64 (10.7) 25 (8.0) 0.19
Fasting plasma glucose, mmol/l 4.3 ± 1.2 4.4 ± 0.7 0.65
Diabetes mellitus, n (%) 16 (2.5) 4 (1.2) 0.18
Serum total cholesterol, mmol/l 4.8 ± 0.9 4.7 ± 0.9 0.13
Serum HDL chole sterol, mmol/l 1.3 ± 0.3 1.5 ± 0.4 <0.0001
Serum triglycerides, mmol/l 2.1 ± 1.9 1.6 ± 1.1 <0.0001
Serum creatinine, μmol/l 78.3 ± 13.4 56.7 ± 8.9 <0.0001
Serum uric acid, μmol/l 364 ± 76 273 ± 64 <0.0001

 Values are means ± standard deviations unless indicated otherwise. For definitions of hypertension and 
diabetes mellitus, see Methods. HDL = High-density lipoprotein.
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was an equivalence of the cutoff limit of carotid-femoral PWV of 10 m/s or higher. Brachial-
ankle PWV of 16.7 m/s or higher had a sensitivity of 72% and a specificity of 94% in all 
subjects ( table 2 ). The corresponding values were 73 and 73%, respectively, in hypertensive 
patients (n = 202) and 72 and 94%, respectively, in subjects without peripheral arterial 
disease as defined by an ABI of  ≤ 0.90 (n = 937) and 82 and 72%, respectively, in subjects  ≥ 60 
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  Fig. 1.  Scatter plot for the inter-
relationship between brachial-
ankle and carotid-femoral PWV. 
Dots and circles represent men 
and women, respectively. The 
dashed vertical lines indicate the 
diagnostic threshold for arterial 
stiffness for brachial-ankle (16.7 
m/s) and carotid femoral PWV 
(10 m/s), respectively. The re-
gression line was drawn with 
95% confidence limits. The re-
gression equation and the corre-
sponding p value for the slope are 
given.  

  Fig. 2.  Bland-Altman plot for the 
agreement between brachial-an-
kle and carotid-femoral PWV af-
ter normalization. The continu-
ous horizontal lines indicate 
the mean difference and ±2 stan-
dard deviations, respectively. The 
dashed vertical lines indicate the 
diagnostic threshold for arterial 
stiffness for brachial-ankle (16.7 
m/s) and carotid femoral PWV 
(10 m/s), respectively.  



258Pulse 2015;3:253–262

 DOI: 10.1159/000444645 

 Cheng et al.: Quantification of the Interrelationship between Brachial-Ankle and 
Carotid-Femoral Pulse Wave Velocity in a Workplace Population 

www.karger.com/pls
© 2016 S. Karger AG, Basel

years old (n = 146). Overall, the ROC curve showed an AUC of 0.953 for brachial-ankle PWV 
in the evaluation of arterial stiffness as diagnosed by carotid-femoral PWV ( fig. 3 ).

  In further analysis, we compared subjects with abnormal PWV on either carotid-femoral 
( ≥ 10 m/s, n = 17) or brachial-ankle measurement alone ( ≥ 16.7 m/s, n = 57) to those with 
abnormal PWV on both measurements (n = 43). The former, compared with the latter, were 
younger (59.3 vs. 63.8 years, p = 0.004), and had a significantly (p = 0.02) lower systolic blood 
pressure (147.7 vs. 157.2 mm Hg).

  Determinants of Brachial-Ankle and Carotid-Femoral PWV  
 In multiple stepwise regression analyses, we considered sex, age, body height, body 

weight, systolic and diastolic blood pressure, pulse rate, current smoking, alcohol intake, 
diabetes mellitus, the use of antihypertensive drugs, plasma fasting glucose, serum total/
high-density lipoprotein cholesterol ratio, serum triglycerides, and serum creatinine and uric 
acid. We found that brachial-ankle and carotid-femoral PWV were positively and consistently 
associated with age (partial r = 0.33 and 0.34, p < 0.001), systolic blood pressure (partial   r = 
0.71 and 0.66, p < 0.001), pulse rate (partial r = 0.09 and 0.11, p < 0.001), the use of antihy-
pertensive drugs (partial r = 0.08 and 0.05, p  ≤  0.03) and serum uric acid (partial r = 0.06 and 
0.07, p  ≤  0.01,  table 3 ). These major correlates altogether explained 62.7 and 57.0% of the 
variance of brachial-ankle and carotid-femoral PWV, respectively. Other significant (p  ≤  

Subject type Sensitivity, % Specificity, %

Overall (n = 954) 72 94
Hypertensive patients (n = 202) 73 73
Subjects with an ABI >0.90 (n = 937) 72 94
Subjects ≥60 years old (n = 146) 82 72
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 Table 2. Diagnostic accuracy of 
brachial-ankle PWV (≥16.7 m/s) 
for arterial stiffness defined by 
carotid-femoral PWV (≥10 m/s)

  Fig. 3.  ROC curve for arterial stiff-
ness diagnosed by brachial-ankle 
PWV. A carotid-femoral PWV of 
 ≥ 10 m/s was defined as arterial 
stiffness. The AUC is given. 
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0.085) correlates included gender (r = 0.09), body height (r = –0.11), body weight (r = –0.05), 
serum triglycerides (r = 0.05) and diabetes mellitus (r = 0.05) for brachial-ankle PWV and 
gender (r = –0.05) and body weight (r = 0.04) for carotid-femoral PWV. 

  In further analysis, we investigated associations of brachial-ankle and carotid-femoral 
PWV with carotid IMT. In single regression, both brachial-ankle and carotid-femoral PWV 
were significantly (p < 0.001) associated with carotid IMT (r = 0.57 and 0.55, respectively). 
However, after adjustment for the significant correlates identified in the above analysis, the 
associations became nonsignificant (p  ≥  0.08).

  After exclusion of 89 subjects who took antihypertensive medication or 17 subjects with 
peripheral arterial disease as defined by an ABI of 0.90 or less separately, we performed 
sensitivity analyses. The results were confirmatory. 

  Discussion  

 Our study showed that brachial-ankle and carotid-femoral PWV were closely correlated. 
If a carotid-femoral PWV of 10 m/s or higher is considered abnormal, a brachial-ankle PWV 
of 16.7 m/s or higher could be considered as the threshold for the diagnosis of arterial 
stiffness. With this cutoff limit and carotid-femoral PWV as standard, the sensitivity and spec-
ificity of brachial-ankle PWV for the diagnosis of arterial stiffness were moderate or high. 
Furthermore, the two measurements of PWV had similar determinants, mainly age and 
systolic blood pressure. 

  Our finding on the close interrelationship between brachial-ankle and carotid-femoral 
PWV is in line with the results of several previous studies  [11, 25, 26] . In a multicenter study 
of 2,287 subjects, Tanaka et al.  [11]  reported a correlation coefficient of 0.73 between brachial-
ankle and carotid-femoral PWV. The corresponding correlation coefficients were 0.76 in 

 Table 3. Determinants of brachial-ankle and carotid-femoral PWV in multiple stepwise regression analyses 
in all subjects

Variable Brachial-ankle PWV  Carotid-femoral PWV

partial r β±SE p par tial r β±SE p

Systolic blood pressure, +10 mm Hg 0.7129 0.58 ± 0.04 <0.001 0.6609 0.30 ± 0.02 <0.001
Age, +10 years 0.3314 0.68 ± 0.05 <0.001 0.3354 0.44 ± 0.03 <0.001
Body height, +10 cm –0.1091 –0.33 ± 0.11 0.003 – – –
Pulse rate, +10 beats/min 0.0949 0.23 ± 0.06 <0.001 0.1109 0.17 ± 0.04 <0.001
Male gender 0.0949 0.93 ± 0.16 <0.001 –0.0469 –0.23 ± 0.09 0.010
Use of antihypertensive medication 0.0837 0.86 ± 0.20 <0.001 0.0520 0.28 ± 0.13 0.033
Serum uric acid, +100 μmol/l 0.0574 0.20 ± 0.08 0.012 0.0707 0.17 ± 0.05 0.001
Diabetes mellitus 0.0500 1.02 ± 0.40 0.011 – – –
Serum triglycerides , mmol/l 0.0480 0.08 ± 0.03 0.015 – – –
Body weight, +10 kg –0.0469 –0.25 ± 0.07 0.001 0.0387 0.07 ± 0.04 0.085

In multiple stepwise regression analyses, we considered gender, age, body height, body weight, systolic 
and diastolic blood pressure, pulse rate, current smoking, alcohol intake, diabetes mellitus, and the use of 
antihypertensive drugs, plasma fasting glucose, serum total/high-density lipoprotein cholesterol ratio, 
serum triglycerides, and serum creatinine and uric acid. We reported partial r, regression coefficient (β) ± 
standard error (SE) and p value for all variables entered and stayed in the model. Variables are listed 
according to the size of the absolute values of the correlation coefficients in the descending order for carotid-
femoral and then brachial-ankle PWV.
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healthy adults (n = 409)  [25]  and 0.99 in a study population of mixed normal healthy subjects 
(n = 24) and patients with coronary artery disease (n = 20)  [26] . Taken together, the results 
of our and these previous studies suggest that brachial-ankle PWV and carotid-femoral PWV 
are closely correlated with correlation coefficients at a level similar to that for two repeated 
measurements of the same technique. 

  Our analysis on the determinants of the brachial-ankle and carotid-femoral PWV supports 
the consistency between the two measurements of PWV. Indeed, both measurements were 
closely correlated with age and systolic blood pressure. Age plus systolic blood pressure 
explained 61.3 and 55.1% of the variance of brachial-ankle and carotid-femoral PWV measure-
ments, respectively. Other correlates, though different between the two PWV measurements, 
explained <5% of the variance. These observations are in agreement with the results of previous 
studies  [10, 25] . Multiple regression analysis was not performed in these previous studies  [10, 
25] . In single regression, the correlation coefficients were at the size of approximately 0.5–0.6 
for brachial-ankle and carotid-femoral PWV with age or systolic blood pressure  [10, 25] .

  Our analysis on the association between the two PWV measurements and carotid IMT, a 
structural measure of a large elastic artery, provided additional support for the consistency 
between the two PWV measurements. Both PWV measurements were significantly asso-
ciated with carotid IMT in unadjusted analysis but not in analysis adjusted for age, systolic 
blood pressure, and other confounding factors. Our explanation is that the latter nonsignif-
icant associations could be attributable to the high dependency of these arterial structural 
and functional measurements on age and systolic blood pressure  [27] .

  Why the two distinct PWV measurements are so closely related and hence may be inter-
changeable remains to be investigated. Our explanation is that only or mainly the aortic artery 
becomes significantly stiffer with aging or with the presence of other cardiovascular risk 
factors, such as hypertension, diabetes mellitus, dyslipidemia, or cigarette smoking  [28] . 
Although the brachial-ankle PWV measurement includes both elastic aortic and muscular 
arteries, the latter have much less influence on the measurement of PWV. Indeed, a previous 
study showed that carotid-femoral but not carotid-radial or femoral-pedis PWV significantly 
increased with aging  [28] . We, therefore, believe that the close relationship between brachial-
ankle and carotid-femoral PWV is probably physiological or pathophysiological instead of 
mathematical or statistical. 

  Our study should be interpreted within the context of its limitations. First, our study is 
cross-sectional and hence does not allow any causal interference for the associations. Second, 
our study included only a small proportion of subjects older than 60 years (n = 146), in whom 
the prevalence of peripheral arterial disease is high. Brachial-ankle PWV cannot be accurately 
measured in the presence of severe peripheral arterial disease. The device measures ABI and 
brachial-ankle PWV simultaneously and makes it possible to assess the validity of brachial-
ankle PWV with ABI. Nonetheless, our study results have to be cautiously extrapolated to the 
elderly. Third, our study participants were enrolled in a workplace setting, and might be less 
representative than general population samples. 

  In conclusion, brachial-ankle and carotid-femoral PWV are closely related, and had 
similar major determinants. Brachial-ankle PWV can behave as an ease-of-use alternative 
measure of arterial stiffness for the assessment of cardiovascular risk and therapeutic effect. 
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