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 Abstract 

  Background:  The populations of many developed countries are becoming progressively old-

er. In aged societies, assessment of total vascular risk is critically important, because old age 

is usually associated with multiple risks. In this regard, pulse wave velocity (PWV) could be

a global cardiovascular marker, since it increases with advancing age, high blood pressure, 

hyperglycaemia, and other traditional risks, summating cardiovascular risks. Carotid-femoral 

PWV has been widely applied in Western countries and has been used as a gold-standard 

PWV measure. However, this measure has never been implemented by general practitioners 

in Japan, possibly because of methodological difficulties. The life expectancy of Japanese 

people is now the highest in the world, and the establishment of an adequate total vascular 

risk measure is an urgent need. Against this background, brachial-ankle PWV was developed 

at the beginning of this century.  Summary:  Measurement of this parameter is easy, and its 

reproducibility is good. Moreover, the generality of the methodology is guaranteed. Brachial-

ankle PWV has been reported to consistently increase with most traditional cardiovascular 

risk factors except dyslipidaemia. A meta-analysis of cohort studies including various levels 

of risk has shown that a 1 m/s increase in brachial-ankle PWV is associated with a 12% increase 

in the risk of cardiovascular events. Moreover, simultaneous evaluation of the ankle-brachial 

index could allow further risk stratification of high-risk individuals, who are common in aged 

societies. This unique feature is indispensable for the management of aged populations, who 

usually are exposed to multiple risks and have polyvascular diseases. This evidence, however, 

is chiefly derived from East Asian countries. The collection of data from Caucasian popula-

tions, therefore, remains a task for the future.  Key Message:  Brachial-ankle PWV has the po-

tential to become a measure of arterial stiffness worldwide.  © 2016 S. Karger AG, Basel 
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 Background  Ageing of society is a common issue in many developed countries. The life expectancies of Japanese people have extended by about 25 years during the previous 5 decades  [1] . This is largely attributable to the introduction of a universal health care system in 1961 and the establishment of free access to medical facilities. In fact, systolic blood pressure values have been reduced by about 10–20 mm Hg throughout all generations during the past 50 years  [2] , resulting in a marked reduction in the incidence of stroke, a leading cause of death among Japanese until 1980. However, the prolongation of the life expectancy of Japanese people has not been associated with a consistently healthy life but with one with some periods of disability  [3] . Many factors cause disability among aged Japanese individuals, but cerebrovas-cular diseases have been suggested to play the most important role  [4] . Thus, healthier vascular ageing is of great concern to Japanese society.  Regarding arterial health, William Osler stated: ‘Man is as old as his arteries’. More specif-ically, arterial stiffness has been considered as a measure of biological ageing. Arterial stiffness refers to the rigidity of the arterial wall. The arterial wall progressively stiffens because of ageing, which is associated with various kinds of biochemical and histologic changes in the arterial wall  [5] . Moreover, increased intraluminal pressure, or hypertension, could increase arterial wall stress and functionally stiffens the arterial wall. Thus, arterial stiffness reflects the summation of both organic and functional stiffness of the arterial wall. Because high blood pressure is the most important risk factor for cardiovascular diseases in the Japanese popu-lation  [6] , an arterial measure which reflects the influence of blood pressure would be an adequate marker for total vascular risk in Japanese people. In this regard, arterial stiffness might be a good candidate.  The ejection of blood from the heart produces an arterial pulsation termed ‘pulse wave’, and the speed at which it propagates to the periphery is called ‘pulse wave velocity’ (PWV). The PWV is known to be proportional to the rigidity of the arterial wall through which it propagates and inversely proportional to the vessel diameter. In Japan, a unique technique for measuring aortic PWV was developed around 1970  [7]  and had been suggested as a marker of atherosclerosis  [8] . At the same time, analysis of finger photoplethysmographic waveforms was first introduced by Ozawa (in Japanese), and its clinical usefulness as a measure of vascular ageing was later established by Takazawa et al.  [9] . In Western countries, carotid-femoral PWV (cfPWV) has been a popular method for evaluating large-artery stiffness  [10] , which was more importantly considered as a measure of buffering function moderating cardiac load or arterial oscillation. Several automatic devices have been introduced for the measurement of cfPWV  [11, 12] , and a vast amount of clinical data has been accumulated. In Japan, the use of these devices, however, was still limited in the research field, possibly because of their limited availability to general practitioners. Brachial-ankle PWV (baPWV) was developed in this historical situation in about the year 2000.
  Theoretical Concept of baPWV and Its Validation  PWV is calculated by dividing travelled distance by travel time  [5] . The pulse wave is preferentially measured between two points on the same artery ( fig. 1 a), but this can only be applied to peripheral PWV such as brachial-radial or femoral-tibial PWV. The stiffness of the large artery is considered more important than that of the peripheral artery. In this case, it is not easy to apply this method, because the proximal aortic wave is difficult to measure from the body surface. In this case, the arterial wave on the branching artery can be used instead ( fig. 1 b). In baPWV measurements, the brachial arterial wave is used to substitute for the 
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proximal aortic wave. The path length formula is critically important when we measure PWV.  Figure 2  shows how to calculate the brachial-ankle distance, with b, c, and d indicating heart-brachial, heart-femoral, and femoral-ankle lengths. All these lengths are expressed as linear equations of height as shown in  figure 2 . Brachial-ankle distance is expressed as 1.3 × c +d  −  b. Thus, it is also expressed as a linear equation of height. Recently, this height-based path length has been validated by comparing the path length determined by using the magnetic 
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  Fig. 1.  Theoretical concepts for the measurement of PWV. D = Dis-tance; T = time. 
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resonance imaging (MRI) method  [13] . The results showed that the brachial-ankle path length overestimated the MRI-based path length by about 11% because of the underestimation of the heart-brachial distance, or b. This is one of the reasons why baPWV shows a greater absolute value than cfPWV or femoral-ankle PWV  [14] . However, the correlation between height-based baPWV and MRI-based baPWV was high (r 2  = 0.96), suggesting that the MRI-based baPWV can be easily converted from the height-based baPWV. The intra- and inter-observer variabilities of baPWV are reportedly 3.8–10.0% and 3.6–8.4%, respectively, repre-senting a reproducibility that is not problematic in clinical use  [5] .
  Disease Specificity of baPWV and Treatment Effects  We have recently summarised disease-specific changes in baPWV or changes in various pathophysiological conditions  [5] . Briefly, baPWV increases in patients with hypertension, diabetes, metabolic syndrome, chronic kidney disease, and sleep apnoea syndrome, as well as in the conditions of ageing, tachycardia, and post-menopause. In hypertension and diabetes, higher baPWV is associated with more advanced organ damage. The relationship between baPWV and lipids is not in accord. baPWV also increases in end-stage renal disease, and higher baPWV is associated with lower cardiac function, left ventricular hypertrophy, and severity of carotid atherosclerosis. However, because the prevalence of peripheral arterial disease (PAD) in end-stage renal disease has been reported to range from 20 to 30%, baPWV is of limited usefulness in a considerable proportion of cases. Regarding treatment effects, antihypertensive agents, statins, oral diabetic drugs, weight loss, smoking cessation, and continuous positive airway pressure have been reported to lower baPWV.  Only a few studies have examined whether baPWV could be a marker of surrogate end points. One study reported that in 161 patients with coronary artery disease, the risk of coronary artery disease onset and mortality rates were about 4 times higher in the group without than in the group with a decrease in baPWV after therapeutic intervention  [15] . In hypertensive patients, changes in baPWV and urinary albumin excretion after 6 months of antihypertensive therapy were correlated, and the group with reduced baPWV had a greater reduction in urinary albumin excretion than the group without reduced baPWV  [16] . In a randomised controlled trial that compared the degree of intimal formation after stenting and baPWV between a telmisartan and a valsartan treatment group of patients with coronary disease, the telmisartan group showed less neointima formation and significantly lower baPWV than the valsartan group  [17] . It has been well established that coronary artery calcium (CAC) is significantly correlated with the risk of coronary heart disease and poor prognosis. Lee et al.  [18]  examined the relationship between baPWV and future progression of CAC in 1,124 subjects who voluntarily underwent comprehensive health screenings. During the mean follow-up period of 2.7 years, an increased CAC score was found in 318 subjects. When the subjects were grouped as quartiles according to baPWV level, the 3rd- and 4th-quartile groups showed a significantly higher odds ratio for progression of the CAC score (2.04, 95% CI 1.33–3.15, and 2.14, 95% CI 1.34–3.41, respectively) than the lowest-quartile group (p for trend <0.001).
  Prognostic Significance of baPWV   Table 1  summarises the cohort studies performed to date. The results were summarised until No. 14 in a recent review  [5] . This paper describes further evidence added by studyNo. 15 and thereafter. In untreated patients with essential hypertension, the cut-off value of 
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baPWV at which the cardiovascular event risk begins to increase has been shown to be at 1,750 cm/s according to the results of the Japanese Trial on the Prognostic Implication of Pulse Wave Velocity  [19] . However, whether this cut-off value could be applied to treated patients with essential hypertension was unclear. In the Non-Invasive Atherosclerosis Evalu-ation in Hypertension study, 440 patients treated for essential hypertension were followed up for 6.3 years, and the relationship between baPWV and risk of cardiovascular events was examined  [20] . During the follow-up period, 35 stroke, 30 cardiovascular disease, and 62 stroke-plus-cardiovascular-disease cases were found. A receiver operating characteristic curve analysis showed that the best cut-off value to maximise sensitivity and 1 – specificity was 1,736 cm/s for both stroke and cardiovascular events. The multivariate adjusted hazard ratios for stroke, cardiovascular disease, and stroke plus cardiovascular disease in a group with a baPWV of  ≥ 1,750 cm/s were 1.828 (95% CI 0.879–3.870), 1.786 (95% CI 0.796–4.101), and 2.048 (95% CI 1.176–3.616), respectively, in comparison with the group with a baPWV of <1,750 cm/s. This confirmed that a baPWV of 1,800 cm/s could also be a threshold for high risk in patients treated for essential hypertension.  In my recent review, the prognostic significance of baPWV in diabetic patients was controversial  [5] , as suggested by reports No. 6 and 10 in  table 1 . However, study No. 10 was retrospective and did not exclude patients with PAD. baPWV has been shown to markedly underestimate cardiovascular risk in patients with PAD, in whom the prognostic value of baPWV is eliminated  [5] . Study No. 1 in  table 1  showed that in patients with end-stage renal disease, baPWV was a significant predictor of cardiovascular events if patients with an ankle-brachial index (ABI) of <0.9 were excluded beforehand, while the significance disappeared if 

 Table 1.  Studies on the prognostic significance of baPWV in JapanReport No. Authors [Ref.], year Cohort Mean age, years Follow-up Outcomes Prognostic value of baPWV1 Kitahara et al. [31], 2005 785 haemodialysis patients 60 34 months Total death 131CV death 85 Significant 2 Tomiyama et al. [32], 2005 215 acute coronary syndrome patients No data 26 months CV events 18 Significant 3 Morimoto et al. [33], 2009 199 haemodialysis patients 61 43.2 months Total death 24CV death 10 Significant 4 Meguro et al. [34], 2009 72 CHF patients 68 14 months Readmission due to CHF 17Cardiac death 9 Significant 5 Miyano et al. [35], 2010 530 elderly subjects from thegeneral population 76 3 years Total death 30CV death 10 Significant 6 Nakamura et al. [36], 2010 191 diabetic patients with CAD No data 25.4 months Composite CV events 59 Significant 7 Turin et al. [37], 2010 2,480 subjects from the general population Men 61Women 57 6.5 years Total death 59 Significant 8 Kato et al. [38], 2010 194 haemodialysis patients 64 39 months Total death 39CV events 39 Not significant 9 Tanaka et al. [39], 2011 445 haemodialysis patients 63 43 months CV events 206CV death 36 Not significant 10 Yoshida et al. [40], 2012 783 diabetic patients No data 5.4 years CV events 85 Not significant11 Munakata et al. [19], 2012 662 hypertensive patients 60 3 years CV events 24 Significant 12 Inoue et al. [41], 2012 197 haemodialysis patients 66 69 months CV events 89 Significant13 Ninomiya et al. [23], 2013 2,916 subjects from the general population 60 7.1 years CV events 126 Significant 14 Takashima et al. [24], 2014 4,164 subjects from the general population 58.9 6.5 years CV events 40 Significant 15 Kawai et al. [20], 2013 440 hypertensive patients 61 6.3 years CV events 62 Significant16 Ishisone et al. [25], 2013 973 subjects from the general population 59 7.8 years CV events 37 Significant 17 Maeda et al. [21], 2014 3, 628 diabetic patients 61 3.2 years Total death 207CV events 298 Significant18 Katakami et al. [22], 2014 1,040 diabetic patients 59 7.5 years CV events 113 Significant19 Sugamata et al. [30], 2014 923 CAD patients 65 64 months Coronary events 116 SignificantCHF = Congestive heart failure ; CAD = coronary artery disease ; CV = cardiovascular.
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such pre-treatment was absent. In the Kyusyu Prevention Study of Atherosclerosis  [21] , 3,628 diabetic patients with an ABI of  ≥ 0.9 were prospectively followed up. During the mean follow-up period of 3.2 years, 298 cerebrovascular and cardiovascular events and 207 total deaths occurred. The risks of cerebrovascular events, cardiovascular events, and total mortality were all increased with an increase in baPWV. The multivariate adjusted odds ratio for total mortality in the group with a baPWV of  ≥ 24 m/s was 1.84 (95% CI 1.13–2.88) in comparison with the group with a baPWV of <24 m/s. Moreover, the multivariate adjusted odds ratios for cerebrovascular and cardiovascular events in the group with a baPWV of  ≥ 14 m/s were 1.56 (95% CI 1.03–2.45) and 1.16 (95% CI 0.82–1.68), respectively. In the Order-Made Multiple Risk Factor Intervention Trial, 1,040 type 2 diabetic patients without PAD were followed up for 7.5 years  [22] . The unique point of this study was that the intima media thickness (IMT) of the carotid artery was added as a covariate. During the mean follow-up period of 7.5 years, 113 new-onset cardiovascular events occurred. The multivariate adjusted hazard ratio for cardiovascular events in the group with a baPWV of  ≥ 1,550 cm/s was 1.35 (95% CI 1.11–1.64), and the inclusion of maximum IMT minimally affected the hazard ratio (1.33; 95% CI 1.09–1.62). These data clearly demonstrated that baPWV was an independent predictor of cardiovascular events in diabetic patients when patients with PAD were excluded, and that the predictive value was never reduced even after inclusion of IMT as a covariate.  A series of cohort studies conducted in the general population have consistently shown the close relationship between baPWV and cardiovascular events. In the Hisayama study, the correlation between baPWV and cardiovascular disease risk was continuous and a 20% increase in baPWV was associated with a 1.3-fold increase in the risk of cardiovascular events  [23] . The latest data from the Takashima study indicated that at  ≥ 1,800 cm/s, the risk of cardiovascular events was 2.7-fold higher than at <1,800 cm/s  [24] . Ishisone et al.  [25]  recently compared the prognostic value of baPWV, central blood pressure, and brachial pulse pressure for cardiovascular morbidity and mortality in 973 subjects from the general popu-lation aged 40–79 years (mean 59 years). During the mean follow-up period of 7.8 years, 37 cardiovascular events and deaths occurred. The relationship between the cardiovascular outcomes and quartiles of each measure was examined. baPWV showed a significant rela-tionship with cardiovascular outcome, while the other two measures did not. They concluded that baPWV may be a better predictor of cardiovascular events than central blood pressure or pulse pressure in the general Japanese population. These results are similar to those obtained in the Framingham Cohort Study that showed that cfPWV was a significant predictor of cardiovascular events, whereas neither central blood pressure nor augmentation index was  [26] . These data suggest that PWV could be the best predictor of cardiovascular events among several arterial stiffness measures in the general population.

 Table 2. Prognostic studies on baPWV outside JapanReport No. Authors [Ref.], year Country Cohort Mean age, years Follow-up Outcomes Prognostic value of baPWV1 Chang et al. [42], 2014 Taiwan 452 diabetic patients 67 5.8 years Total death 17Composite CV events 64 Significant2 Yoon et al. [43], 2014 Korea 241 CKD patients 53 367 days CV events 12 Significant3 Kim et al. [27], 2014 Korea 1,765 acute ischaemic stroke patients 65 3.3 years Total death 228Vascular death 143 Significant4 Sheng et al. [28], 2014 China 3,876 subjects from the general population 68 5.9 years Total death 316 SignificantCKD = Chronic kidney disease; CV = cardiovascular.
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  Results of several recent cohort studies from East Asian countries have been reported as shown in  table 2 . Kim et al.  [27]  examined the relationship between baPWV and vascular and non-vascular mortality in patients with acute ischaemic stroke. More than 1,700 patients with ischaemic stroke were followed up for up to 7 years. Both vascular and non-vascular mortality rates increased with an elevation of baPWV. The highest tertile of baPWV was asso-ciated with a 2.4 times higher risk of vascular mortality as compared with the reference group. A 10 m/s increase in baPWV was associated with a 62% increase in the risk of vascular mortality. Sheng et al.  [28]  examined the relationship between baPWV and all-cause mortality in an elderly Chinese population. The adjusted hazard ratio for all-cause mortality in the top decile group of baPWV was 1.56 (95% CI 1.16–2.08) as compared with the whole study popu-lation. In this study, the adjusted hazard ratio for non-cardiovascular mortality was signif-icant (HR 1.60; 95% CI 1.18–2.75), while that for cardiovascular mortality did not reach a statistically significant level (HR 1.46; 95% CI 0.90–2.05).
  Use of baPWV in Combination with ABI  In general, PWV measurement becomes unreliable if the circulation is disturbed on the way of pulse propagation  [14] . Thus, confirming the normal circulation of the lower limb artery from the iliac to the tibial region is critically important in the measurement of baPWV. In this regard, both sides of the ABI measurements are mandatory before considering the use of baPWV. The recommended diagnostic and/or therapeutic procedures are as follows. First, the presence/absence of PAD should be verified based on the ABI. PAD is suspected if the ABI on either the left or the right side is  ≤ 0.9; therefore, patients with this condition are considered a high-risk group and need to be more closely examined. If necessary, drug therapy is started/intensified. In such instances, stenosis would be suspected in the lower limb arteries; therefore, it is difficult to attach significance to the baPWV value, and it is not used as a clinical indicator.  An ABI of >0.9 on both the left and the right side indicates the absence of severe arterio-sclerosis obliterans; therefore, baPWV has prognostic significance. Such patients are at high risk of cardiovascular events if the baPWV on either side is  ≥ 1,800 cm/s and therefore require thorough management of cardiovascular risks, which could increase the baPWV as noted earlier. If both baPWV values are <1,800 cm/s but either baPWV is  ≥ 1,400 cm/s, the risk of hypertension onset or decline in renal function is high. Therefore, lifestyle modifications are recommended  [5] . These are valid clinical applications of baPWV as considered from the evidence accumulated thus far.
  Conclusions and Future Issues  baPWV has been well confirmed to increase in conditions with traditional cardiovascular risk factors such as ageing, hypertension, diabetes, and chronic kidney disease. Thus, baPWV could summate total vascular risks. Moreover, accumulated evidence from East Asian coun-tries has shown that baPWV has a good prognostic significance independent of traditional risk factors in many cohorts with various risk levels. Moreover, simultaneous measurement of the ABI could further stratify high-risk individuals. In other words, the combined use of the ABI and baPWV could serially stratify cardiovascular risk in populations with various degrees of vascular damage. This unique feature is indispensable in the management of aged popula-tions, who are usually exposed to multiple risks and have polyvascular diseases. Measurement of this measure is easy, with good reproducibility. Moreover, the generality of the method-
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ology is guaranteed. Thus, baPWV has the potential to become a global measure of arterial stiffness. As yet, baPWV has never been fully accepted worldwide due to perceived theoretical and methodological issues  [29] . To bridge the gap and further confirm the clinical usefulness of baPWV, the following two issues should be adequately addressed. First, the data on Caucasian populations are extremely limited; thus, more data are needed on these popula-tions. Second, whether baPWV-guided therapy could really improve prognosis for high-risk individuals remains unclear; to clarify this issue, a randomised controlled trial with baPWV as the decision marker for treatment should be conducted.
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