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Abstract: Increased arterial stiffness has been associated with an increased risk of developing
cardiovascular diseases and all-cause mortality. Pulse wave velocity (PWV) is an innovative and
affordable measurement of arterial stiffness which may be an accessible tool to estimate mortality
risk; however, no meta-analysis has estimated its predictive performance for cardiovascular and
all-cause mortality. Moreover, reference values for PWV have only been established by consensus for
healthy populations. The aim of this review was to estimate PWV and especially carotid femoral PWV
performance predicting cardiovascular and all-cause mortality as well as comparing the resulting
cfPWYV thresholds with already established values in order to increase its validity. Original studies
measuring PWYV thresholds and its association with cardiovascular and all-cause mortality were
systematically searched. The DerSimonian and Laird method was used to compute pooled estimates of
diagnostic odds ratio (dOR), and overall test performances were summarized in hierarchical summary
receiver operating characteristic curves (HSROC). Six studies were included in the meta-analysis.
The pooled dOR values for the predictive performance of cfPWV were 11.23 (95 % CI, 7.29-1.29) for
cardiovascular mortality and 6.52 (95% CI, 4.03-10.55) for all-cause mortality. The area under the
HSROC curve for cfPWV was 0.75 (95% CI, 0.69-0.81) for cardiovascular mortality and 0.78 (95% CI,
0.74-0.83) for all-cause mortality, where the closest cut-off point to the summary point was 10.7 and
11.5, respectively. This systematic review and meta-analysis demonstrates that cfPWV is a useful and
accurate cardiovascular mortality predictor and that its previously estimated reference values for
estimating risk may be used in high-risk populations.

Keywords: arterial stiffness; pulse wave velocity; predictive performance; cardiovascular risk;
cardiovascular mortality; all-cause mortality

1. Introduction

Vascular ageing measurements are presumed to be a useful tool to estimate cardiovascular risk.
Increased arterial stiffness, defined as the reduced ability of an artery to expand and contract in response
to pressure changes [1], has been associated with the development of cardiovascular disease [2,3].
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Arterial stiffening induces an early return of arterial wave reflection consequently increasing systolic
blood pressure (SBP), while reducing diastolic blood pressure (DBP). This causes an increased left
ventricular afterload and altered coronary perfusion [4]. Moreover, high blood pressure induces
vascular ageing by causing chronic arterial inflammation and diffuses intima-media thickening, and
as such, changes in blood pressure can be considered both a cause and a consequence of arterial
stiffness [5]. Nevertheless, arterial stiffening is not only an atherosclerosis-related outcome [6], but also
a consequence of the exposure to many contributing factors, such as age, hypertension or diabetes [7].

Arterial stiffness can be measured through non-invasive, reproducible, and relatively inexpensive
techniques, such as the measurement of pulse wave velocity (PWV) [8]. PWV is considered the gold
standard method for assessing aortic stiffness [9,10]. Arterial stiffness measures, and carotid femoral
PWYV (cfPWV) in particular, are being included in the routine clinical assessment of patients and within
the framework of large-scale clinical studies [9] as new instrumental solutions that allow the PWV
assessment, such as photoplethysmography or magnetic resonance emerge [11] (Table 1). Nevertheless,
an introduction into clinical practice has not been implemented further due to the fact that there is a lack
of established reference values based on a large population and due to the absence of a standardized
methodology for PWV assessment [12].

Table 1. Methods used to determine PWV. aPWV: aortic pulse wave velocity; baPWV: brachial-ankle
pulse wave velocity; cfPWV: carotid-femoral pulse wave velocity; DVP: digital volume pulse; ECG:
electrocardiogram; PWV: pulse wave velocity.

Method Description Measure

Apply a pressure sensor through the skin
and applanate a superficial artery by

Applanation tonometry applying a downward pressure sufficient to baPWV, cfPWV
flatten the artery.
Simultaneous acquisition and analysis of Heart-brachial PWYV,
Computerized the pulsation of the artery, which is caused heart-ankle PWYV,
oscillometry by the heart, as the pressure oscillation in brachial-ankle
the cuff. PWYV, cfPWV
Two dedicated piezoelectric pressure carotid—femoral,
Non-invasive Mechanotransducer mechapotrapsducers directly applied to the carotid—brachial‘or

methods skin in a simultaneous measurement of femoral-dorsalis

pressure pulses pedis PWV

Doppler pulses are recorded sequentially in
Ultrasound 2 different arterial sites and compared using baPWYV, cfPWV
the R-wave of the ECG

Photoplethysmography DVP measured by the DVP associated

photoplethysmography transducer with aPWV

Assessment of the blood flow velocity with
Magnetic Resonance an enough temporal and spatial resolution L
. . . ocal PWV
Imaging to study the propagation of the aortic
systolic flow wave
Invasive methods Aortic angiography Intra-aortic catheter measurements Local PWV

Previous meta-analyses have attempted to calculate quantitative estimates of the predictive value
of PWYV for different outcomes. However, to the best of our knowledge, no previous meta-analysis has
estimated the predictive performance (diagnostic odds ratio (dOR), sensitivity, specificity, positive
likelihood ratio (PLR), and negative likelihood ratio (NLR)) of PWV considering the thresholds for a
higher risk of cardiovascular or all-cause mortality estimated using hierarchical summary receiver
operating characteristic (HSROC) models. Moreover, reference values for PWV have been established
through cross-sectional studies [12] or expert consensus [13], in which subjects by age and blood
pressure categories with no additional identified cardiovascular risk factors were considered. However,
as these reference values are not yet fully incorporated into clinical practice, there is uncertainty
regarding whether such values are applicable to high-risk subjects.
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Therefore, the aim of this systematic review and meta-analysis was to estimate the predictive
performance of PWYV for cardiovascular and all-cause mortality using an HSROC analysis as well as
comparing the resulting PWV thresholds with those established in order to improve its validity.

2. Methods

This systematic review and meta-analysis was reported following the Preferred Reporting Items
for Systematic Reviews of Interventions (PRISMA) statement [14] and the recommendations of the
Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy [15]. This study was registered
in the PROSPERO International Prospective Register of Systematic Reviews (registration number:
CRD42018080949).

2.1. Literature Search

PubMed (via MEDLINE), EMBASE (via Scopus) and Web of Science databases were searched
systematically from inception to June 2020. The following free-terms were included in the search strategy
combined with Boolean operators following the PICO strategy: “arterial stiffness”, stiffness, “pulse wave
velocity”, PWV, “aortic pulse wave velocity”, “carotid-femoral pulse wave velocity”, “brachial-ankle
pulse wave velocity”, cfPWV, baPWYV, predict*, marker, “cut-oft”, prognostic, “cut-point”, sensitivity,

”ou

specificity, threshold, mortality, death, “cardiovascular mortality”, “cardiovascular risk”, “all-cause

”ou

mortality”, “cardiac death” or survival (Figure S1).

2.2. Selection Criteria

Eligible articles were original studies measuring PWV thresholds and their association with
cardiovascular and all-cause mortality, that is, PWV predictive performance. Thus, inclusion criteria
were as follows: (i) study participants aged >18 years; (ii) measured PWV (brachial-ankle PWV
(baPWYV) or carotid-femoral PWV (cfPWYV)); (iii) study design: longitudinal studies with prospective
or retrospective data collection; and (iv) reported sensitivity, specificity and 2 x 2 table. Studies were
excluded if they: (i) were not written in English or Spanish; and ii) did not report cardiovascular or
all-cause mortality as an outcome.

2.3. Data Extraction and Quality Assessment

The following data was extracted from each included study: (i) author identification and year
of publication; (ii) country of study; (iii) characteristics of the population; (iv) age of the participants;
(v) number of participants; (vi) number of deaths (cardiovascular and/or all-cause); (vii) PWV test
used; and (viii) parameters summarizing the accuracy of the test (cut-off point, sensitivity, specificity,
area under curve (AUC) and diagnostic odds ratio (dOR)).

The Quality in Prognosis Studies (QUIPS) tool for studies of prognostic factors [16] was used to
assess the risk of bias of each included study. This tool evaluates six bias domains: study participation,
study attrition, prognostic factor measurement, outcome measurement, study confounding, statistical
analysis, and reporting. Each may be rated as having high, moderate or low risk of bias.

The literature search, data extraction, and quality assessment were performed by two independent
researchers (IS-D and IC-R). Inconsistencies were solved by consensus.

2.4. Statistical Analysis and Data Synthesis

The sensitivity, specificity, PLR, NLR, AUC, and dOR along with their corresponding 95%
confidence intervals (CIs) were calculated for the PWYV test used in each included study.

HSROC curves were used to summarize overall test performance as multivariate methods that
jointly analyze sensitivity and specificity. These curves have been proposed to estimate the diagnostic
performance of tests in meta-analyses, where the prediction region is useful for estimating the magnitude
of heterogeneity in such a way that wider prediction regions suggest greater heterogeneity [17]. An AUC
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closer to one indicates a more accurate test, that is the probability of a randomly selected pair of a
true-positive and a true-negative being ranked as such by the diagnostic test, an AUC value of less
than 0.75 may be reasonable, though it indicates weaknesses in the test accuracy [18].

The dOR is a measure of the accuracy of a diagnostic test that combines sensitivity and specificity
into a single value. The value ranges from zero to infinity, with a value of one corresponding to a
null diagnostic ability and a higher value to a better discriminatory test performance. The dOR was
computed using Moses’ constant of a linear model. This approach relies on the linear regression of
the logarithm of the dOR of a study as a dependent variable and on an expression of the positivity
threshold of a study as an independent variable [19].

The DerSimonian and Laird method [20] was used to compute pooled estimates of dOR for
each included study. The heterogeneity of results across studies was assessed using the statistical
parameter 12 and the corresponding p values. 12 values were considered as follows: might not
be important (0-30%); may represent moderate heterogeneity (30-50%); substantial heterogeneity
(50-75%); and considerable heterogeneity (75-100%) [21].

Sensitivity analyses were performed to estimate the individual influence of each particular study in
the pooled dOR by removing studies one by one. Subgroup analyses were performed for cardiovascular
mortality and all-cause mortality. Random-effects meta-regression models were used to evaluate if the
cut-off points for PWV values and the mean age and percentage of women of participants influenced
dOR values. Finally, publication bias was evaluated by visually examining funnel plots and through
Deeks” method [22].

All statistical analyses were performed using STATA SE software, version 15 (StataCorp, College
Station, TX, USA).

3. Results

3.1. Baseline Characteristics

After removing duplicates, the titles and abstracts of 58 articles were screened. Following the
full-text review, nine studies were included in this systematic review, and due to the scarcity of studies
measuring baPWYV, only studies measuring cfPWYV [6,7,23-26] were included in the main quantitative
data synthesis (Figure 1).
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) diagram of
the systematic literature search strategy.

All included studies were of longitudinal nature [6,24-29], two of them were cross-sectional
analyses from longitudinal studies [7,23]. Studies were published between 1999 and 2014 and
were performed in six different countries: France [23-25], Japan [27,28], Korea [29], Macedonia [6],
Portugal [7], and the United States [26].

A total of 3170 participants were included with mean ages ranging from 53.1 to 76.4 years. Studies
were carried out in specific populations, such as patients undergoing dialysis [6,7], hypertensive
patients [23,27], end-stage renal failure patients [24,25], elderly population [28], patients who had a
percutaneous coronary intervention [29], who can all be considered high-risk populations, and the
general population [26] (Table 2).

3.2. Risk of Bias

As evaluated with the QUIPS tool, all studies provided information regarding the six quality
domains. Most studies had shortcomings in the study participation and study confounding domains
(55.5% and 77.8% of studies scored as moderate risk of bias, respectively). An overall moderate bias
risk was obtained since the weakest quality study only had three domains with a moderate score
(Table S1).
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Table 2. Characteristics of studies included in the meta-analysis.
o, |
Author Country Population Age n (% n Mortality Index Test (Device) Cut‘Off Sens (%)  Spec(%) AUC dOR
Female) Point
Adraz%%%et al. Portugal  Dialysis patients 589 101 (29.7)  All-cause: 31 ofPWV (Complior) 10.5 71.0 69.0 0.738 533
: All-cause: 23 _ 11.8 82.6 61.4 0.722 7.56
Avramoski et al. Macedonia  Dialysis patients 613 80 (33.75) cfPWV (pulsed. Dopp?er ultrasound
2013 CV:17 synchronized with ECG) 11.8 94.1 61.4 0820  26.00
Blacher et al. Hypertensive .
France . 62.0 710 (41.8) CV:NA cfPWV (Complior) 13 60.0 84.0 0.780 7.54
1999 patients
Kawai et al. Japan Hypertensive o1 400 455)  All-cause: 17 baPWV (FCP-4731) 18 71.0 7.0 0719 588
2012 patients
- All-cause: 70 11.5 80.0 74.0 0.820 11.17
London et al. France End-stagerenal o o qg5(yp 0T cfPWV (SPT-301)
2001 failure patients CV: 40 11.3 79.0 64.0 0.760 7.20
: All-cause: 30 19.6 73.0 63.0 0.673 4.68
Miyano et al. Japan Elderly population 764  530(31) —— baPWV (BP-2031)
2010 cv: 11 19.6 91.0 62.0 0795  16.34
Pannier et al. End-stage renal . cfPWV (SEGA M842 8MHz Doppler
2005 France failure patients 531 305 (38) CV:96 unit and Gould 8188 recorder) 10.7 840 73.0 0.834 14.75
Post-percutaneous
coronary _
Seo et al. 2014 Korea . K 65.2 372 (36.8) Cv:21 baPWV (BP-203RPE II) 16.7 85.7 60.1 0.778 9.04
intervention
patients
All-cause: 43 9.9 72.0 62.0 0.690 4.20
Shokawaetal. (g5 [Japan General 645 492(553) ———— cfPWV (MCG400)
2005 population CV: 14 9.9 93.0 60.0 0770  19.53

Sens: sensitivity; Spec: specificity; AUC: area under curve; dOR: diagnostic odds ratio; CV: cardiovascular; ECG: electrocardiogram; NA: not available.
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3.3. Meta-Analysis

A meta-analysis was only performed for cfPWYV, as the main analysis, due to the small number
of included studies using baPWV (three studies). Although both are measures of arterial stiffness,
baPWYV measures the stiffness of peripheral arteries, while cfPWYV is an indicator of stiffness of central
elastic arteries, and therefore, their thresholds differ markedly because of their different measurement
points; however, a meta-analysis was performed for baPWV despite the scarcity of studies (Figure S2).
The pooled dORs for cardiovascular mortality were 11.23 (95% CI, 7.29-17.29) and 6.52 (95% CI,
4.03-10.55) for all-cause mortality. No important heterogeneity across studies was found in the cfPWV
dOR for cardiovascular mortality (1> = 0.0%, p = 0.511) or all-cause mortality (1% = 23.4%, p = 0.271),
as can be observed in the forest plots (Figure 2). The pooled sensitivity, specificity, PLR, NLR, dOR and
AUC are presented in Table 3.

%

Reference dOR (95% CI} Weight
ALL-CAUSE MORTALITY
Adragdo et al 2008 —_— 5.33 (2.1, 13.45) 21.59
Avramoski et al 2013 —_— 7.56 (2.27, 25.16) 13.94
London et al 2001 — 11.17 (5.42, 23.02) 31.28
Shokawa et al 2005 —a— 4.20 (2.10, 8.40) 3318
Subtotal (I-squared = 23.4%, p = 0.271) O 6.52 (4.03, 10.55) 100.00
CARDIOVASCULAR MORTALITY
Avramoski et al 2013 26.00 (3.24, 208.80) 429
Blacher et al 1999 —— 7.54 (2.76, 20.58) 18.48
London et al 2001 —_— 7.20 (3.08, 16.82) 25.88
Pannier et al 2005 —— 14.75 (7.86, 27.71) 46.89
Shokawa et al 2005 19.53 (2.53, 150.55) 447
Subtotal (I-squared = 0.0%, p = 0.511) <> 11.23 (7.29, 17.29) 100.00

T T T T LI

11 10

60 160 320

Figure 2. Forest plot of pooled dOR estimates for all-cause and cardiovascular mortality.

Table 3. Pooled accuracy parameters in the prediction of mortality (cfPWV).

Sensitivity (%) Specificity (%) PLR NLR dOR AUC
All-cause mortality  77.00 (65.00-91.00)  65.00 (59.00-71.00)  2.33 (0.66-8.19)  0.34 (0.09-1.25) 6.50 (4.30-9.83) 0.750 (0.690-0.810)
CV mortality 83.00 (71.00-97.00)  71.00 (66.00-75.00)  2.68 (0.90-8.00)  0.21 (0.07-0.65)  11.23 (7.29-17.29)  0.780 (0.740-0.830)

Values in parentheses are 95% confidence intervals. CV: cardiovascular; PLR: positive likelihood ratio; NLR: negative
likelihood ratio; dOR: diagnostic odds ratio; AUC: area under curve.

In order to avoid potential bias, we performed a meta-analysis that excluded the only study
performed in the general population with slightly smaller pooled dORs for cardiovascular mortality
9.08 (95% (I, 4.31-13.84) and slightly higher dORs for all-cause mortality 7.12 (95% CI, 2.72-11.52),
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with no important heterogeneity across studies found for cardiovascular mortality (I> = 0.0%, p = 0.62)

or all-cause mortality (12 = 0.0%, p = 0.55).
The area under the HSROC curve for estimating the predictive performance of cfPWV was
0.78 (95% CI, 0.740-0.830) for cardiovascular mortality and 0.75 (95% CI, 0.690-0.810) for all-cause
mortality. The 95% confidence region for the point estimate that summarized the overall test
performance in the area under the HSROC curve (Figures 3 and 4) included studies in which the test
cut-offs ranged from 9.9 to 13.0 m/s for cardiovascular mortality and from 9.9 to 11.8 m/s for all-cause
mortality. The closest cut-off point to the summary point was 10.7 for cardiovascular mortality and

11.5 for all-cause mortality, as shown in Figures 3 and 4, respectively.
3.4. Sensitivity Analyses for the Effect of Individual Studies

The pooled dOR estimates for cfPWV were not affected after studies were removed one at a time
from the analyses to evaluate their individual impact on cardiovascular and all-cause mortality.

—
e L
/.
.
RIES 7.
@Q . //
p
’.' O/O 98
=2 1
= ,
E= ,,
C ' U
O [ N
D | ! K
N4
O —
T T T T T
1 8 6 4 2 0
Specificity
B Summary point

° Study estimate
HSROC curve

95% prediction
region

95% confidence
region

Figure 3. Hierarchical summary receiver operating characteristic curves (HSROC) curve for cfPWV

predicting all-cause mortality.
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Figure 4. HSROC curve for cfPWYV predicting cardiovascular mortality.

3.5. Random Effects Meta-Regression Model

Although random effects meta-regression models are only recommended for meta-analysis
including ten or more studies [30], they were used to determine whether the cfPWV cut-off points
were related to the dORs for cardiovascular (p = 0.354) and all-cause mortality (p = 0.210), concluding
that there was no statistically significant effect (Figures S5 and S6). Moreover, there was no statistically
significant results between age and dOR estimates for neither cardiovascular (p = 0.995) nor all-cause
mortality (p = 0.208) (Figures S7 and S8) or between the percentage of women and dOR estimates for
cardiovascular (p = 0.85) or all-cause mortality (p = 0.59) (Figures S9 and 510).

3.6. Publication Bias
Deeks’ funnel plot for asymmetry suggested the absence of publication bias for cardiovascular
and all-cause mortality (p = 0.890 and p = 0.850, respectively) (Figures S11 and 512).

4. Discussion

Arterial stiffness measurements are becoming a field of interest as previous evidence has showed
their role as an independent risk predictor for cardiovascular disease [31]. However, to the best of our
knowledge, no previous study has estimated the predictive performance of PWV for cardiovascular
and all-cause mortality. Our results indicate a good accuracy of cfPWV for cardiovascular mortality
(dOR: 11.23 (95% CI, 7.29-17.29); sensitivity: 83% (95% CI, 71.00-79.00); specificity: 71% (95% CI,
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66.00-75.00)), and slightly lower accuracy values for all-cause mortality. Furthermore, data regarding
the cfPWV AUC for cardiovascular mortality showed good accuracy levels.

Previous meta-analyses [8,32] have provided evidence on the predictive value of PWV for
cardiovascular events and all-cause mortality, thereby demonstrating the importance of arterial
stiffness as an indicator of cardiovascular risk. Our results do not only support previous findings,
but also estimate the threshold that represents the range of increased risk.

cfPWYV reference values have been previously defined as 10 m/s through consensus [13] or based
on large cross-sectional studies [12] focused mainly on healthy populations. Our results support
such recommendations even for high-risk populations, as the cut-off points in the current study
ranged between 9.9 and 13 for cardiovascular mortality, and from 9.9 to 11.8 for all-cause mortality.
The smallest cut-off point was obtained from the only study performed in the general population [26]
and is probably due to the narrower threshold of all-cause mortality than the higher risk population
samples. However, it should be noted that the measurement of PWYV is of particular clinical interest in
improving the predictive ability of cardiovascular risk in intermediate risk patients [33]; thus, in order
to provide additional evidence supporting the inclusion on this new biomarker to improve the risk
stratification and, consequently, tailoring more precisely the treatment of patients, more randomized
clinical trials are needed.

cfPWYV is the recommended arterial stiffness measurement method according to the American
Heart Association (AHA) scientific statement [10], the European expert consensus document [34] and
European Society of Cardiology (ESC) and the European Society of Hypertension (ESH) Guidelines for
the management of arterial hypertension [35] due to the large preponderance of longitudinal data from
cohort studies. However, as is common with rapidly developing technologies, the standardization of
techniques is required [10]. Six of the studies included in this review measured cfPWYV, [6,7,23-26] and
three measured baPWV [27-29], in fact, the latter is not as established as cfPWV. In our systematic
review and meta-analysis, predictive performance measures remarkably decreased when cfPWV was
analyzed in combination with baPWV (Figures S3 and S4 and Table S2). This may be attributable to the
differences between function and structure of central elastic arteries (cfPWV), whose main function is
to maintain a relatively constant pressure gradient despite the constant pumping action of the heart,
and stiffer peripheral muscular arteries with predominantly conduit function (baPWV) [36]. Therefore,
there is a dilemma between the higher accuracy of cfPWV and the measuring easiness of baPWV since
the latter only requires the wrapping of blood pressure cuffs on the four limbs [37], nevertheless such
dilemmas may be dissipated as new PWV measuring methods are developed, such as oscillometric
methods or photoplethysmography, with additional functionality and greater ease-of-use, presenting
this methods as a more applicable tool for PWV assessment in daily clinical practice [11,38].

Vascular biomarkers, such as ankle-brachial index, arterial stiffness, endothelial function,
and circulating biomarkers related to vascular wall structure have been suggested for risk assessment
in prevention strategies of cardiovascular events [39]. PWYV, as a measure of arterial stiffness, has been
proven to be effective in predicting the risk of cardiovascular events and mortality as well as all-cause
mortality. However, the relevance of PWV to traditional risk scores has not been clearly examined. Several
studies, such as Rhee et al. for Framingham risk score [40] or Pereira et al. for HeartSCORE [41], have
evaluated the benefits of integrating PWV in cardiovascular risk assessment strategies to improve their
discriminative capacity. Therefore, a new scenario has emerged which, despite requiring further research,
may lead to the inclusion of vascular health measurements, such as PWV, in cardiovascular risk scores.

This systematic review and meta-analysis has some potential limitations to be acknowledged:
(i) despite the lack of clear evidence of publication bias, studies with a poor test performance may
be less or more likely to be published; (ii) some studies could not have been included because they
were published in languages other than English or Spanish, or were grey literature (PhD dissertations,
institutional reports, etc.); (iii) from 8005 studies retrieved by the search strategy, only nine referred to
studies examining or reporting harder endpoints (cardiovascular and all-cause mortality), the scarcity
of studies including predictive performance measurements and cardiovascular events as an outcome,
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means that further research is needed; (iv) included studies were performed in specific populations,
such as elderly people, patients undergoing dialysis or hypertensive patients, making it difficult
to infer our results to the general population; (v) not all of the included studies performed cfPWV
measurements using the same technique or the same device, which may bias the estimates obtained,
also taking into account the high intra-individual variation of this measurement (which could be due
to biological variability/measurement error). However, despite the previously mentioned limitations,
our results may lead to further research, which may establish cfPWYV as an accurate risk predictor of
cardiovascular and all-cause mortality, and consequently justifying future research and its inclusion
in daily clinical practice, which, as long as it requires a great deal of effort from clinicians and health
systems to implement it, strong evidence is needed to endorse such change.

5. Conclusions

cfPWV constitutes a good cardiovascular and all-cause mortality predictor, since it has been shown
to have good accuracy in estimating cardiovascular and all-cause mortality risk, although its accuracy
was observed to be much higher for cardiovascular mortality. Consequently, cfPWV constitutes a
feasible, non-invasive and replicable method for estimating risk, and enabling its use in high-risk
populations. Moreover, our data confirm that the cfPWYV cut-off values previously established by
scientific societies are applicable to high-risk populations.

Nevertheless, further research is necessary to decrease the impact of the limitations of the current
review and extend the results obtained by studying PWV’s predictive ability in the general population
and if it may extend beyond cardiovascular events.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/7/2080/s1.
Figure S1. PICO search strategy, Figure S2. Forest plot of pooled dOR estimates for baPWYV for all-cause and
cardiovascular mortality, Figure S3. HSROC curve for PWV (combining cfPWV and baPWYV values) predicting
cardiovascular mortality, Figure S4. HSROC curve for PWV (combining cfPWV and baPWV values) predicting
all-cause mortality, Figure S5. Meta-regression of cfPWV cut-off points for cardiovascular mortality, Figure Sé.
Meta-regression of cfPWV cut-off points for all-cause mortality, Figure S7. Meta-regression of age for cardiovascular
mortality, Figure S8. Meta-regression of age for all-cause mortality, Figure S9. Meta-regression of % female for
cardiovascular mortality, Figure S10. Meta-regression of % female for all-cause mortality, Figure S11. Deeks’
funnel plot graph of cfPWV and cardiovascular mortality, Figure S12. Deeks’ funnel plot graph of cfPWV and
all-cause mortality, Supplementary Table S1, and Supplementary Table S2.

Author Contributions: VM.-V,, L.C.-R,, and I.S.-D. designed the study and were the main coordinators. 1.S.-D.,

L.C.-R., C.A.-B., D.PP-C. and S.N.d.A.-A. conducted the study. L.C.-R,, C.A.-B., and VM.-V. provided statistical
and epidemiological support. 1.5.-D. wrote the article with the support of I.C.-R. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was funded by the European Regional Development Fund (ERDEF).
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Cecelja, M.; Chowienczyk, P. Role of arterial stiffness in cardiovascular disease. JRSM Cardiovasc Dis. 2012, 1,
1-10. [CrossRef]

2. Weber, T.; Auer, J.; O'Rourke, M.E;; Kvas, E.; Lassnig, E.; Berent, R.; Eber, B. Arterial stiffness, wave reflections,
and the risk of coronary artery disease. Circulation 2004, 109, 184-189. [CrossRef] [PubMed]

3. Mattace-Raso, FU.S,; Van Der Cammen, T.J.M.; Hofman, A.; van Popele, V.M.; Bos, M.L.; Schalekamp, M.A.D.H.;
Asmar, R.; Reneman, R.S.; Hoeks, A.P.G.; Breteler, M.M.B; et al. Arterial Stiffness and Risk of Coronary
Heart Disease and Stroke: The Rotterdam Study. Circulation 2006, 113, 657-663. [CrossRef] [PubMed]

4. Wada, T.; Kodaira, K.; Fuyjishiro, K.; Maie, K.I.; Tsukiyama, E.; Fukumoto, T.; Uchida, T.; Yamazaki, S.
Correlation of ultrasound-measured common carotid artery stiffness with pathological findings. Arter. Thromb.
1994, 14, 479-482. [CrossRef]

5. Lacolley, P.; Regnault, V.; Avolio, A.P. Smooth muscle cell and arterial aging: Basic and clinical aspects.
Cardiovasc Res. 2018, 114, 513-528. [CrossRef]


http://www.mdpi.com/2077-0383/9/7/2080/s1
http://dx.doi.org/10.1258/cvd.2012.012016
http://dx.doi.org/10.1161/01.CIR.0000105767.94169.E3
http://www.ncbi.nlm.nih.gov/pubmed/14662706
http://dx.doi.org/10.1161/CIRCULATIONAHA.105.555235
http://www.ncbi.nlm.nih.gov/pubmed/16461838
http://dx.doi.org/10.1161/01.ATV.14.3.479
http://dx.doi.org/10.1093/cvr/cvy009

J. Clin. Med. 2020, 9, 2080 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Avramovski, P; Janakievska, P; Sotiroski, K.; Zafirova-Ivanovska, B.; Sikole, A. Aortic pulse wave velocity is
a strong predictor of all—Cause and cardiovascular mortality in chronic dialysis patients. Ren. Fail. 2014, 36,
176-186. [CrossRef]

Adragao, T.; Pires, A.; Birne, R.; Curto, ].D.; Lucas, C.; Goncalves, M.; Negrao, A.P. A plain X-ray vascular
calcification score is associated with arterial stiffness and mortality in dialysis patients. Nephrol. Dial. Transplant.
2008, 24, 997-1002. [CrossRef] [PubMed]

Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of Cardiovascular Events and All-Cause
Mortality With Arterial Stiffness. A Systematic Review and Meta-Analysis. . Am. Coll. Cardiol. 2010, 55,
1318-1327. [CrossRef] [PubMed]

Mancia, G.; De Backer, G.; Dominiczak, A.; Cifkova, R.; Fagard, R.; Germano, G.; Grassi, G.; Heagerty, AM.;
Kjeldsen, S.E.; Laurent, S.; et al. 2007 Guidelines for the Management of Arterial Hypertension: The Task
Force for the Management of Arterial Hypertension of the European Society of Hypertension (ESH) and of
the European Society of Cardiology (ESC). Eur. Heart J. 2007, 28, 1462-1536. [CrossRef]

Townsend, R.R.; Wilkinson, I.B.; Schiffrin, E.L.; Avolio, A.P.; Chirinos, J.A.; Cockcroft, J.R.; Heffernan, K.S.;
Lakatta, E.G.; McEniery, C.M.; Mitchell, G.F; et al. Recommendations for Improving and Standardizing
Vascular Research on Arterial Stiffness: A Scientific Statement from the American Heart Association.
Hypertension 2015, 66, 698-722. [CrossRef]

Pereira, T.; Correia, C.; Cardoso, ]. Novel methods for pulse wave velocity measurement. . Med. Biol. Eng.
2015, 35, 555-565. [CrossRef] [PubMed]

Mattace-Raso, FU.S.; Hofman, A.; Verwoert, G.C.; Wittemana, ].C.M.; Wilkinson, I.; Cockcroft, J.; Mceniery, C.;
Yasmin; Laurent, S.; Boutouyrie, P.; et al. Determinants of pulse wave velocity in healthy people and in the
presence of cardiovascular risk factors: ‘Establishing normal and reference values’. Eur. Heart J. 2010, 31,
2338-2350.

Van Bortel, L.M.; Laurent, S.; Boutouyrie, P.; Chowienczyk, P.; Cruickshank, J.K.; De Backer, T.; Filipovsky, J.;
Huybrechts, S.; Mattace-Raso, FE.U.; Protogerou, A.D.; et al. Expert consensus document on the measurement
of aortic stiffness in daily practice using carotid-femoral pulse wave velocity. J. Hypertens. 2012, 30, 445-448.
[CrossRef] [PubMed]

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G. Preferred Reporting Items for Systematic Reviews and
Meta-Analyses: The PRISMA Statement. Ann. Intern. Med. 2009, 151, 264. [CrossRef]

Macaskill, P.; Gatsonis, C.; Deeks, J.; Harbord, R.; Takwoingi, Y. Chapter 10: Analysing and Presenting Results.
In Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy Version 1.0; Deeks, ].J., Bossuyt, PM.,
Gatsonis, C., Eds.; The Cochrane Collaboration: London, UK, 2010; Available online: http://srdta.cochrane.org/
(accessed on 10 March 2020).

Hayden, J.A.; van der Windt, D.A.; Cartwright, J.L.; C6té, P.; Bombardier, C. Assessing bias in studies of
prognostic factors. Ann. Intern. Med. 2013, 158, 280-286. [CrossRef]

Lijmer, ].G.; Bossuyt, PM.M.; Heisterkamp, S.H. Exploring sources of heterogeneity in systematic reviews of
diagnostic tests. Stat. Med. 2002, 21, 1525-1537. [CrossRef] [PubMed]

Jones, C.M.; Athanasiou, T. Summary receiver operating characteristic curve analysis techniques in the
evaluation of diagnostic tests. Ann. Thorac. Surg. 2005, 79, 16-20. [CrossRef]

Reitsma, J.B.; Glas, A.S.; Rutjes, A.W.S.; Scholten, R.J.P.M.; Bossuyt, PM.; Zwinderman, A.H. Bivariate
analysis of sensitivity and specificity produces informative summary measures in diagnostic reviews.
J. Clin. Epidemiol. 2005, 58, 982-990. [CrossRef]

DerSimonian, R.; Laird, N. Meta-analysis in clinical trials. Control. Clin. Trials 1986, 7, 177-188. [CrossRef]
Higgins, ].P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539-1558.
[CrossRef]

Deeks, ].J.; Macaskill, P; Irwig, L. The performance of tests of publication bias and other sample size effects in
systematic reviews of diagnostic test accuracy was assessed. J. Clin. Epidemiol. 2005, 58, 882-893. [CrossRef]
[PubMed]

Blacher, J.; Asmar, R.; Djane, S.; London, G.M.; Safar, M.E. Aortic pulse wave velocity as a marker of
cardiovascular risk in hypertensive patients. Hypertension 1999, 33, 1111-1117. [CrossRef]

London, G.M.; Blacher, J.; Pannier, B.; Guérin, A.P.; Marchais, S.J.; Safar, M.E. Arterial wave reflections and
survival in end-stage renal failure. Hypertension 2001, 38, 434—438. [CrossRef] [PubMed]


http://dx.doi.org/10.3109/0886022X.2013.843359
http://dx.doi.org/10.1093/ndt/gfn584
http://www.ncbi.nlm.nih.gov/pubmed/18952701
http://dx.doi.org/10.1016/j.jacc.2009.10.061
http://www.ncbi.nlm.nih.gov/pubmed/20338492
http://dx.doi.org/10.1097/HJH.0b013e3281fc975a
http://dx.doi.org/10.1161/HYP.0000000000000033
http://dx.doi.org/10.1007/s40846-015-0086-8
http://www.ncbi.nlm.nih.gov/pubmed/26500469
http://dx.doi.org/10.1097/HJH.0b013e32834fa8b0
http://www.ncbi.nlm.nih.gov/pubmed/22278144
http://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
http://srdta.cochrane.org/
http://dx.doi.org/10.7326/0003-4819-158-4-201302190-00009
http://dx.doi.org/10.1002/sim.1185
http://www.ncbi.nlm.nih.gov/pubmed/12111918
http://dx.doi.org/10.1016/j.athoracsur.2004.09.040
http://dx.doi.org/10.1016/j.jclinepi.2005.02.022
http://dx.doi.org/10.1016/0197-2456(86)90046-2
http://dx.doi.org/10.1002/sim.1186
http://dx.doi.org/10.1016/j.jclinepi.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/16085191
http://dx.doi.org/10.1161/01.HYP.33.5.1111
http://dx.doi.org/10.1161/01.HYP.38.3.434
http://www.ncbi.nlm.nih.gov/pubmed/11566918

J. Clin. Med. 2020, 9, 2080 13 0f 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pannier, B.; Guérin, A.P.; Marchais, S.J.; Safar, M.E.; London, G.M. Stiffness of capacitive and conduit
arteries: Prognostic significance for end-stage renal disease patients. Hypertens 2005, 45, 592-596. [CrossRef]
[PubMed]

Shokawa, T.; Imazu, M.; Yamamoto, H.; Toyofuku, M.; Tasaki, N.; Okimoto, T.; Yamane, K.; Kohno, N. Pulse
Wave Velocity Predicts Cardiovascular Mortality. Circ. J. 2005, 69, 259-264. [CrossRef]

Kawai, T.; Ohishi, M.; Onishi, M,; Ito, N.; Takeya, Y.; Maekawa, Y.; Rakugi, H. Cut-Off Value of Brachial-Ankle
Pulse Wave Velocity to Predict Cardiovascular Disease in Hypertensive Patients: A Cohort Study. J. Atheroscler.
Thromb. 2013, 20, 391-400. [CrossRef]

Miyano, I.; Nishinaga, M.; Takata, J.; Shimizu, Y.; Okumiya, K.; Matsubayashi, K.; Ozawa, T.; Sugiura, T.;
Yasuda, N.; Doi, Y. Association between brachial-ankle pulse wave velocity and 3-year mortality in
community-dwelling older adults. Hypertens. Res. 2010, 33, 678-682. [CrossRef] [PubMed]

Seo, HJ.; Ki, YJ.; Han, M.A ; Choi, D.H.; Ryu, S.W. Brachial-ankle pulse wave velocity and mean platelet
volume as predictive values after percutaneous coronary intervention for long-term clinical outcomes in
Korea: A comparable and additive study. Platelets 2015, 26, 665-671. [CrossRef] [PubMed]

Thompson, S.G.; Higgins, ].P.T. How should meta-regression analyses be undertaken and interpreted?
Stat. Med. 2002, 21, 1559-1573. [CrossRef] [PubMed]

Dogui, A.; Kachenoura, N.; Frouin, F.; Lefort, M.; De Cesare, A.; Mousseaux, E.; Herment, A. Consistency of
aortic distensibility and pulse wave velocity estimates with respect to the Bramwell-Hill theoretical model:
A cardiovascular magnetic resonance study. . Cardiovasc. Magn. Reson. 2011, 13, 11. [CrossRef] [PubMed]
Zhong, Q.; Hu, M.-]; Cui, Y.-J; Liang, L.; Zhou, M.-M.; Yang, Y.-W.; Huang, F. Carotid-Femoral Pulse Wave
Velocity in the Prediction of Cardiovascular Events and Mortality: An Updated Systematic Review and
Meta-Analysis. Angiology 2018, 69, 617-629. [CrossRef] [PubMed]

Ben-Shlomo, Y.; Spears, M.; Boustred, C.; May, M.; Anderson, S.G.; Benjamin, E.J.; Boutouyrie, P.; Cameron, J.;
Chen, C.-H.; Cruickshank, ].K; et al. Aortic pulse wave velocity improves cardiovascular event prediction:
An individual participant meta-analysis of prospective observational data from 17,635 subjects. ]J. Am.
Coll. Cardiol. 2014, 63, 636—646. [CrossRef] [PubMed]

Laurent, S.; Cockceroft, J.; Van Bortel, L.; Boutouyrie, P; Giannattasio, C.; Hayoz, D.; Pannier, B,;
Vlachopoulos, C.; Wilkinson, L; Struijker-Boudier, H. Expert consensus document on arterial stiffness:
Methodological issues and clinical applications. Eur. Heart J. 2006, 27, 2588-2605. [CrossRef] [PubMed]
Williams, B.; Mancia, G.; Spierinnng, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.;
De Simone, G.; Dominiczak, A ; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension:
The Task Force for the management of arterial hypertension of the European Society of Cardiology (ESC)
and the European Society of Hypertension (ESH). Eur. Heart ]. 2018, 33, 3021-3104. [CrossRef]

Guerin, A.P; Blacher, J.; Pannier, B.; Marchais, S.J.; Safar, M.E.; London, G.M. Impact of aortic stiffness
attenuation on survival of patients in end-stage renal failure. Circulation 2001, 103, 987-992. [CrossRef]
[PubMed]

Sugawara, J.; Tanaka, H. Brachial-Ankle Pulse Wave Velocity: Myths, Misconceptions, and Realities. Pulse
2015, 3, 106-113. [CrossRef]

Reshetnik, A.; Gohlisch, C.; Tolle, M.; Zidek, W.; Van Der Giet, M. Oscillometric assessment of arterial
stiffness in everyday clinical practice. Hypertens. Res. 2017, 40, 140-145. [CrossRef] [PubMed]
Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Clinical appraisal of arterial stiffness: The Argonauts in
front of the Golden Fleece. Heart 2006, 92, 1544-1550. [CrossRef]

Rhee, TM.; Kim, H.L.; Oh, S.; Lim, W.H.; Seo, J.-B.; Chung, W.Y,; Kim, S.H.; Kim, M.A.; Zo, ].H. Gender
difference in the association between brachial-ankle pulse wave velocity and cardiovascular risk scores.
Korean |. Intern. Med. 2019, 34, 539-548. [CrossRef] [PubMed]

Pereira, T.; Maldonado, J.; Polénia, J.; Silva, J.A.; Morais, J.; Rodrigues, T.; Marques, M. Aortic pulse wave
velocity and heart SCORE: Improving cardiovascular risk stratification. a sub-analysis of the EDIVA (Estudo
de DlIstensibilidade VAscular) project. Blood Press. 2014, 23, 109-115. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1161/01.HYP.0000159190.71253.c3
http://www.ncbi.nlm.nih.gov/pubmed/15753232
http://dx.doi.org/10.1253/circj.69.259
http://dx.doi.org/10.5551/jat.15040
http://dx.doi.org/10.1038/hr.2010.56
http://www.ncbi.nlm.nih.gov/pubmed/20431594
http://dx.doi.org/10.3109/09537104.2014.978274
http://www.ncbi.nlm.nih.gov/pubmed/25383727
http://dx.doi.org/10.1002/sim.1187
http://www.ncbi.nlm.nih.gov/pubmed/12111920
http://dx.doi.org/10.1186/1532-429X-13-11
http://www.ncbi.nlm.nih.gov/pubmed/21272312
http://dx.doi.org/10.1177/0003319717742544
http://www.ncbi.nlm.nih.gov/pubmed/29172654
http://dx.doi.org/10.1016/j.jacc.2013.09.063
http://www.ncbi.nlm.nih.gov/pubmed/24239664
http://dx.doi.org/10.1093/eurheartj/ehl254
http://www.ncbi.nlm.nih.gov/pubmed/17000623
http://dx.doi.org/10.1093/eurheartj/ehy339
http://dx.doi.org/10.1161/01.CIR.103.7.987
http://www.ncbi.nlm.nih.gov/pubmed/11181474
http://dx.doi.org/10.1159/000430771
http://dx.doi.org/10.1038/hr.2016.115
http://www.ncbi.nlm.nih.gov/pubmed/27604342
http://dx.doi.org/10.1136/hrt.2005.067025
http://dx.doi.org/10.3904/kjim.2017.357
http://www.ncbi.nlm.nih.gov/pubmed/29540053
http://dx.doi.org/10.3109/08037051.2013.823760
http://www.ncbi.nlm.nih.gov/pubmed/23944743
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Literature Search 
	Selection Criteria 
	Data Extraction and Quality Assessment 
	Statistical Analysis and Data Synthesis 

	Results 
	Baseline Characteristics 
	Risk of Bias 
	Meta-Analysis 
	Sensitivity Analyses for the Effect of Individual Studies 
	Random Effects Meta-Regression Model 
	Publication Bias 

	Discussion 
	Conclusions 
	References

