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Abstract The predictive value of vascular biomarkers such as
pulse wave velocity (PWYV), central arterial pressure (CAP),
and augmentation index (AIx), obtained through pulse wave
analysis (PWA) in resting conditions, has been documented in
a variety of patient groups and populations. This allowed to
make appropriate recommendations in clinical practice guide-
lines of several scientific societies. Due to advances in tech-
nologies, largely operator-independent methods are currently
available for estimating vascular biomarkers also in ambula-
tory conditions, over the 24 h. According to the acceptable
accuracy and reproducibility of 24-h ambulatory PWA, it ap-
pears to be a promising tool for evaluating vascular
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biomarkers in daily life conditions. This approach may pro-
vide an opportunity to further improve the early cardiovascu-
lar screening in subjects at risk. However, concerning the clin-
ical use of PWA over the 24 h in ambulatory conditions at the
moment, there is no sufficient evidence to support its routine
clinical use. In particular, long-term outcome studies are need-
ed to show the predictive value of 24-h PWV, CAP, and Alx
values, provided by these devices, over and beyond peripheral
blood pressure, and to answer the many technical and clinical
questions still open. To this regard, the VASOTENS Registry,
an international observational prospective study recently
started, will help providing answers on a large sample of hy-
pertensive patients recruited worldwide.

Keywords Ambulatory monitoring - Pulse wave analysis -
Pulse wave velocity - Central arterial pressure - Augmentation
index - Arterial hypertension

Introduction

Arterial damage is mainly an effect of ageing and elevated
blood pressure (BP), and can be non-invasively assessed
through the measurement of arterial stiffness, central arterial
pressure (CAP), and pulse wave reflections [1]. Pulse wave
velocity (PWV), namely carotid-femoral PWV (cfPWV), is
considered as the clinical “gold standard” measurement for
determination of arterial stiffness, has the largest amount of
epidemiological evidence for its predictive value for cardio-
vascular (CV) events, and requires moderate technical exper-
tise [2—4]. Pulse wave analysis (PWA) allows to obtain infor-
mation on CAP and wave reflections, thus on augmentation
index (AIx). Pulse wave should be optimally obtained either at
the central level, at the site of the ascending aorta or the carotid
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artery, or directly recorded or computed from a peripheral
artery waveform using a transfer function analysis.

Introduction of applanation tonometry allowed arterial
stiffness and central hemodynamics to be assessed non-
invasively, and extended the more limited data that were ob-
tained invasively with diagnostic cardiac catheterization [2,
4]. Tonometry is widely employed, though the recent intro-
duction of techniques combining brachial cuff measurements
and analysis of pulse waveform have made the assessment
largely operator-independent and allowed to extend the eval-
uation of arterial functional state to ambulatory conditions [2,
4]. These new and less operator-dependent methods may pro-
vide an opportunity for the spread of arterial stiffness mea-
surements and to further refine the CV risk stratification.

In the present review, we will briefly summarize the current
status of the scientific evidence on the prognostic and clinical
value of PWV, CAP, and Alx obtained through PWA. We will
then specifically focus our attention on the presentation of the
technologies currently used to determine the 24-h profile of
arterial stiffness and wave reflections and on the evidence
collected so far, supporting their use.

PWA Techniques

The most accurate assessment of vascular biomarkers such as
PWYV, CAP, and Alx is obtained invasively at the ascending
aorta, using high fidelity pressure transducers, measuring pres-
sure directly at the tip (or at two tips, in case of PWV measure-
ment) of the catheter. However, such a technique is not feasible
for daily use in the clinic or in the population. Therefore, non-
invasive approaches which can be used to record a pulse wave-
form and then run a PWA are preferable. To this regard, various
techniques are available (Table 1). The pulse waveform can be
recorded non-invasively by applanation tonometry, pressure
sensors, oscillometry, or cuff-based techniques applied to the
brachial artery, multi-signal techniques, or a volume-clamped
photoplethysmographic device on the finger [2, 4, 5]. The BP
waveform can also be acceptably derived by ultrasound, com-
puted tomography (CT), or magnetic resonance imaging
(MRI). The vascular parameters are then estimated by signal
processing of the recorded waveform, based on mathematical
transformation.

cfPWYV through applanation tonometry is the most
commonly used clinical parameter of arterial stiffness [2,
6]. PWYV represents the speed at which the pressure wave-
form travels (wave propagation) along the aorta and large
arteries, during each cardiac cycle. Pressure waveforms
are obtained transcutaneously over the common carotid
artery and the femoral artery, and the time delay between
the feet of the two recorded waveforms is measured (foot-
to-foot method). The distance covered by the waves is
taken as the distance measured between the two recording
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Table 1  Non-invasive techniques used for pulse wave acquisition

Technique

Applanation tonometry

Mechanotransducers (pressure sensors)

Finger photoplethysmography

One-channel cuff-based methods (oscillometry-based technique)
Multi-signal techniques

Doppler ultrasonography

Echo-tracking

Computed tomography (CT) or magnetic resonance imaging (MRI)

sites multiplied by 0.8 [6]. PWV is calculated as the ratio
between the distance (in meters) and the time delay (in
seconds). Earlier techniques involved synchronization
with the ECG signal and a sequential measurement of
the carotid and femoral pulse wave, whereas modern tech-
niques with simultaneous recording of the waves at two
sites helped improve the accuracy of cfPWV determina-
tion by reducing the influence of its variability over time.
In contrast to PWV, CAP and Alx are influenced not only
by arterial stiffness but also by the intensity of wave re-
flections and may be considered as clinical surrogate end-
points, as further discussed in this paper. CAP and Alx
can be estimated either from the common carotid or from
a peripheral artery (radial, brachial or femoral) waveform.
In case the waveform is taken at the carotid artery level,
no mathematical processing is needed, but only calibra-
tion, since this artery is considered itself a central artery.
In case of peripheral artery, the local waveform is record-
ed and then the aortic waveform is computed using a
transfer function or proprietary algorithms or mathemati-
cal modeling [7].

CAP is the pressure measured at the level of the central
large arteries preferably defined at the root of the aorta: its
systolic component is lower than the corresponding brachial
one because arterial stiffness and wave reflections increase
moving away from the heart (amplification phenomenon)
[8]. Alx represents the extra pressure caused by pressure wave
reflection back from the periphery and thus it is the parameter
showing the magnitude of wave reflection relative to primary
pressure waves. It is usually defined as the ratio of the differ-
ence between the second (reflected wave) and first (initial
wave) systolic peak and pulse pressure (PP), expressed as a
percentage. It is influenced not only by arterial stiffness, but
mostly by both intensity and timing of waves reflection upon
their arrival at the heart, though it has been suggested that the
reflected pressure is only a small contributor to overall pres-
sure when the aortic reservoir (Frank’s Windkessel) is
accounted for [9].

Figure 1 depicts how PWV, CAP, and Alx are identified
and computed on the reconstructed central pulse waveform.
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Fig. 1 Method of computation or central hemodynamic and wave
reflection indices through pulse wave analysis. a A peripheral
waveform is recorded (e.g., from the brachial artery). b This waveform
is analyzed by a mathematical algorithm based on a transfer function,
with a certain amplitude and phase characteristics. ¢ The central
waveform is then reconstructed. From this waveform, central systolic
(SBP) and diastolic blood pressure (DBP), and pulse pressure (PP) are
derived. The systolic peak defines the central arterial systolic pressure
(CASP). The augmentation index (Alx) is computed as the ratio
between the augmentation pressure (AP, the difference between the
reflected wave, P/, and the forward wave, P2) and PP, expressed as a

Predictive Value of Arterial Stiffness, CAP,
and Wave Reflections for Cardiovascular Events

As previously mentioned, ageing and high BP are associated
with large artery stiffening and damage. The close relationship
between increased PWYV, CAP, and Alx, and CV outcome and
the predictive value of arterial stiffness, central pressure, and
wave reflections have been shown in a variety of patient
groups and populations.

Two large meta-analyses of longitudinal studies clearly
demonstrated that PWYV is a robust and independent pre-
dictor of all-cause and CV mortality, fatal and non-fatal
coronary events, and fatal strokes; thus, it can be consid-
ered as an intermediate or surrogate endpoint for CV
events. A first meta-analysis by Vlachopoulos and co-
workers [10] was based on 17 longitudinal studies that

--- Backward pulse wave

percentage. d Pulse wave velocity (PWV) may be computed according to
the foot-to-foot method for example of carotid-femoral PWV (¢/PWV) by
multiplying the carotid-femoral distance (AL) by 0.8 and dividing the
result by the time interval (Af) between the foot of the carotid and
femoral waveform. e Alternatively, for ambulatory estimation, PWV
may be derived by multiplying the surrogate length of the aorta (AL,
jugulum-symphisis distance or superficial morphological distance
corresponding to the projection of the aorta on the body surface) by 2
and by a constant (k) and by dividing the result by the reflected wave
transit time (RWTT, the time interval between the forward and the
reflected wave)

evaluated PWYV and followed up 15,877 subjects for a
mean of 7.7 years. In this study, the relative risks for total
CV events, CV mortality, and all cause mortality, after ad-
justment for traditional risk factors, were 2.26 (95 % con-
fidence interval, 1.89, 2.70), 2.02 (1.68, 2.42), and 1.90
(1.61, 2.24), respectively, for high vs. low aortic PWV
subjects (Fig. 2). Interestingly, the risk of total CV events
and CV mortality was significantly higher in high baseline
risk groups compared with low-risk subjects. An individu-
al participant meta-analysis of prospective data from 16
studies including 17,635 subjects has documented that a
1-SD increase in aortic PWV is associated with a 35 %
age- and sex-adjusted increased risk of coronary heart dis-
ease, a 54 % risk of stroke, and a 30 % risk of CV disease
[11]. There was no evidence that the increased risk associ-
ated with PWV was modified by sex, smoking status,
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Study characteristics a  Total CV events b CV mortality C All-cause mortality
Author Population RR 95%Cl RR (95% Cl) RR 95% CI RR (95% CI) RR  95%CI RR (95% CI)
Anderson 2009 GEN — - = 141 093-2.14 L~
Blacher 1999 ESRD 489 279-857 —{— 489 279-857 —F— | 467 3.06-7.11 1
Choi 2007 CAD 175 1.28-2.37 I = - | 596 024-1456 —
Cruickshank 2002 DM = = Hie= = {134 111-182 O
Laurent 2001 HTN 235 176-3.14 1 1235 176-3.14 - 214  1.71-267 F
Mattace-Ras0 2006  GEN 239 1.76-3.25 -+ — -— {167 137-203 T}
Meaume 2001 GEN 460 1.37-15.40 ———> 1460 137-15.40 —_—
Mitchell 2010 GEN 482 3.18-7.29 -3 - -
Pannier 2005 ESRD 224 1.88-267 1 {224 188-267 1 - =
Shoji 2001 ESRD 216 1.11-4.20 —{— ;2.16 1.11-4.20 —_—Y 201 1.35-2.99 .y .
Shokawa 2005 GEN 1866 246-141.54 —> 1866 245-141.54 — | 371 195-7.05 — O
Sutton-Tyrrell 2005 ~ GEN 140 1.22-161 O {140  100-1.79 F 160 118-2.16 {1
Terai 2008 HTN 273 175-4.26 —{— = = [ 461 158-13.47 —_——
Wang 2010 (men) ~ GEN 156 1.25-1.94 Sl {156  125-1.94 Ir | 150 1.33-1.69 O
Wang 2010 (women) ~ GEN 194  156-2.42 1 {194  156-242 I} {176 154-201 0
Wilum-Hansen 2006 GEN 150 1.38-163 | [ ] {161 144-180 O - =
Zoungas 2007 ESRD 306 1.84-508 —— {168  065-437 ——O— =
Overall 226 1.89-270 L 2 1202 1.68-2.42 L 4 | 190 1.61-224 &

05 1 2 5 10;

Test for heterogeneity: 12=84.9%, P<0.001
Test for overall effect: Z=8.86, P<0.001

i Testfor heterogeneity: 2=74.4%, P<0.001
i Test for overall effect: Z=7.49, P<0.001

05 1 2 5 10 02 05 1 2 5 10

Test for heterogeneity: 12=77.0%, P<0.001
Test for overall effect: Z=7.58, P<0.001

Fig. 2 Relative risk (RR) and 95 % confidence interval (C/) of total cardiovascular (CV) events (a), CV mortality (b), and all-cause mortality (c) fora 1-
SD increase in aortic pulse wave velocity (PWV) [redrawn with permission from 10]

population type, concomitant diabetes, hypertension, or re-
nal function. However, PWV was more strongly related to
the risk of CV events in younger participants (Fig. 3).
Adding PWYV to the risk model based on classic risk factors
had only modest effect on the risk prediction of coronary
events and strokes when the whole population was studied,
but the risk prediction was strongly improved by 13 %
when the subjects with intermediate risk were considered.
A limited number of prospective studies explored the
predictive value of CAP and Alx, either measured directly
on carotid artery or estimated on the basis of applanation
tonometry performed on radial artery coupled with PWA.
A meta-analysis of such 11 original studies with a good
quality was performed by Vlachopoulos and coworkers
[12]. In 5648 subjects followed for an average of
45 months, the adjusted increase in the risk of total CV
events for an increase of central systolic BP (SBP) of
10 mmHg, central PP of 10 mmHg, and central Alx of
10 % was 9, 14, and 32 %, respectively (Fig. 4). Five
studies comparing the risk of clinical events with both
central and brachial PP revealed that central PP is associ-
ated with a marginally but not significantly (p =0.057)
higher risk of clinical events (+32 %) than brachial PP
(+19 %), whereas the risk estimates for central and pe-
ripheral SBP were similar (+14 vs. +20 %, p=0.062).
Although several longitudinal studies and meta-
analyses suggested that CAP, arterial stiffness, and wave
reflection may be predictive of CV events, unequivocal
proof has yet to be provided that their improvement or
regression after intervention is predictive of the reduction
in CV events, independently of brachial BP lowering. A
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study conducted in 150 patients with end-stage renal dis-
ease followed up for 51 months provided the first and
only available evidence that PWV is an independent pre-
dictor of mortality. In this study, the absence of PWV
decrease in response to BP reduction was a significant
predictor of all-cause and CV mortality, demonstrating
that at least in this population aortic stiffness is a good
surrogate endpoint for CV prognosis and that its attenua-
tion is predictive of the reduction in CV outcomes [13].
The impact of improving aortic stiffness on CV mortality,
coronary events, and stroke remains to be established in
other populations, particularly those with hypertension,
which might be at lower but still high CV risk.
Similarly, the CAFE study showed that CAP was lower
than brachial BP in patients treated with the amlodipine
plus perindopril combination than in those treated with
atenolol plus bendroflumethiazide, despite similar reduc-
tion in brachial BP [14]. The former dual drug combina-
tion resulted superior in terms of prevention of CV mor-
bidity and mortality, suggesting that the lower CAP
achieved during treatment might be part of the explana-
tion of this finding.

Recommendations of Current Guidelines
on the Clinical Use of PWA-Derived Vascular
Biomarkers

cfPWYV is the clinical “gold standard” for estimating aor-
tic stiffness [2—4]. As detailed in the previous section, the
evidence that PWYV, and particularly cfPWYV, is an
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Fig. 3 Hazard ratio (and 95 % Effect Modifier B ES (95% CI)
confidence interval, CI) for
cardiovascular (CV) events for a Gender
1-SD increase in aortic pulse Female 632 —_—— 1.35(1.18, 1.53)
wave velocity (PWV) in Male 1153 —_— 1.46 (1.29, 1.65)
subgroups of subjects [redrawn
with permission from 11] Smoking Status
Non-smoker 762 —e 1.46 (1.27,1.67)
Ex-smoker 584 —_————— 1.28 (1.12,1.47)
Current smoker 430 —_— 1.38(1.19, 1.63)
Population
General 1399 —_— 1.42(1.24,1.62)
Clinical 386 B —— 1.49 (1.26, 1.76)
Diabetes
Diabetic 326 —e 1.60(1.34,1.92)
Non-Diabetic 1421 —_— 1.31(1.18, 1.45)
Age
<61 328 —> 204(1.70,2.44)
61+ 1457 —_— 143(1.28,1.61)
Age Group
<51 years 117 ——> 1.89(1.44,247)
51-60 years 211 —> 1.77 (1.51,2.09)
61-70 years 476 —_——— 1.36 (1.19, 1.55)
>70 years 981 —_—— 1.23(1.12,1.35)
Anti Hypertensives
Normotensive 795 —_— 1.28(1.15, 1.42)
Hypertensive 943 —— 1.40(1.22,1.61)
Renal Function
Normal & Stage 1 159 » > 1.58 (1.10, 2.26)
Stages 2-5 1076 ——— 1.48 (1.26, 1.75)
Normal & Stages 1-2 700 > 1.39(1.11,1.73)
Stages 3-5 384 —_— 1.48 (1.24,1.76)
T T
8 2

important independent predictor of CV disease is more
consistent and stronger than for CAP and even more so
for Alx.

According to current European Society of Cardiology
(ESC)/European Society of Hypertension (ESH) guide-
lines [3, 4], a cfPWV >10 m/s may indicate asymptomatic
organ damage. cfPWV is useful for stratification of total
CV risk and should be considered for hypertensives,
whereas can add predictive value to the usual risk esti-
mate of diabetics (Table 2). A scientific statement from
the American Heart Association (AHA) also recommends
that arterial stiffness should be determined non-invasively
by measurement of cfPWV (class of recommendation, I;
level of evidence, A) and emphasizes that single-point
estimates of PWYV require evidence for their predictive
value in longitudinal studies [15].

Although reference values for CAP have been recently
published, at the moment in Europe or in America there is

1
Hazard ratios loge(aPWV)

no specific practical recommendation on the use of CAP
and Alx and more data are required before these vascular
biomarkers can be recommended for routine use in hyper-
tension in general [3, 4, 16]. ESC/ESH guidelines suggest
that CAP and Alx might be helpful when assessing young
patients with isolated systolic hypertension (Table 2).
Interestingly, only Taiwanese guidelines recommend
the measurement of CAP obtained non-invasively with
either tonometry-based or cuff-based techniques with a
cutoff value of 130/90 mmHg when a diagnosis of hyper-
tension is clinically suspected but cannot be established
by current conventional BP criteria (class of recommen-
dation, IIb; level of evidence, B). These recommendations
and thresholds were based on two independent Taiwanese
cohorts studies using an outcome-driven approach [17].
Finally, concerning the clinical use of 24-h ambulatory
PWA at the moment, there is no sufficient evidence to
support its routine clinical use. However, its usability

@ Springer
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Central SBP and CV outcome

Author Population RR 95% CI RR {95% CI)
Dart 2006 HTN 1.040 0.945 - 1.145
Pini 2008 GEN 1.190 1.080-1.31 4
Roman 2007 GEN 1.070  1.007 - 1.137
Pooled (fixed) 1.088 1.040-1.139 ¢
Pooled (random) 1.094  1.019-1.175 L 4
0.5 1 2
Central PP and CV outcome
Author Population RR 95% CI RR (95% Cl)
Chininos 2005 CAD 1084  0.997-1.178
Dart 2006 HTN 1022  0.910-1.148
Jankowski 2008 CAD 1126 1.033-1.277 IF
Lu 2001 CAD 1790 1.227-2611 —{Pb
Pini 2008 GEN 1230 1.102-1373 3
Roman 2007 GEN 1150 1068 - 1.238 {7r
Pooled (fixed) 1129  1.085-1.175 *
Pooled (random) 1.137 1.063 - 1.215 <&
05 1 2
Central Alx and CV outcome
Author Population RR 95% Cl RR (95% Cl)
Chirinos 2005 CAD 1.280 1.091 - 1.502 -
Dart 2006 HTN 0.919 0.712-1.186
London 2001 ESRD 1.480 1.156 - 1.894 —_—
Ueda 2004 CAD 1700  1.163-2.486 —_—{=
Weber 2005 CAD 1480  1.109 - 1.976 —_—
Pooled (fixed) 1.294 1.165-1.438 <D
Pooled (random) 1.318  1.093-1.588 -
05 I 2

Fig. 4 Relative risk (RR) and 95 % confidence interval (CI) of total
cardiovascular (CV) events for a 10-mmHg increase in central systolic
blood pressure (SBP), a 10-mmHg increase in central pulse pressure (PP),
and a 10 % increase in augmentation index (AIx) [redrawn with
permission from 12]

confers a great potential for 24-h PWA techniques, once
they are validated in prospective studies.

PWA over the 24 h: Available Technologies

Few techniques and devices are currently available for simulta-
neous monitoring of peripheral BP, CAP, and arterial stiffness
in ambulatory conditions over the 24 h. Main characteristics of
the various devices are summarized in Table 3. A description of
the methodologies employed by each individual device to ob-
tain vascular parameters is reported in the next sections.

Mobil-O-Graph PWA

This device obtains pulse waves with a conventional upper
arm BP cuff. Following inflation to a diastolic brachial pres-
sure level, the device acquires the pulse waveform over 10 s
through a high fidelity pressor sensor [21]. The sensor is con-
nected to a 12-bit A/D converter by means of an active ana-
logue band pass filter. After digitalization, a three-stage signal
processing is used to confirm signal quality. At the end of this
process, an aortic pulse wave is generated by means of a
generalized transfer function (ARCSolver) and this is used
to compute vascular parameters. The ARCSolver method uses
the late systolic peak and a transfer function-like method to
convert brachial into central pressure. To estimate aortic PWYV,
this method utilizes parameters from PWA combined into a
proprietary mathematical model, coupled with information on
age and CAP [27].

BPLab

Another cuff-based device for 24-h PWA is the BPLab mon-
itor. During a step-by-step deflation of an upper arm cuff,
brachial pulse wave forms are obtained from oscillograms,
digitalized and stored in the device memory. Thereafter, signal
processing is performed using a special mathematical algo-
rithm, which is based on a specially developed transfer func-
tion that utilizes a modification in a certain frequency range
within the acquired pulse signal to derive the aortic pressure
wave. The modulus and phase characteristics of the Vasotens
transfer function have been published previously [31]. The
algorithm used for estimating PWV is also proprietary and
close to methods of wave separation and timing, where the
difference in time between the first wave and the second wave
(i.e., the reflected wave) correlates to the distance, according
to the manufacturer’s instructions. CAP and Alx are derived
from the analysis of the reconstructed central pulse wave.

BPro

This wristwatch-like device acquires the radial pressure wave-
form through automated radial tonometry (EVBP, EVidence-
Based blood Pressure tonometry) at a frequency of 60 Hz [35,
36]. A single radial waveform is averaged from individual

Table 2  Current recommendation on PWA according to ESH/ESC guidelines [2—4]

Index Recommendation Level of Predictive  Clinical Easeof Methodological  Reference
evidence value utility use consensus values

cfPWV Useful for risk stratification (IIa) A ++++ +++ +++ +++ Yes

CAPand Alx  Not indicated at the moment; only exception B +++ ++ +++ +++ Yes (CAP)

is isolated systolic hypertension in the young (1Ib)

Alx augmentation index, CAP central arterial pressure, cfPWV carotid-femoral pulse wave velocity
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waveforms recorded consecutively for 10 s per block of wave-
forms. From the radial waveform, the software estimates CAP
using an N-point moving average method, a mathematical low
pass filter. This method is designed to accurately derive CAP
and does not generate an aortic waveform. Although in one
validation study Alx could be computed from radial wave-
form, this parameter and PWV are not provided by the device
and are not available in the marketed model [38].

Arteriograph 24

The Arteriograph 24 is a device using a brachial cuff-based
technique involving pressurization to 35-40 mmHg above
SBP to occlude the brachial artery for a period of 2 min.
The pulsatile waveform is recorded from the brachial ar-
tery through a high fidelity pressor sensor. The first systol-
ic peak of the recorded waveform corresponds to the ejec-
tion of the left ventricle, whereas the second peak is as-
sumed to be the reflection of the first pressure wave from
the periphery. The difference in time between the first and
the second (reflected wave) is related to the measured dis-
tance from the sternal notch to the pubic symphysis,
resulting in PWV [43, 50]. The Alx corresponds to the
pressure difference between the first and second wave in
relation to the PP [43, 50]. The calculation of systolic CAP
is based on the relationship between invasively measured
SBP in the aorta and in the brachial artery, on the basis of
the late systolic wave amplitude [50].

Diasys Integra 11

This is an oscillometric BP monitor that measures Q wave to
Korotkoff Delay (QKD), which is considered as a surrogate of
arterial stiffness. The non-invasively acquired brachial BP is
used for calibration and for estimation of CAP through a re-
gression equation which also takes into account HR, height,
and QKD [53, 54].

Oscar 2

The Oscar 2 device records the brachial waveform through an
upper arm cuff which is inflated 10 mmHg below the individ-
ual’s diastolic BP (DBP). This threshold for inflation pressure
allows to obtain an optimal volume pulse waveform free of
distortion. The waveform is calibrated to SBP and DBP by
oscillometric measurement of brachial BP. Proprietary digital
signal processing and transfer function (based on the
SphygmoCor technique), programmed into the device, and
applied to the calibrated brachial waveform, allow to estimate
the aortic pressure waveform [57, 58].

@ Springer

Somnotouch NIBP

The Somnotouch NIBP measures beat-to-beat BP through a
finger photoplethysmograph, coupled to a three-lead ECG,
both connected to a watch-like control unit placed at the wrist
level and equipped with a screen displaying the beat-to-beat
pulse waveform [59]. The principle of BP estimation is based
on the beat-to-beat determination of the pulse transit time
(PTT), calculated as the interval between R-wave on ECG
and the arrival of the corresponding pulse wave (determined
through finger photoplethysmography signal) at the peripheral
site. SBP and DBP values are calculated on the basis of the
relationship between BP levels and PTT, where the increase in
BP increases arterial wall tension, thus increasing its stiffness.
Consequently, pulse wave propagation velocity increases,
leading to a reduction in PTT. Combining this model with a
single initial BP measurement at the level of the brachial artery
and used for calibrating the device allows to derive beat-to-
beat BP values corresponding to changing PTT.

Accuracy and Reproducibility of PWA over the 24 h

In recent years, 24-h monitoring of central hemodynamics,
arterial stiffness, and wave reflections in ambulatory condi-
tions has become available and more and more popular.
Several studies validated the arterial stiffness parameters pro-
vided by these devices or technologies with respect to accu-
racy vs. invasive or non-invasive standards (Table 3). In most
studies, measurements of PWV, CAP, and AIx were in accor-
dance with the reference standard.

However, all studies were performed in resting conditions
and no systematic analysis of the validation studies has ever
been performed, except for CAP [60-62]. The cuff-based
method seems to be the most promising technique, given the
fact that it is affordable, convenient, and easy-to-use, allowing
a potential widespread use in clinical daily practice. However,
its accuracy, reliability, and clinical value need to be further
elucidated in validation and outcome studies. Interestingly, in
a recently published systematic review of invasive validation
studies of different devices, Papaioannou and coworkers [61]
showed that oscillometric devices with autocalibration func-
tion can estimate central SBP with a very high degree of ac-
curacy [test-reference difference and 95 % confidence inter-
val: —0.77 (=3.27, 1.73) mmHg]. When other calibration
methods are used, the best approach seems to be the use of
brachial mean arterial pressure and DBP (C2 method) [esti-
mated error —2.99 (—5.76, —0.22)], rather than the more tradi-
tional brachial SBP and DBP one (C1 method) [estimated
error, —7.78 (—10.28, —5.28)].

Few studies also assessed reproducibility, though in most
of the cases in resting conditions and between consecutive
measurements taken in a time span of few minutes: the good
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reproducibility of measurements at rest may not necessarily
and automatically apply to those taken in ambulatory condi-
tions. Protogerou [63] evaluated the reproducibility or 24-h
ambulatory CAP taken at least 1-week apart in 30 consecutive
subjects. Variation coefficients of SBP and DBP indicated
acceptable reproducibility of both 24-h CAP (2.6 and 3.2 %)
and 24-h brachial BP (2.7 and 3.3 %). In 31 treated or untreat-
ed hypertensives having test-retest 24-h monitoring 1-week
apart, PWV and Alx were highly reproducible, with average
variation coefficients of 1.5 and 11.4 %, respectively, and
intraclass correlation coefficients always >0.8 [64].
Posokhov [65] tested the reproducibility of a new interesting
index, the Pulse Time Index of Norm (PTIN), defined as the
percentage of a 24-h period during which the PWV does not
exceed the 10 m/s threshold, in 85 subjects who repeated the
ambulatory blood pressure monitoring (ABPM) after 2 or
more days. The 24-h PTINs were similar during the first and
second recording, either in normotensive subjects (86.5 vs.
87.3 %) or in hypertensive patients (57.5 vs. 57.4 %), with
excellent intraclass correlation coefficients (0.98 for normo-
tensives and 0.95 for hypertensives) indicating good repeat-
ability of the measure.

Clinical Evidence

As previously discussed, the most popular methods for 24-h
PWA are those based on brachial oscillometry. The availabil-
ity of these non-invasive operator-independent methodologies
has resulted in widespread reporting of vascular parameters in
diverse patient groups and disease states. However, at the
moment, there is a conspicuous lack of published evidence
validating each technique in clinical conditions. In particular,
no studies have yet evaluated the long-term predictive ability
for CV events of vascular indices such as PWV, CAP, and Alx,
measured over the 24 h by ABPM. Some incomplete evidence
is available from cross-sectional studies. Most of such evi-
dence is derived from studies based on two devices, the
Mobil-O-Graph and the BPLab. Results of main clinical stud-
ies are summarized in Table 4. The most relevant among these
studies are discussed in the next sections.

Clinical Studies Based on the Mobil-O-Graph Device

One of the first study performed in ambulatory conditions
with the Mobil-O-Graph aimed at comparing the diurnal pro-
files in 50 hypertensives and 50 normotensives [66]. In the
whole population, systolic CAP was significantly lower than
peripheral SBP either during the day (124.1 +£15.7 vs. 133.9
+16.3 mmHg) or during the night (114.4+14.5 vs. 121.5
+15.2 mmHg). The nocturnal fall in systolic CAP was lower
than the peripheral SBP fall in normotensive subjects as well
as in hypertensive patients. Recently, an article within the

framework of the GEnotipo, Fenotipo y Ambiente de la
HiperTension Arterial en UruguaY (GEFAHT-UY) study car-
ried out in 167 individuals confirmed that the diurnal rhythm
of CAP runs in parallel with that of peripheral BP, with smaller
nocturnal fall for systolic CAP [67]. Additionally, the study
showed that PWV decreases from day to night (0.7 m/s),
whereas Alx increases (2.3 %).

In the SAFAR Study [68, 69], both 24-h central and bra-
chial SBP measured by the Mobil-O-Graph device were su-
perior to conventional office BP measurements in predicting
BP-related cardiac damage (left ventricular hypertrophy and
left ventricular diastolic dysfunction) in 230 subjects (75 %
having arterial hypertension). In the same study, 24-h ambu-
latory central SBP was also more closely associated with left
ventricular hypertrophy than 24-h ambulatory brachial SBP
(r=0.51 vs. r=0.40). The same authors also [70] found that
ambulatory PWYV provides additional information to cfPWV
regarding the association of arterial stiffness with the retinal
vessel calibers.

Different hypertension types have been found to be associ-
ated with different levels of ambulatory arterial stiffness and
wave reflections. In 78 South African adults, those with
sustained hypertension (26 % of the total sample) or masked
hypertension (42 %) showed 24-h PWV (6.6+0.2 and 6.8
+0.2 m/s) and Alx values (27.9+6.0 and 26.5+6.0 %) sig-
nificantly higher than normotensive individuals (PWYV, 5.5
+0.1 m/s; Alx, 23.6+6.0 %) [71]. Several studies have
assessed the relationship between vascular biomarkers mea-
sured in ambulatory conditions and biochemical markers of
inflammation. Elsurer [72] found that in 339 hypertensive
patients with chronic kidney disease (CKD), serum uric acid
was significantly correlated with both 24-h PWV (r=0.22)
and Alx (r=-0.19). However, serum uric acid was indepen-
dently associated with Alx only (»=—0.16 after adjustment),
while this was not the case for PWV (»=-0.02 after adjust-
ment). The same group of authors [73] demonstrated an inde-
pendent and significant relationship between gamma-
glutamyltransferase, a proinflaimmatory marker involved in
the pathogenesis of CV diseases, and 24-h PWV (r=0.14)
and day-time Alx (r=0.14), in 320 hypertensive patients.
Increased serum levels of magnesium, which are often asso-
ciated with elevated BP, endothelial dysfunction, insulin resis-
tance, vascular calcification, inflammation, and atherosclero-
sis, were significantly and inversely correlated to 24-h Alx
(r=-0.25), but not with PWV [74].

Hanssen and coworkers [75] investigated the 24-h effect of
different levels of exercise in 21 young healthy male individ-
uals, in a randomized cross-over study. Ambulatory Alx sig-
nificantly declined after high-intensity interval training, but
not after moderate continuous training.

A few cross-sectional studies evaluated the impact of differ-
ent systemic diseases on ambulatory arterial stiffness. In two
different studies, Korkmaz and coworkers documented an

@ Springer
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increased 24-h PWV in 102 patients with inflammatory bowel
disease as compared to 74 matched controls, and in 58 patients
with celiac disease as compared to 58 age-matched controls
[76, 77]. Authors postulated that the inflammatory status asso-
ciated with these two conditions may have contributed to the
increased arterial stiffening, independently from CV risk fac-
tors. Hillebrand [78] observed significantly lower central SBP
values during night sleep in 27 Marfan patients as compared to
a similar number of healthy controls (108.0+11.7 vs. 116.0
+ 14.6 mmHg). Such differences were accompanied by differ-
ences in forward and backward wave amplitudes during the
night, indicating a disease effect on waves reflection.
Maloberti [79] studied 19 children with Williams-Beuren syn-
drome, a genetic disorder involving elastin gene and adversely
affecting arterial function. Sick children showed significantly
higher heart rate and Alx values at night than age-matched
controls (24.6 +13.5 vs. 16.5 + 8.9 %), suggesting an abnormal
sympathetic CV control and an increase in small arteries resis-
tance. Yilmaz [80] examined 96 patients with Behcet’s disease,
a multisystemic vasculitis involving veins and arteries of vari-
ous sizes, and 60 age- and sex-matched control subjects. Non-
dipping status was more common in patients than in controls
(66 vs. 10 %). The percentage of patients with high Alx was
also larger than that of controls (34 vs. 12 %), this suggesting
that non-dipping status and arterial stiffness may exacerbate the
harmful CV effects of the other.

Finally, two longitudinal studies investigated the variation of
indices of wave reflections and arterial stiffness during intra- and
interdialytic intervals in ESRD patients undergoing hemodialysis
[81, 82]. During a 48-h monitoring, Karpetas and coworkers
showed a gradual and statistically significant interdialytic in-
crease in ambulatory CAP (from day 1, 119.2 +16.9 mmHg to
day 2, 121.7 £ 15.1 mmHg) and Alx (from 24.7+9.7 to 28.8
+9.8 %), whereas PWV was only slightly elevated (9.31 £2.2
vs. 9.39+2.3 my/s) in 153 patients. Another study of the same
group evaluated vascular indices with a 72-h monitoring, during
the third interdialytic day compared with the second interdialytic
day, showing a statistically significant increase in all indices
PWYV, from 9.4+2.3 10 9.6 +2.3 m/s; CAP, from 118.5+17.1
to 123.6+17.0 mmHg; Alx, from 28.8+9.9 to 30.5+£9.9 %)
and suggesting a potentially increased CV risk in these patients
during interdialytic days in hemodialysis [82].

Clinical Studies Based on the BPLab Device

Few cross-sectional studies conducted in large samples of
healthy subjects and hypertensive patients allowed to collect
substantial, although initial, clinical evidence on the usefulness
of non-invasive 24-h arterial stiffness and central hemodynam-
ics assessment with BPLab for the assessment of the arterial
function impairment in daily life conditions. Kuznetsova [83]
provided age- and gender-specific reference diagnostic values
for 24-h PWV, CAP, and Alx in 467 normotensive volunteers.
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These authors found a significant nocturnal fall of PWV and
CAP in all age groups, in both sexes, and lower values of PWV
in women than in men. In a recent publication, we reported on
significantly higher 24-h average PWV, CAP, and Alx in 661
hypertensive (119.3 mmHg, 10.3 m/s, and 24.7 %) than in 142
normotensive controls (105.6 mmHg, 10.0 m/s, 11.0 %) [84].
We also observed a typical circadian rhythm, with CAP and
PWYV values lower during night sleep and Alx lower during
waking hours. More recently, in the subgroup of 661 hyperten-
sive patients, we documented a strong relationship of 24-h BP
variability with CAP and arterial stiffness, which is largely
independent from the average 24-h BP level [85]. Twenty-
four-hour PWV was also found to be positively and significant-
ly correlated with LVMI in 137 hypertensive patients (» = 0.32),
the correlation being superior to that observed for the average
24-h SBP (»=0.14) [86]. In the same study, the authors found a
good correlation (r=—0.72) between PTIN and LVMI, indicat-
ing that PTIN may represent an interesting marker of end organ
damage in hypertension. The PTIN was also employed to as-
sess the effect of renal transplantation on arterial stiffness in 41
patients with ESRD enrolled in a longitudinal study [87]. A
week after the transplantation, a decrease in the average PTIN
was observed in the whole population (from 56.3 +18.4 to
27.6 £11.1 %), whereas after 20 weeks the PTIN increased
again returning to pre-transplant levels (52.0 =23.6).

Finally, in a study including 27 patients with a combination
of hypertension and chronic obstructive pulmonary disease
(COPD), larger ambulatory peripheral BP and CAP were ob-
served compared to 31 patients with isolated essential hyper-
tension and 13 normotensive controls [88]. Interestingly, pa-
tients with hypertension and COPD displayed more often a
non-dipping status (44 % based on brachial BP and 55 %
based on CAP) compared to hypertension free from COPD
(5 and 13 %, respectively).

Clinical Studies Based on the BPro Device

The BPro is able to provide CAP measurements during the
24 h. In a cross-sectional observational study, 24-h systolic
CAP was higher in 629 diabetics than in 86 controls, and
progressively and significantly increased with diabetic com-
plications, being 114+ 17 mmHg in healthy subjects, 115
+ 13 mmHg in patients with short diabetes duration
(<10 years), 121+ 13 mmHg in normoalbuminuric patients
not receiving antihypertensive treatment, 119+ 16 mmHg in
patients with microalbuminuria, and 121+ 13 mmHg in pa-
tients with macroalbuminuria [89]. Ambulatory CAP was
more strongly associated to complications than peripheral
24-h SBP: the odds ratio per 1 SD increase in 24-h CAP were
3.19 (95 % confidence interval, 1.68, 6.05; p <0.001) for CV
disease, 4.41 (2.03, 9.57; p < 0.001) for retinopathy, and 3.25
(1.65, 6.41; p <0.05) for autonomic dysfunction.
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The BPro was also used in two longitudinal studies evalu-
ating the effect of treatment on 24-h arterial hemodynamics
and stiffness. The Ambulatory Central Aortic Pressure
(AmCAP) study described a significant CAP lowering effect
on both day-time (8.1 mmHg) and night-time (7.5 mmHg)
with a 12-week treatment based on either aliskiren 300 mg
or telmisartan 80 mg once-daily [90]. CAP also showed a
typical diurnal pattern, with lower pressures at night.

However, both before and under treatment, nocturnal sys-
tolic CAP values (129.6 £15.1 and 122.1 £ 16.6 mmHg) were
relatively lower than brachial SBP ones (136.5+15.8 and
129.0 +17.2 mmHg), and night-time dip significantly larger
when assessed by brachial BP (baseline, brachial 8.2 +4.4 %
vs. aortic 6.9 £4.3 %; end of treatment, brachial 8.2+4.9 %
vs. aortic 6.9+4.7 %). In an open prospective cohort study
enrolling 44 hypertensive Asians, 12 weeks of treatment with
valsartan were associated with good reduction in both office
brachial SBP and 24-h systolic CAP (14.9+10.7 and 15.3
+10.9 mmHg, respectively) [91].

Clinical Studies for Other Devices

In spite of the numerous validation studies performed at rest
and the availability of prospective data, there is only one study
featuring Arteriograph 24 [92]. The study enrolled 48 gout
patients, of which 40.1 % had CKD, and 32 age-matched
control subject. The 24-h CAP was significantly higher in
gout patients compared to healthy controls. Moreover, when
the gout patients with and without CKD were compared, the
gout patients with CKD had significantly higher CAP and Alx
than the gout patients without CKD.

As far as other previously mentioned devices are regarded,
no clinical studies are available for devices based on the
SphygmoCor technique (Oscar 2), for the Somnotouch device
and for the Diasys Integra II. Indeed for the Diasys device,
there are a number of cross-sectional and longitudinal studies,
though they are based on the QKD, a surrogate of arterial
stiffness for which there is no current clinical indication or
recommendation by guidelines [93]. Such studies showed an
independent prognostic value of this index in the hypertensive
patients, whenever measured before or after the administration
of antihypertensive treatment.

Outcome-Based Evidence for 24-h PWA:
the VASOTENS Registry

An attempt to provide supporting evidence for the inclusion of
24-h PWA in routine hypertensive management will be made
by the VASOTENS (Vascular health ASssesment Of The
hypertENSive) Registry [94]. In this international, multicenter,
observational, non-randomized, prospective study, approxi-
mately 2000 subjects referred to 20 hypertension clinics

worldwide for routine diagnostic evaluation and follow-up of
hypertension of any severity or stage will be recruited. Each
subject will be submitted every 6 to 12 months to an ABPM
performed with a BPLab monitor, which allows simultaneous
assessment of brachial BP, PWV, CAP, and Alx (see above for
details on the PWA technique employed by the device). On
each visit, clinical data, including information on CV outcomes,
will also be collected. A web-based telemedicine platform
(Fig. 5) will be used in order to standardize and centralize data
collection, data validation by experts and counseling to remote
centers, as well as setup and maintenance of the Registry, and
prompt data analysis. Subjects will be followed up for a mini-
mum of 2 years. At the end of this period, the impact of 24-h
PWA on target organ damage and CV prognosis will be evalu-
ated and the use of the PWA electronic health (e-health) solu-
tion provided in the study will be validated for the screening of
early vascular damage and the management of the hypertensive
patient.

Current Advantages and Limitations of PWA
Assessment over the 24 h

Advantages

Although, as detailed above, there is still limited evidence on the
clinical usefulness of 24-h PWA and no recommendation on its
use has yet been issued by clinical guidelines, the technique has
many potential advantages for improving the management of the
hypertensive patients (Table 5). All the available methods, and in
particular those cuff-based, are easy to use and their accuracy is
largely operator-independent. Ambulatory 24-h PWA extends
the evaluation of central hemodynamics and wave reflections
to daily life conditions, allowing repeated measurements to be
obtained in different situations, particularly during day activities
and night sleep. They make also possible to study the effect of
antihypertensive treatment on the vascular function and its per-
sistence in dynamic conditions.

The technologies are definitely more affordable and
cheaper than those used in the laboratory, a feature that com-
bined with their usability may favor the extension of their use
to a broader spectrum of patients with early vascular damage,
such as hypertensive patients, diabetics, and subjects at high
CV risk in general.

Limitations

Although the simplicity of the technologies currently available
makes evaluation of central hemodynamics and arterial stiff-
ness feasible in daily life ambulatory conditions, further re-
search is required before such techniques can be introduced in
the routine clinical practice. Current issues are summarized in
Table 5 and discussed in details in the next paragraphs.

@ Springer
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Fig. 5 Workflow of the
THOLOMEUS web-based
telemedicine system used in the
VASOTENS Registry. ABPM,
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A first issue regards the accuracy of the various techniques.
Validation studies against the gold standard tonometric
SphygmoCor device or intra-arterial measurements have

Table 5 Pros and cons of 24-h estimates of arterial stiffness, central
arterial pressure, and wave reflections through PWA

documented strong correlation and acceptable accuracy for
most of the tested non-invasive devices, although the accuracy
of the estimation is device- or technique-dependent [60—62].
Regrettably, with the exception of the ARTERY guidelines
for the process of validating devices measuring cfPWV [95],
at the moment there are no standardized protocols for device

Advantages

* Easy-to-use (particularly cuff-based techniques)
* Techniques are largely operator-independent

* Evaluation in daily life conditions

* Repeated and prolonged measurement

* Evaluation of the effect of activity vs. sleep

* Evaluation of antihypertensive treatment

« Affordability: in most cases devices are cheaper than those used
for monitoring at rest

* Use in a broader spectrum of patients

* Potentially useful for early screening of arterial damage in many
conditions (e.g. arterial hypertension, diabetes, subjects at high
CV risk, etc.)

Limitations
* Accuracy
- Validation studies performed only at rest
- No standardized validation protocols
- Lack of non-invasive reference “gold” standard
- Intra-arterial validation studies not feasible
- Validation is device-dependent: generalization not possible
* Possible artifacts due to the dynamic conditions
* Limited information on reproducibility in ambulatory conditions
* No reference values in ambulatory conditions
* Lack of outcome-based validation (no long-term prospective data)

* Limited clinical evidence

clinical validation. Although the validation against invasive
aortic BP may represent the gold standard, such an approach
has the limitation of applying only to specific populations, be-
cause for ethical and practical reasons the validation can be
performed exclusively in patients undergoing elective cardiac
catheterization for diagnostic purposes. In addition, we do not
know whether the results of a validation study performed in a
very controlled and standardized condition of a laboratory set-
ting still holds true for and apply to ambulatory conditions. As a
matter of fact, PWA analysis is highly dependent on the quality
of the tracing, which may be heavily altered during ambulatory
measurements, limiting the accuracy of the assessment. The
different daily activities may also influence the morphology
of the pulse waveform and consequently the accuracy of the
algorithm used to reconstruct the central pulse wave.

Second, the different methods used to analyze the derived
brachial pulse waveforms are strongly device-dependent. Thus,
data and results collected in the various studies should not be
considered interchangeable, both in terms of accuracy and pre-
dictive value: a clinical result that is demonstrated with one
device cannot be universalized for all of them. For instance,
arm cuff-based techniques rely on brachial pulse waveforms
recorded from an upper arm cuff by oscillometry, while
tonometric techniques are based on pulse waves recorded at
the radial artery level. The aortic pulse waveform is then recon-
structed through PWA. The most obvious drawback of this
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approach is that it measures only local brachial or radial arterial
wall characteristics, which may be different from the properties
exhibited by other arteries, in particular by large arteries, such
the carotid or the aorta.

Third, since we do not know which is the most accurate
method for 24-h PWA, we need long-term follow-up studies to
show the prognostic values of the parameters provided by the
different devices. We already know that 24-h BP is
prognostically superior to office BP [96]. However, we need to
demonstrate whether ambulatory CAP, PWV, and Alx have any
superiority over corresponding office measurements. The longi-
tudinal studies should separately assess the impact of day-time
and night-time measures of arterial stiffness and wave reflection,
since preliminary evidence exists, for instance, that the circadian
profiles of central and brachial pressure may be different, and
thus changes in CAP occurring during night sleep may not have
the same importance as those occurring for brachial BP.

Another issue regards the reference values and thresholds
for clinical implementation of these parameters. We already
have cutoffs for cfPWV and CAP used for measurements tak-
en at rest [16, 97-99], but such references are lacking in am-
bulatory conditions. We know that office brachial BP and 24-h
brachial BP differ and different normalcy values are currently
applied in clinical practice [96]. This could hold true also for
24-h CAP, PWYV, and Alx.

Perspectives and Conclusions

According to the evidence collected so far, 24-h PWA appears
to be a potentially promising tool for evaluating vascular func-
tion, structure, and damage in daily life conditions and pro-
moting early screening in subjects at risk. However, at present,
there is limited evidence on the usefulness of such an ap-
proach in the clinical practice and much has still to be done
to prove its actual benefit for hypertension management. In
particular, the accuracy and quality of the evidence collected
so far seems to be strongly device-dependent and results could
not be considered interchangeable between devices.
Long-term follow-up (outcome) studies, such as the
VASOTENS Registry, are needed to show the predictive value
of the parameters provided by the various devices and to an-
swer the many technical and clinical questions still open.
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