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KEYWORDS Summary In this paper, we briefly revise some of the most widely applied methods to non-
Arterial stiffness; invasively assess pressure wave reflection (augmentation index) and arterial stiffness (pulse
Hemodynamics; wave velocity; PWV) in clinical vascular research. It is clear that the pressure waveform alone
Wave reflection; provides insufficient information to accurately quantify the magnitude of pressure wave reflec-
Aorta; tion or to even fully interpret its nature. A major difficulty arises from the identification of
Pulse wave velocity; timing of return of the reflected pressure wave, the *‘fiducial’’ point, and incorrect assessment
Augmentation index of this point has an effect on all of the derived parameters. From our studies, it also follows

that the use of an approximated flow waveform has little or no added value to assess magni-
tude of wave reflection. As for PWV, carotid—femoral pulse wave velocity is currently consid-
ered as the gold standard method, although accurate assessment of travel distance remains
ambiguous. New methods have also been suggested for the assessment of PWV, relying on
the concept that the pressure wave is composed of one single forward wave and one single
reflected wave, originating from a single reflection site. This simple conceptual scheme is
no more than a paradigm for a complex physical reality of wave transmission and continuous
reflections in a complex branching network of elastic vessels and the accuracy of these
methods is very limited. As such, the benefit of the ease of use of these methods should be
weighted against the desired accuracy and reliability.
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Introduction

Arterial stiffness and pressure wave reflection have gained
increased attention of the clinical community and the
prognostic value of these novel parameters and their
association with cardiovascular disease is and has been the
subject of many clinical studies.'™® The terminology in the
field, however, is not very specific and many different
devices, techniques and methods co-exist, aiming to
capture aspects of the physiology of the large systemic
vessels. What most of these methods have in common is
that they are approximate, often because of the restric-
tions imposed by the non-invasiveness of the measure-
ments and the non-availability of crucial data, but
sometimes also because of intrinsic limitations of the
methodology.

In this manuscript, we provide an overview of some of
our recent and ongoing work on methods to assess wave
reflections and pulse wave velocity. Pulse wave velocity
shows a positive relationship with measures of arterial
stiffness, and its meaning as a parameter for arterial
stiffness is straightforward. Early wave reflection boosts
systolic pressure and poses an extra load on the heart,
hence there is clinical interest in quantifying the magnitude
of these reflections. It should be stressed that we do not
intend to address all existing methods and devices. As such,
this document is far from complete. Although the absolute
accuracy of the different methods is hard to assess because
of a lack of absolute ground truth information, this
contribution should give the reader some sense about the
approximate nature, assumptions and potential pitfalls
underlying some widely applied methods. With respect to
pulse wave velocity, for instance, we will make abstraction
of the fact that there is no such thing as a single real value
of PWV; this would only be the case if the arterial system
was an infinitely long straight linearly elastic tube filled
with a non-viscid liquid.”

Arterial pressure wave reflections

It has long been shown that the arterial system is a fully
defined system when aortic pressure and flow are available,
both ideally measured simultaneously at the same location
immediately distal to the aortic valve.®~'" When studying
wave reflections, it is possible to decompose the measured
pressure into a forward and reflected component, hereby
fully characterizing the magnitude and nature of wave
reflection and also allowing accurate determination of the
moment of arrival of the reflected wave.'? This analysis can
be done in the time domain using principles of wave
intensity analysis,”® or it can be done in the so-called
frequency domain applying principles of Fourier analysis
and through computation of impedance.'? Both techniques
have their pros and cons, but the final result — when
looking at decomposed forward or backward pressure
component — is virtually identical.™

The augmentation index

As it is often inconvenient — yet not impossible — to
measure aortic flow in large studies, techniques have

been proposed to estimate wave reflection and timing of
the reflected wave from features in the measured pres-
sure waveform alone. These features are thought to be
associated with the moment where the forward and
backward waves interact, as this should induce a change
in the waveform profile, generating a ‘‘characteristic’’ or
*fiducial’’ point on the waveform.®'> The definition of
this point is not unequivocal, as some researchers use the
so-called inflection point as fiducial point,® while others
rather use the shoulder point'® (see also Fig. 1). These
points can be determined using second (inflection point)
and higher order derivatives (shoulder point).'® Once this
point has been determined, the augmented pressure (AP)
can be derived as the difference between systolic
pressure (the maximum of the pressure wave) and the
pressure at the fiducial point. The augmentation index
(Alx) is commonly defined as the ratio of AP and pulse
pressure (PP; the systolic-diastolic pressure difference)
expressed as a percentage.’” When the fiducial point
precedes peak systole, the reflected wave arrives in early
systole and boosts systolic pressure, resulting in a positive
AP and Alx. Following Murgo et al., the wave is then said
to be of type A, as seen in aged subjects or in patients
with hypertension.® Different factors contribute to the
early arrival such as stiffening of the large arteries,
increasing the speed of the pressure waves travelling
through the arterial tree and hence leading to an earlier
arrival of the reflected pressure wave, or reflection points
lying closer to the heart like in short people and vaso-
constriction. In young subjects, the pulse wave velocity is
lower and the reflected wave generally arrives in late
systole/diastole so it does not increase systolic pressure
(except in short people where the reflected wave may
still arrive in early systole despite the lower pulse wave
velocity). The fiducial point occurs after systolic pressure
is reached, and in this case the ‘‘augmented pressure’ is
actually expressed as a negative value to make clear that
the reflected wave does not increase systolic pressure.
Consequently, the augmentation index is a negative
number as well. Waveforms of that type are called C-type
waves.® We refer to Fig. 1 for an illustration of the fidu-
cial points, the augmented pressure and Alx for A- and C-
type waves. Note that there are also waves without clear
inflection or shoulder points, and some are of an inter-
mediate waveform type (B-type).®

Although widely used as a measure of wave reflection,
Alx is determined by many different factors. In addition to
the magnitude of wave reflection (which expresses the
ratio of the amplitude of the backward pressure wave to
the magnitude of the forward one), all factors affecting
the relative timing between these waveforms have an
effect on Alx: the pulse wave velocity, the distance to the
reflection site (and thus the height of the subjects), as
well as the heart rate.'”"'® A higher heart rate shortens
systole, such that the reflected wave will arrive at a rela-
tively later moment in the cardiac cycle, lowering Alx."® As
such, Alx is to be seen as a composite measure, rather
than as an index of wave reflection magnitude alone. In
fact, the correlation between Alx and the reflection
magnitude (the ratio of the magnitudes of the backward
and forward pressure) is not higher than 0.6 as we recently
reported.®
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Figure 1

Illustration of methods to assess the time of return of the reflected pressure wave. Panel A shows the measured

waveform, while panels B and C illustrate the determination of the inflection and shoulder point using second (panel B) and 4th
order derivatives (panel C), respectively. In panel D, the wave was decomposed into its forward and reflected component, and the
time of arrival of the reflected wave was taken as the moment where the reflected wave adds positively to the forward wave.

The *‘fiducial point’’: marker of the return of the
reflected wave?

A crucial step in assessing Alx is the identification of the
fiducial point. We have previously been able to show that
neither the timing of the inflection, nor the timing of the
shoulder point is actually very precise in determining when
the reflected wave starts to add to the forward wave. In
this study, we made use of time-aligned carotid pressure
(applanation tonometry; Millar SPT-301 pen-type tono-
meter) and aortic flow waveforms (Doppler ultrasound
measurements in the left ventricular outflow tract)
measured within the framework of the Asklepios pop-
ulation study (including >2500 apparently healthy
subjects, aged 35—55).2° The moment where the reflected
wave adds to the forward wave was determined using the
decomposed forward and backward waves. The vast
majority of the wave profiles were of type A with an early
return of the reflected wave. As one might anticipate, the
shoulder point on average occurred before the inflection
point, and both yielded a shorter time of arrival than the
one obtained from the wave separation analysis?! (see
Fig. 2). These timing parameters also show a rather weak
correlation with values obtained from wave separation
analysis (in the order of 0.35).%"

The inaccurate assessment of the moment of the return
of the reflected wave has some consequences for the
derived parameters.

(i) A finding which is, for instance, difficult to explain is
why Alx is higher in women than in men, even after
adjustment for obvious confounding factors as height
and heart rate. It appears that, when the timing of the
wave separation analysis is used to assess Alx, this
difference in Alx values between men and women
virtually disappears.

(i) When the *‘effective length’’ (the average distance to
the reflection sites) of the arterial tree is calculated
using timing from waveform analysis, one obtains
results which are not in line with the prevailing view
that the reflection sites shift towards the heart with
ageing. Mitchell et al. postulated that reflection sites
shift away from the heart with age, hypothesizing that
stiffening of the central aorta leads to a better
matching of central and peripheral impedance, shifting
the reflection site away from the heart.?? This is in
accordance with the observation that with ageing
central elastic arteries stiffen while muscular medium-
sized arteries do not but increase diameter especially
in women, resulting in an increase in compliance.??
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Figure 2 Timing of the arrival of the reflected wave determined using different methods: using the inflection point (panel A),

using the shoulder point (panel B) and using the moment where the reflected wave effectively adds to the forward wave (panel C).
Q,: age 35—40; Q;: age 41—45; Qs: age 46—50; Q4: age 51—56.

However, Mitchell et al. used the inflection point to
obtain the timing of the reflected wave. In our study,
we also found a similar shift away from the heart when
using timing based on the inflection point (however
only in women). However, when using timing infor-
mation from the wave separation analysis this pattern
was reversed, yielding results in line with the prevail-
ing theory.?! At present, it remains unclear whether
the reported shift in reflection site away from the
heart is an actual physiological observation, or rather
an artefactual finding due to the poor definition of the
return of the reflected wave.

It is to be acknowledged, however, that the use of
carotid pressure as a surrogate for central pressure in the
Asklepios population (as the carotid pressure waveform is
not identical to central aortic pressure) may contribute to
differences in timings derived from wave separation and
pressure waveform analysis. As such, some of the findings
reported above and also further below should be confirmed
using central pressure and flow data.

The wave shape does not always reveal the nature
of the reflection

It is important to realize that, besides its above-described
potential pitfalls, Alx does not always reveal the true
nature of wave reflection. We have recently studied wave
reflection in an experimental and computer model of an
abdominal aortic aneurysm (AAA).%* The AAA is a rather
sudden expansion of the aorta in the abdomen, and might
lead to a local decrease in aortic impedance and therefore
in a ‘“‘negative’’ reflection, giving rise to a reflected
expansion wave, rather than the generally anticipated
reflected compression waves (positive reflection). If one
were to interpret aortic reflection solely based on the
measured pressure waveform (Fig. 3, panel A), one would
have to conclude that the strong shoulder and inflection
point in early systole are the result of the early arrival of

a strong positive reflection. Panel B of that same figure,
however, shows the decomposed forward and backward
pressure waves and reveals that the inflection point is the
result of the expansion wave, lowering the pressure in early
systole. Although it is anticipated that the occurrence of
a reflected expansion wave is a rare phenomenon in arterial
physiology, it is a perfect example to pinpoint the limita-
tions of an analysis solely based on a pressure waveform.
Accurate quantification and interpretation of wave reflec-
tion are only possible when using both the pressure and flow
waveforms, ideally assessed simultaneously at the same
location. "2

Wave reflection using an approximation of the flow
waveform

Recently, a method has been described that is based on
the use of a simple, approximated triangular waveform for
the flow.?> This flow waveform can be combined with
a measured pressure waveform for decomposition into
a forward and backward component and the computation
of the reflection magnitude. There is no need for cali-
bration of the flow waveform, so the method is of poten-
tial interest as it only requires measurement of pressure
(assuming that the timing of the start, end and peak of the
flow can adequately be derived from the pressure wave-
form). We have tested this method using the data avail-
able in the Asklepios database, and found rather
disappointing results. The R? value between the reflection
magnitude calculated from measured (carotid) pressure
and flow and on the other hand measured pressure and
a triangular approximation of aortic flow was — at best —
only 0.55, showing a lack of correlation between both
methods and therefore suggesting a poor agreement. As in
the original work of Westerhof et al.,? the timing of the
approximated flow waveform was obtained from the
measured flow waveform. We therefore conclude that
wave reflection can only be addressed properly from
measured pressure and flow waveforms.
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Experimentally measured aortic pressure (top panels) and wave reflection analysis (bottom panels) in a model of

a healthy aorta (without AAA, left) and of an aorta with an abdominal aortic aneurysm (with AAA; right). Note that the AAA gives
rise to a negative reflection, i.e., a backward expansion wave lowering blood pressure and generating an early inflection point.

Pulse transit time and pulse wave velocity

With the increased attention for large artery stiffness and
the obvious role of arterial stiffening in the patho-physio-
logy of (isolated) systolic hypertension, the 2007 ESC and
ESH guidelines for the management of arterial hypertension
now formally recognize large artery stiffness as a factor
influencing the prognosis of patients, and measurement of
arterial stiffness as a useful indicator of vascular damage.2®

It has been stated in a recent consensus document-2 that of
all available methods to quantify arterial stiffness or
aspects of it, measurement of the carotid—femoral pulse
wave velocity (PWV) is, at present, the only non-invasive
comprehensive method which is simple and accurate
enough to be considered as a diagnostic procedure feasible
on a large scale in a clinical setting.

It is known from the Bramwell—Hill equation’ that PWV
is inversely related to the square root of the distensibility
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(DC) of the blood vessels; the higher PWV, the stiffer the
blood vessels. Similarly, the Moens—Korteweg equation
(giving PWV in a thin-walled linear elastic tube) demon-
strates that PWV is proportional to the square root of the
Young elasticity modulus (E; the intrinsic stiffness) of the
vessel, but that PWV also depends on the geometry (wall
thickness, h, and diameter, D) of the vessel. In these
equations, p is the density of the blood.

1

\/pDC

Bramwell—Hill equation : PWV =

Moens—Korteweg equation : PWV= 5—3

Given the fact that the geometrical and mechanical prop-
erties vary along the aorta (geometrical and elastic
tapering) and that there are differences between central
elastic and more peripheral, muscular arteries, PWV is not
constant and varies from one location to another.?” As such,
the value of PWV measured by any of the further mentioned
transit time methods will only be a global, integrated
measured of the stiffness properties of the arterial segment
under study.?®

Measurement of pulse wave velocity (PWV) via
direct measurement of transit time

In essence, measurement of PWV is simple and straight-
forward. PWV is assessed as Ax/At, Ax being the distance
between the two measuring locations (for aortic PWV
usually the carotid and femoral sites), and At the time
delay between the ‘‘signals’’ being picked up at these
locations, the so-called transit time. These signals are
related to a mechanical perturbation/wave travelling
through the arterial tree, and it should not matter which
signal is being measured. As such, PWV can be assessed
from measurement of local pressure (using applanation
tonometry or piezo-electric sensors, flow velocity (Doppler
ultrasound), diameter distension (ultrasound wall-tracking
algorithms), or photoplethysmography, measuring local
changes in blood volume). Any combination of measuring
techniques is, in theory, valid to measure PWV as long as
one uses the foot of the wave as a “*fiducial’’ point to assess
the time delay.

Measuring the time delay between waves may cause
problems because of the definition of the foot of the wave,
which might depend on the type of signal that is measured
(e.g., the foot of an aortic flow waveform with a sharp
systolic rise from zero-flow is better defined than the foot
of the pressure waveform).?® Also, the delineation of the
foot of the wave might be complicated by early wave
reflections. In fact, the presence of these early reflections
should affect the relation between the Bramwell—Hill
equation and the foot-to-foot wave velocity, as the former
describes the propagation speed of a wave in the absence
of reflections. Nevertheless, the foot of the wave is likely to
be the most appropriate fiducial point on the waveform, as
it is anticipated that this point is least affected by reflected
waves (it takes some time for these reflected waves to add
to the forward wave). However, when measuring close to

reflection sites — as in the carotid artery — the period free
from reflections can be very short.3°

The most important uncertainty, however, arises from
the lack of knowledge of the path the wave travels. In
principle, PWV measured between two points should be
assessed along an unequivocal, single pathway. This is
clearly not the case for carotid—femoral PWV: in a majority
of advocated methods the wave is picked up at the carotid
artery; at that moment, it is already travelling further
down the aorta towards the femoral artery. As such, caro-
tid—femoral PWV can only provide an estimate of the
“‘true’’ (aortic) PWV. Given the fact that there is no perfect
solution to the ambiguous travel path problem, there are
basically two views in literature and in the arterial research
field. The most pragmatic approach is to simply take the
directly measured distance between the carotid and
femoral measuring location, and to use this distance to
calculate PWV. As the travel distance is overestimated, this
approach yields relatively high values for PWV. It is
important to know that the threshold value of 12 m/s in the
2007 guidelines is based on data gathered with the Com-
plior® system, where it is advocated to use this directly
measured distance,>' explaining this relatively high
threshold value. A second approach is to try to correct for
the fact that the wave travels simultaneously towards the
carotid and femoral arteries, and to use the distance
(suprasternal notch — femoral site) minus the distance
(suprasternal notch — carotid site). This approach yields
much lower values of PWV, more in the physiological range
reported in invasive studies but it still suffers from the
ambiguous pathway. Note, however, that both methods still
reflect body surface measurements, and can only provide
rough estimation of the exact travel path of the wave.
These measurements may become unreliable in older
persons or in patients with cardiovascular disease, where
the tortuosity of the vessels increases and creates another
source of error.

It is, within this context, worth to emphasize that
magnetic resonance imaging (MRI) offers scanning
sequences that allow for measurement of pulse wave
velocity.'”-323% The major advantage of this technique is
that the path length can be quantified with great accuracy,
although the temporal resolution with which signals
(e.g. aortic flow) can be registered is still relatively low
compared with other techniques.

For reasons of completeness, it can be mentioned that
besides carotid—femoral pulse wave velocity, other
approaches are encountered in literature such as
measurements of pulse wave velocity over the carotid—
radial or sternal notch to the abdominal aorta pathway. For
the latter, the R-top of the ECG could be used as the
reference point in time of the wave at the level of the
sternum. This offers the advantage that PWV can be
obtained from one single measuring location, but has the
disadvantage that the time delay between the R-top and
arrival at the abdomen includes the ventricular isovolumic
contraction period and may be susceptible to excitation—
contraction coupling disorders. These methods are not
interchangeable with carotid—femoral PWYV, especially
when the trajectory includes peripheral vessels. This is
particularly the case for radial—tibial or the brachial—ankle
pulse wave velocity, where there is a large ambiguity in the
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“‘pathway’’. It is not clear to what extent these measures
should still be labelled as *‘pulse wave velocity’’.

Measurement of pulse wave velocity (PWV) via
indirect estimate of transit time

As stated above, the pressure (and flow) wave measured in
the arterial tree can be seen as the composite of a forward
running wave and a reflected, backward running wave. In
theory, if (i) this reflection was to occur at a known
distance (the effective length of the arterial tree,* Log),
and (ii) the moment of return of the reflected wave could
be unequivocally determined (with AT;_, the time delay
between the forward and backward waves), PWV could be
estimated as 2Lef/AT;_p. This principle forms the basis of
two methods which have recently been described in liter-
ature, i.e., a method again based on approximating the
flow waveform, and one based on pulse wave analysis at the
occluded brachial artery.

Method based on approximating the flow waveform

The first method is a further extension of the principle
where an approximated waveform is used for the unknown
flow. As described above, the decomposition of the pres-
sure waveform into its forward and backward components
does not require a calibrated flow as long as one is only
interested in relative measures such as the ratio of these
components or their time delay. As such, Qasem et al.
proposed a technique where the decomposition is first done
using a triangular approximation of the flow wave, but
where the forward and backward components are further
processed and shaped assuming that (i) the forward pres-
sure wave reaches its peak at the moment of peak flow and
(ii) the backward pressure wave arrives at the moment of
peak flow and plays a role only from that moment on.>> The
time delay between the forward and backward waves is
then obtained using cross-correlation techniques.

In addition to this approximation of the time delay, the
location of the origin of the reflected wave component is
also unknown. This can be derived by calibrating or tuning
the method via regression models derived from population
studies that include reference values of PWV (based on
transit time measurement). These studies may then provide
equations to estimate the effective length of the arterial
tree as a function of, for instance, the age, height, ... of
the subject.

It is, however, clear that this procedure relies on a series
of assumptions and approximations. Using our Asklepios
population database once more, we tested to what extent
the time delay between the decomposed components
actually relates to the carotid—femoral transit time as
measured using ultrasound and found rather weak corre-
lations (R* < 0.28; Fig. 4). This low agreement was only
marginally due to the approximation of the flow waveform,
as the agreement was in the same order of magnitude when
applying the same principle using the measured flow
waveform. Based on these findings, our conclusion is that
this method is simply not accurate enough to be used as
a means of estimating transit times and pulse wave
velocity, and its application is to be discouraged. This issue
is addressed in more detail by Kips et al.>® These findings
are in line with recent work of Westerhof et al. who
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demonstrated in a theoretical study that methods based on
the time delay between the forward and backward pressure
waves should not be used to assess pulse wave velocity.*”

Pulse wave analysis at the occluded brachial artery

This method is used in the Arteriograph®. This device is
basically a simple upper arm cuff, connected to a piezo-
electric sensor that picks up the pressure signals. Upon
operation, the cuff is inflated to a pressure 35 mmHg over
the systolic blood pressure. As such it occludes the arteries
in the upper arm and the pressure in the underlying
occluded artery, transmitted through the skin and the cuff
to the pressure sensor, is reported to show multiple peaks
(see Fig. 5). The first is the systolic peak, corresponding to
the ejection of blood from the left ventricle into the aorta,
while the second peak is assumed to originate from
a reflection of the first pressure wave in the lower body.
The time difference between the first incident wave and
the reflected wave is used as the return time, i.e., the time
needed for the pressure wave to travel from the aortic arch
to its reflection point and back, with the iliac bifurcation
assumed to be the dominant reflection point. The travelled
distance corresponding to this return time is thus twice the
distance from aortic arch to iliac bifurcation, which can be
approximated by measuring the distance between the
sternal jugulum and symphysis externally.3®
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The most appealing aspect of the method is the simplicity
in use; the method only requires an upper arm cuff and can
be applied in a fully automated way. The method, however,
also raises some questions with respect to the origin and
meaning of this second peak in the pressure wave, and the
assumption of the aorto-iliac bifurcation as the single source
of reflection. We recently did some preliminary analyses to
test the working principle of the Arteriograph using
a numerical model of the arterial tree. We simulated pres-
sure and flow in the normal configuration, and in a configu-
ration with an occluded brachial artery (~supra-systolic
over-inflation). Results indeed showed a pronounced second
peak in the pressure signal at the location of the cuff for the
occluded configuration. Wave intensity analysis showed that
this peak was caused by a forward compression wave, con-
firming the Arteriograph hypothesis. Simulations with
different stiffness values showed a linear correlation
between the inverse of the time delay between the first and
second peaks and PWV (R? = 0.97). It was, however, hard to
locate the reflection site which, in combination with the
transit time, reproduced the correct PWV. At this stage, our
data seem to support the basic working principle of the
Arteriograph®, but at the same time the accuracy of the
PWV measurement using the device remains challenging as it
is impossible to pinpoint the exact location of the reflected
wave.

Local measurement of PWV

As already mentioned above, there is a relationship
between the distensibility of a blood vessel and the pulse
wave velocity. As such, one can deduce a local value for
PWV from a local distensibility measurement (through
assessment of local pulse pressure and diameter disten-
sion).28 It has been shown that local pulse wave velocity can
also be derived from simultaneous measurement of pres-
sure and flow velocity® or diameter and flow velocity.“ It
can also be mentioned that effort is undertaken to estimate
local PWV from ultra-rapid ultrasound applications, allow-
ing the measurement of the progression of the diameter
distension wave along very short segments (in the order of
2 cm) covered by the ultrasound probe.3°

Conclusions

We have briefly reviewed the augmentation index and
pulse wave velocity, two of the most frequently used
parameters of pressure wave reflection and arterial stiff-
ness in clinical vascular research. It is clear that the
pressure waveform alone provides insufficient information
to accurately quantify the magnitude of pressure wave
reflection or to even fully interpret its nature. A major
difficulty arises from the identification of the timing of
return of the reflected pressure wave, the fiducial point,
and incorrect assessment of this point has an effect on all
of the derived parameters. From our studies, use of an
approximated flow waveform has little or no added value.
New methods have also been suggested for the assessment
of aortic pulse wave velocity, relying on the concept that
the pressure wave is composed of one single forward wave
and one single reflected wave, originating from a single
reflection site. It is to be stressed that this simple
conceptual scheme is no more than a paradigm for
a complex physical reality of wave transmission and
continuous reflections in a complex branching network of
elastic vessels. The accuracy of these methods must
almost per definition be limited, and the benefit of their
ease of use should be weighted against the desired accu-
racy and reliability. As such, measurement of arterial
stiffness and wave reflections remains inexhaustible sour-
ces of further fundamental research and scientific debate.
Meanwhile, as results from different methods are not
simply interchangeable, methods used to assess PWV and
Alx should be reported in detail, as has been advised by
the consensus document.?

Acknowledgements

We are grateful to Pascal Verdonck, Nikos Stergiopulos and
all of the Asklepios investigators for realizing the Asklepios
study. We thank Ghent University (BOF project grant) and
the Fund for Scientific Research — Flanders (FWO-Vlaan-
deren) to support the research through research grants
G042703 (the Asklepios Study) and G005505.



Measurement of arterial pressure wave reflections and pulse wave velocity 87

References

10.

11.

12.

13.

14.

20.

. Laurent S,

. McEniery CM, Yasmin,

Cockcroft J, Van Bortel L, Boutouyrie P,
Giannattasio C, Hayoz D, et al. Expert consensus document on
arterial stiffness: methodological issues and clinical applica-
tions. Eur Heart J 2006;27:2588—605.

. LaurentS, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C,

Hayoz D, et al. Abridged version of the expert consensus docu-
ment on arterial stiffness. Artery Res 2007;1:2—12.

. Mattace-Raso FU, van der Cammen TJ, Hofman A, van

Popele NM, Bos ML, Schalekamp MA, et al. Arterial stiffness and
risk of coronary heart disease and stroke: the Rotterdam study.
Circulation 2006;113:657—63.

. Cruickshank K, Riste L, Anderson SG, Wright JS, Dunn G,

Gosling RG. Aortic pulse-wave velocity and its relationship to
mortality in diabetes and glucose intolerance — an integrated
index of vascular function? Circulation 2002;106:2085—90.

Hall IR, Qasem A, Wilkinson IB,
Cockcroft JR. Normal vascular aging: differential effects on wave
reflection and aortic pulse wave velocity: the Anglo-Cardiff
Collaborative Trial (ACCT). J Am Coll Cardiol 2005;46:1753—60.

. Weber T, Auer J, O’Rourke MF, Kvas E, Lassnig E, Berent R,

et al. Arterial stiffness, wave reflections, and the risk of
coronary artery disease. Circulation 2004;109:184—9.

. Bramwell CJ, Hill A. The velocity of the pulse wave in man.

Proc R Soc London [Biol] 1922;93:298—306.

. Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Aortic input

impedance in normal man: relationship to pressure wave
forms. Circulation 1980;62:105—16.

. Nichols W, O’Rourke M. McDonald’s blood flow in arteries.

Theoretical, experimental and clinical principles. USA: Hodder
Arnold—Oxford University Press; 2005.

Segers P, Verdonck P. Principles of vascular physiology. In:
Lanzer P, Topol EJ, editors. Pan vascular medicine. Integrated
clinical management. Heidelberg: Springer-Verlag; 2002.
Westerhof N, Stergiopulos N, Noble M. Snapshots of hemody-
namics. An aid for clinical research and graduate education.
New York: Springer Science + Business Media; 2004.
Westerhof N, Sipkema P, van den Bos CG, Elzinga G. Forward
and backward waves in the arterial system. Cardiovasc Res
1972;6:648—56.

Parker KH, Jones CJ. Forward and backward running waves in
the arteries: analysis using the method of characteristics.
J Biomech Eng 1990;112:322—6.

Swillens A, Segers P. Assessment of arterial pressure wave
reflection: methodological considerations. Artery Res; 2008.

. Kelly R, Hayward C, Avolio A, O’Rourke M. Noninvasive deter-

mination of age-related changes in the human arterial pulse.
Circulation 1989;80:1652—9.

. Takazawa K, Tanaka N, Takeda K, Kurosu F, Ibukiyama C.

Underestimation of vasodilator effects of nitroglycerin by
upper limb blood pressure. Hypertension 1995;26:520—3.

. Segers P, De Backer JF, Devos D, Rabben S, Gillebert TC, Van

Bortel L, et al. Aortic reflection coefficients and their associ-
ation with global indices of wave reflection in healthy controls
and patients with Marfan disease. Am J Physiol — Heart Circ
Physiol 2006;290:H2385—92.

. Wilkinson 1B, MacCallum H, Flint L, Cockcroft JR, Newby DE,

Webb DJ. The influence of heart rate on augmentation index
and central arterial pressure in humans. J Physiol 2000;525:
263—70.

. Segers P, Rietzschel ER, De Buyzere ML, Vermeersch SJ, De

Bacquer D, Van Borte LM, et al. Noninvasive (input) imped-
ance, pulse wave velocity, and wave reflection in healthy
middle-aged men and women. Hypertension 2007;49:1248—55.
Rietzschel ER, De Buyzere ML, Bekaert S, Segers P, De
Bacquer D, Cooman L, et al. Rationale, design, methods and

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

baseline characteristics of the Asklepios study. Eur J Car-
diovasc Prev Rehabil; 2006.

Segers P, Rietzschel ER, De Buyzere ML, De Bacquer D, Van
Bortel LM, De Backer G, et al. Assessment of pressure wave
reflection: getting the timing right!. Physiol Meas 2007;28:
1045-56.

Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ,
Vita JA, et al. Changes in arterial stiffness and wave reflection
with advancing age in healthy men and women: the Framing-
ham Heart Study. Hypertension 2004;43:1239—45.

van der Heijden-Spek J, Staessen J, Fagard R, Hoeks A,
Boudier H, Van Bortel L. Effect of age on brachial artery wall
properties differs from the aorta and is gender dependent:
a population study. Hypertension 2000;35:637—42.

Swillens A, Lanoye L, De Backer J, Stergiopulos N,
Verdonck PR, Vermassen F, et al. Effect of an abdominal aortic
aneurysm on wave reflection in the aorta. IEEE Trans Biomed
Eng 2008;55:1602—11.

Westerhof BE, Guelen |, Westerhof N, Karemaker JM, Avolio A.
Quantification of wave reflection in the human aorta from
pressure alone: a proof of principle. Hypertension 2006;48:
595—601.

Mancia G, De Backer G, Dominiczak A, Cifkova R, Fagard R,
Germano G, 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—536.

Nichols WW, McDonald DA. Wave-velocity in proximal aorta.
Med Biol Eng 1972;10:327.

Vermeersch SJ, Rietzschel ER, De Buyzere ML, De Bacquer D,
De Backer G, Van Bortel LM, et al. Age and gender related
patterns in carotid—femoral PWV and carotid and femoral
stiffness in a large healthy, middle-aged population. J Hyper-
tens 2008;26:1411—9.

Millasseau SC, Stewart AD, Patel SJ, Redwood SR,
Chowienczyk PJ. Evaluation of carotid—femoral pulse wave
velocity — influence of timing algorithm and heart rate.
Hypertension 2005;45:222—6.

Hermeling E, Reesink KD, Reneman RS, Hoeks APG. Confluence
of incident and reflected waves interferes with systolic foot
detection of the carotid artery distension waveform.
J Hypertens 2008;26:2374—80.

Asmar R, Benetos A, Topouchian J, Laurent P, Pannier B,
Brisac AM, et al. Assessment of arterial distensibility by auto-
matic pulse-wave velocity-measurement — validation and
clinical-application studies. Hypertension 1995;26:485—90.
Fielden SW, Fornwalt BK, Jerosch-Herold M, Eisner RL,
Stillman AE, Oshinski JN. A new method for the determi-
nation of aortic pulse wave velocity using cross-correlation
on 2D PCMR velocity data. J Magn Reson Imaging 2008;27:
1382—7.

Yu HY, Peng HH, Wang JL, Wen CY, Tseng WYI. Quantification of
the pulse wave velocity of the descending aorta using axial
velocity profiles from phase-contrast magnetic resonance
imaging. Magn Reson Med 2006;56:876—83.

Campbell K, Lee CL, Frasch HF, Noordergraaf A. Pulse reflec-
tion sites and effective length of the arterial system. Am J
Physiol 1989;256:H1684—9.

Qasem A, Avolio A. Determination of aortic pulse wave velocity
from waveform decomposition of the central aortic pressure
pulse. Hypertension 2008;51:188—95.

Kips J, Rietzschel E, De Buyzere M, Westerhof B, Gillebert T,
Van Bortel L, et al. Evaluation of noninvasive methods to assess
wave reflection and pulse transit time from the pressure
waveform alone. Hypertension 2009;53:142—9.

Westerhof BE, van den Wijngaard JP, Murgo JP, Westerhof N.
Location of a reflection site is elusive — consequences for the



88

P. Segers et al.

38.

calculation of aortic pulse wave velocity. Hypertension 2008;
52:478—83.

Baulmann J, Schillings U, Rickert S, Uen S, Dusing R, Illyes M,
et al. A new oscillometric method for assessment of arterial
stiffness: comparison with tonometric and piezo-electronic
methods. J Hypertens 2008;26:523—8.

39.

40.

Khir AW, O’Brien A, Gibbs JS, Parker KH. Determination of
wave speed and wave separation in the arteries. J Biomech
2001;34:1145-55.

Rabben SI, Stergiopulos N, Hellevik LR, Smiseth OA, Slordahl S,
Urheim S, et al. An ultrasound-based method for determining pulse
wave velocity in superficial arteries. J Biomech 2004;37:1615—22.





