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Quantification of Wave Reflection in the Human Aorta
From Pressure Alone
A Proof of Principle

Berend E. Westerhof, Ilja Guelen, Nico Westerhof, John M. Karemaker, Alberto Avolio

Abstract—Wave reflections affect the proximal aortic pressure and flow waves and play a role in systolic hypertension. A
measure of wave reflection, receiving much attention, is the augmentation index (Al), the ratio of the secondary rise in
pressure and pulse pressure. Al can be limiting, because it depends not only on the magnitude of wave reflection but also on
wave shapes and timing of incident and reflected waves. More accurate measures are obtainable after separation of pressure
in its forward (P;) and reflected (P,) components. However, this calculation requires measurement of aortic flow. We explore
the possibility of replacing the unknown flow by a triangular wave, with duration equal to ejection time, and peak flow at the
inflection point of pressure (F*) and, for a second analysis, at 30% of ejection time (F*°). Wave form analysis gave forward
and backward pressure waves. Reflection magnitude (RM) and reflection index (RI) were defined as RM=P,/P; and
RI=P,/(P;+P,), respectively. Healthy subjects, including interventions such as exercise and Valsalva maneuvers, and patients
with ischemic heart disease and failure were analyzed. RMs and RlIs using F™* and F*° were compared with those using
measured flow (F"). Pressure and flow were recorded with high fidelity pressure and velocity sensors. Relations are:
RM™=0.82RM™+0.06 (R*=0.79; n=24), RM**=0.79RM™+0.08 (R*=0.85; n=29) and RI"*=0.89RI™'+0.02 (R*=0.81;
n=24), RI**=0.83RT™+0.05 (R*=0.88; n=29). We suggest that wave reflection can be derived from uncalibrated aortic
pressure alone, even when no clear inflection point is distinguishable and Al cannot be obtained. Epidemiological studies
should establish its clinical value. (Hypertension. 2006;48:1-7.)
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Aortic pressure, and especially pulse pressure (PP), is now
recognized as an important indicator of cardiovascular
risk!~# and can guide pharmaceutical treatment.>® Wave
reflections affect the pressure and flow wave in the proximal
aorta,” and their contribution depends on their magnitude
(determined by the periphery and the large arteries) and-time
of return (mainly determined by the large, conduit arteries).
When the reflected wave arrives in systole, it augments
pressure, leading to increased systolic and PP. This augmen-
tation is greater when the heart is hypertrophied.® In heart
failure, wave reflections affect the flow wave negatively,
thereby reducing stroke volume and cardiac output.8=10

One way to estimate the amount of reflection is by
waveform analysis in which aortic pressure is separated into
its forward and backward components.”-!!-'2 The ratio of the
magnitudes of the backward (reflected) wave and the forward
(incident) wave, the reflection magnitude (RM), allows for
the estimation of the amount of reflection, but this waveform
analysis requires measurement of both pressure and flow
waves. A method that requires the measurement of pressure
only is computation of the augmentation index (AI).!1314 Al

gives reproducible results!>!° and is in use in clinical set-
tings.'7-20 However, Al is determined by both the magnitude
and timing of the reflected wave. This is evident from Figure
1A. In this figure, the original pressure wave is separated into
its forward and backward components and then reassembled
for different delays of the same backward wave. Al is clearly
influenced by the time of return of the reflected wave. Figure
1B gives 2 examples in which Al suggests no wave reflection
(left) or a reflected wave that is larger than the forward wave
(right). Thus, the magnitude of wave reflection cannot be
quantified from Al This may explain why the Al may not be
a good measure of central pulsatile load in patients with
congestive heart failure.?!

In this study, we investigate a new method to calculate
pressure wave reflection in the human proximal aorta based
on measured pressure alone and derive an index to quantify
the magnitude of reflection independent of the time of return
of the reflected wave. We assume a triangular shape of the
flow wave based on the timing features of the aortic pressure.
This is a reasonable assumption in view of the ascending
aortic flow patterns obtained by a variety of flow measure-
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Figure 1. A, The AM and Al depend not only on the magnitude
but also on the time of return of the reflected wave. On the left,
the measured pressure-and flow-and the derived forward and
backward pressure waves are shown. On the right, the pressure
waves obtained by summation of the forward and backward
waves are shown when the backward wave is shifted-in-time.
Thus, with the same magnitude of the reflected wave, but differ-
ent times of return, the wave shape, the PP, and, consequently,
the AM [AM=AP/(PP—AP)] and Al (Al=AP/PP) are different. The
RM and Rl were 0.35 and 0.54. The AMs from top to bottom
were 0.25, 0.27, 0.15, and undefined, and the Als were 0.20,
0.21, 0.13, and undefined, respectively. B, on the left, the back-
ward wave returns when the forward wave is already falling. AM
and Al were found to be 0.03 and 0.03, whereas RM and Rl
were 0.49 and 0.33, respectively. On the right, the forward wave
is still rising when the backward wave returns, resulting in an
AM and Al of 1.44 and 0.59, suggesting that the backward
wave is larger than the forward wave. The RM and Rl in this
case were 0.78 and 0.44, respectively.

ment techniques.'> Subsequently, waveform analysis, the
separation of the measured pressure wave into its forward and
backward components,'! is carried out using the measured
pressure and the triangular flow wave. The results will be
compared with the actual results obtained using the measured
flow wave in the aorta. The AI will also be assessed.

Methods

Simultaneous measurements of pressure (P") and flow velocity (F™)
in the human ascending aorta recorded for previous studies were
used. Twelve healthy subjects were catheterized for various clinical
indications. Of this group, 5 subjects were kindly provided through
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Figure 2. Principle of method. The flow is approximated by a tri-
angle. End diastole and the incisura (second vertical line) of the
measured pressure wave determine the start and end of the trian-
gle. The peak is set at the inflection point (first vertical line) or at
30% of ejection time (arrow). The inflection point is determined by
standard method. Calibration of flow is not required (see text).

personal communication with Dr BJ Rubal, Brooke Army Medical
Center, Houston, Tex; 6 subjects were taken from the publications of
Murgo et al,!'?>2% including baseline conditions, exercise, and
Valsalva maneuvers; and 1 subject performing a Mueller maneuver
was analyzed.?> Two patients with heart failure with 1 of them before
and after nitroprusside infusion (0.50 ug/kg per minute) were
analyzed (data from Chiu et al'?). In 5 patients, pressure and flow
velocity were measured directly after a selective coronary angio-
graphic procedure to evaluate ischemic heart disease and were kindly
provided by Blum et al.?¢‘In' 'this' group of 19 humans, the total
number of analyzed beats, including the maneuvers, was 29. All of
the participants gave informed consent, and the respective institu-
tional review committees approved the studies.

Catheters equipped with a micromanometer and an electromag-
netic flow velocity sensor were used-for-the measurements (Millar
Instruments). All of the signals were sampled at a rate of 100 Hz.

The method to construct a' flow wave makes use of the notion that
a triangular shape can approximate the flow wave during ejection.
The duration, that is, the base, and the time of peak flow of this
triangle can be derived from the pressure wave shape as follows
(Figure 2). The time of end-diastolic aortic pressure is the time of
valve opening and the start of ejection. The incisura of the pressure
wave gives the time of valve closure and the end of ejection. These
times determine the ejection time and, thus the base of the triangle.
In a first analysis, the time of the peak of the triangle is set at the time
of the inflection point of the measured pressure wave in systole. The
inflection point is derived using higher-order derivatives of pressure as
described previously.!>!4 In a second analysis on the same pressure
data, the maximum of the triangular flow is set at 30% of the ejection
time, close to the average found from the flow measurements (see
Results section). This is done to test the method when an inflection
point in the pressure wave cannot be explicitly identified.

The triangular flow with the peak time set at the inflection point
of the measured pressure is called F'*, and the flow with the peak
time fixed at 30% of the ejection time is called F*. In the
calculations of forward pressure (P;) and backward pressure (P), the
following equations are used!': Py(t)=[P(t)+Z, - F(t)]/2 and Py(t)=
[P()—Z. - F(t)]/2. The P(t) in this case is the measured pressure
wave, and F(t) is either the measured flow wave or the constructed
flow wave with a triangular shape. Z, is the characteristic impedance
of the proximal aorta. The arterial input impedance was calculated in
the frequency domain, and the characteristic impedance was derived
from the averaged value of the 4th to 7th harmonic of the input
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impedance modulus.'> Z, was determined from each of the 3 flow
wave shapes.

From the above equations, it can be seen that the product Z, - F
appears in the calculation of the forward and backward waves. Z, is
a ratio of pressure and flow (P/F) (more explicitly, Z.=P/F,=—P,/
F,). Thus, by multiplication of Z. and F, the amplitude of flow is
eliminated, and Z, * F is independent of the flow calibration. When
flow is twice as large, the calculated Z, is twice as small, but the
product remains the same. A similar reasoning holds whether flow
velocity or volume flow is used in the calculations. Thus, calibration
of the flow wave is not required, the shape is of importance only, and
so stroke volume does not have to be determined. In the remaining
text, flow velocity will simply be called “flow.”

Using the above equations, we calculated forward and backward
pressure waves on the basis of the measured pressure (P") in
combination with the measured flow (F™) and each of the 2 triangular
flows (F'" and F*°). The amplitudes (peak-trough) of the forward
waves obtained by the triangular flows (1P| and IP°l) were
compared with the amplitude of the forward pressure wave derived
from the measured flow (IP;™'). Similarly, the backward waves |P,"*|
and IP,"*° were compared with IP,|. AP and (PP—AP) represented
forward and backward waves directly derived from measured pres-
sure by the inflection point (see Figure 1).

The accuracy of the shapes of the forward and backward pressure
waves were determined by calculating the root mean square error
(RMSE) between the waves derived from triangular and measured
flow waves. The RM is calculated as the ratio of the amplitudes
(peak-trough) of the backward and forward pressure waves:
RM=IP,|/IP;l. The reflection index (RI) is defined as:
RI=IP,|/(IP{+1Pyl). The RMs and RIs derived from the measured
pressure and measured flow and from the 2 triangular flows are
called RM™, RM"™, and RM** and RI™, RI"", and RI*°, respectively.
Because both indices are a ratio of 2 pressures, calibration of
pressure is not required.

The RM is the ratio of the magnitudes of backward and forward
pressure and is, thus, a quantity analogous to the reflection coeffi-
cient.”-$22 Correspondingly, we define the augmentation magnitude
(AM) as the augmentation of pressure (AP) divided by the initial
pressure rise (PP—AP).

The Al is the augmentation of.the-pressure following the inflection
point (AP) divided by the total pressure amplitude, the PP. This is
more comparable to the ratio of the reflected wave and the total; that
is, the sum of forward and reflected waves. We, therefore;-also use
the RI, the ratio of the reflected wave, and the sum of forward and
backward waves. The relations between RM and RI are: RI=RM/
(1+RM) and RM=RI/(1—RI).

All of the derivations were carried out in a'set of 29 simultaneous
aortic pressure and flow pairs recorded in the group of 19 subjects.
Healthy subjects, including interventions such as exercise and
Valsalva and Mueller maneuvers; 5 patients with ischemic heart
disease; and 2 patients with heart failure were analyzed. The
interventions were carried out to increase and decrease the magni-
tude of the reflection. Data are presented as mean*+SD. Repeated-
measures ANOVA with Dunnet post hoc tests were used to inves-
tigate differences in mean values in IP;l and [Pyl derived with both
triangular flows, as well as (PP—AP) and AP in comparison with Py
and |P,| calculated from measured flow. Mean values of RM derived
from both triangular flows and of AM and were compared with mean
values of RM from measured flow. Similarly, RI derived from both
triangular flows and Al were compared with RI from measured flow.

Cases in which no inflection point was found and, thus, F'*, AM,
and Al could not be determined, were excluded from testing (n=5).
Distributions were normal, and a parametric test was used. Differ-
ences were assumed to be significant if P<<0.05. Regressions of
RM"", RM*’, and AM on RM™ were calculated and plotted for all of
the available data points. Regression of RM™ on RM™ was also
calculated using all of the heartbeats excluding those that had no
inflection point. Similar data were derived for the RI and Al.

To investigate the influence of convexity and concavity of the
flow wave on the RM and RI, we approximated the most extreme
cases of convexity and concavity in our study population by using a
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Figure 3. Example of a measured pressure and forward and
backward waves when calculated from measured flow (bold
lines) and calculated from triangular flow, F'* (thin lines).

quadrangular flow and compared it with the results from triangular
flow. The approximation of the flow by the quadrangular shape was
done by eye for these examples.

Results

Median age of the subjects (17 men and 2 women) was 50
years, ranging from 29 to 57 years. Excluding exercise and
Valsalva maneuvers, systolic and diastolic pressures were
121+19 and 74%£10 mm Hg, and heart rate was 706 bpm
(mean*=SD; n=23). Ejection:'time and the time of the
inflection point in pressure were 0.31+0.03 and 0.10%0.02
seconds, respectively. Thus, the ratio of the time of inflection
point to ejection period was 32+9%. The ratio of the time of
peak flow to-ejection period-was 31%x5%.

Figure 3 shows an'example of the measured pressure wave
and the calculated forward and backward pressure waves
using measured flow, bold lines, and triangular flow with the
moment of peak flow set at the inflection point in the pressure
wave as thin lines. Of the averaged amplitudes of the forward
and backward waves based on both triangular flows, PP—AP,
and AP, only AP was significantly smaller than the averaged
P,"". The triangular flow tends to overestimate the forward
pressure and underestimate the backward pressure, but not
significantly so. Of the average RM, RI, AM, and Al, only the
Al is significantly different from RI™; AM and Al have a
larger variance (F test).

The RMSE errors of the forward and backward waves
when using a triangular flow compared with the actual
forward and backward waves are 1.7=0.7 mm Hg for P;¥ and
P, and 1.7+1.0 mm Hg for P,*° and P,*’. The small errors
suggest that a triangular flow wave shape is an acceptable
approximation in applying waveform analysis and to arrive at
good wave shapes of forward and backward pressures.

Figure 4 shows the relations between the RM and RI
derived from the measured pressure and flow and the RM and
RI calculated from the measured pressure and triangular
flows (Figure 4A and 4B and 4D and 4E, respectively). The
quantitative information on the relations is given in detail in
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