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A B S T R A C T

The purpose of this study was to investigate the effect of aortic clamping on arterial waves during

peripheral vascular surgery. We measured pressure and velocity simultaneously in the ascending

aorta, in ten patients (70³5 years) with aortic-iliac disease intra-operatively. Pressure was

measured using a catheter tip manometer, and velocity was measured using Doppler ultrasound.

Data were collected before aortic clamping, during aortic clamping and after unclamping.

Hydraulic work in the aortic root was calculated from the measured data, the reflected waves

were determined by wave-intensity analysis and wave speed was determined by the PU-loop

(pressure–velocity-loop) method; a new technique based on the ‘water-hammer’ equation. The

wave speed is approx. 32% (P! 0.05) higher during clamping than before clamping. Although the

peak intensity of the reflected wave does not alter with clamping, it arrives 30 ms (P! 0.05)

earlier and its duration is 25% (P! 0.05) longer than before clamping. During clamping, left

ventricule (LV) hydraulic systolic work and the energy carried by the reflected wave increased

by 27% (P! 0.05) and 20% (P! 0.05) respectively, compared with before clamping. The higher

wave speed during clamping explains the earlier arrival of the reflected waves suggesting an

increase in the afterload, since the LV has to overcome earlier reflected compression waves. The

longer duration of the reflected wave during clamping is associated with an increase in the total

energy carried by the wave, which causes an increase in hydraulic work. Increased hydraulic

work during clamping may increase LV oxygen consumption, provoke myocardial ischaemia and

hence contribute to the intra-operative impairment of LV function known in patients with

peripheral vascular disease.

INTRODUCTION

Peripheral and coronary artery disease often occur
together. Peripheral arterial reconstruction surgery in the
presence of concurrent left ventricle (LV) disease, a
common sequela of long-standing coronary artery dis-
ease, may increase peri-operative mortality and mor-
bidity. The rate of mortality during the 30 day period
following thoraco-abdominal aneurysm repair ranges
from 8% to 35% [1–3]. The mortality and morbidity rate
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during and immediately following vascular surgery is
approx. 10% [4], half of which is due to myocardial
infarction [5]. We have suggested previously that aortic
clamping may impair subendocardial function in such
patients [6]. LV function, as indicated by long-axis
shortening fraction, deteriorates during the operation,
recovers a few minutes after the release of the clamp and
becomes normal within 5 days of surgery. The mech-
anism underlying this behaviour has not yet been
established. We hypothesize that during clamping there
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is an increase in the energy carried by the reflected waves.
These enlarged reflected waves could cause an increase in
LV hydraulic work and alter afterload, which could
provide an explanation to the deterioration in LV
function seen in humans during aortic clamping [6].

METHODS

This study was carried out on ten patients (eight males),
age 70³5 years, who were undergoing peripheral vasc-
ular reconstruction surgery. All patients had a docu-
mented history of stable coronary artery disease, and
none had an acute or unstable event for more than 6
months prior to surgery. Pre-operative echocardio-
graphy assessment confirmed that no patient had struct-
ural valve disease, and that all patients, except two, had
a normal ejection fraction. The clamping site for all the
patients was distal to the level of the renal arteries in
the abdominal aorta. The patients were studied in the
operating theatre under general anaesthesia. The protocol
of this study was approved by the Ethics Committee of
the Royal Brompton Hospital, and written informed
consent was obtained from all patients prior to surgery.

All patients were operated on under general anaesthesia
after premedication with temazepam. They were induced
with 10 µg}kg fentanyl and 0.1–0.2 mg}kg etomidate,
paralysed with pancuronium 0.1 mg}kg and maintained
on isoflurane, O

#
and NO. Blood pressure was controlled

with glyceryl trinitrate.
Aortic root pressure and velocities were recorded at

three stages during the operation: before, during

Figure 1 Typical pressure and velocity signals measured in the ascending aorta of a patient undergoing vascular surgery
The noise of the Doppler signal and the outer envelope, which is drawn by hand in the left beat indicating the velocity, are shown. The long vertical lines indicate the
peaks of the R-wave of the ECG, which were used as the reference points for the start and end of the beat. The horizontal ticks (abscissa) at top and bottom are time
intervals and each indicates a time increment of 200 ms. The vertical ticks (ordinate) indicate velocity and each indicates an increment of 20 cm/s, with a marker
for 1 m/s.

clamping and after unclamping. Recordings were made at
several different times during clamping in three of the
patients. All operations were carried out by a single
vascular surgeon, and data were collected by the same
cardiologist.

In order to apply wave-intensity analysis, it is vital that
aortic pressure and velocities are measured simul-
taneously and at the same site. We measured pressure and
velocities in the ascending aorta, just distal to the aortic
valve. The pressure catheter (6F; Millar Instruments,
Houston, TX, U.S.A.) was inserted through a sheath in
the right femoral artery of the patient and advanced
under fluroscope observation until it reached the meas-
urement site in the ascending aorta. The catheter has
an upper frequency limit of 2 kHz. Aortic velocities
were measured by Doppler ultrasound echocardiograph
(Sonos 500, Hewlett–Packard) using an imaging trans-
ducer with a frequency of 2.5 kHz. Eight patients were
studied using trans-oesophageal imaging and two, in
whom this was technically difficult, were studied using
the trans-thoracic approach.

The lack of analogue-to-digital conversion in the
operating theatre dictated the method of collecting the
data. Aortic pressures, velocities and ECG were recorded
simultaneously on the echocardiograph, which has a
repetition rate of 1–2 kHz, and printed on paper using
thermo-strip chart recorder (HP77510A) at a speed of
10 cm}s as shown in Figure 1. The data were transferred
from the hard copy to a computer using a digitizing table
and a special mouse (Genetiser GT-1212B). The software
transforms the movement of the mouse into digital
coordinates ; converting the spatial resolution into an
effective sampling rate of 125 samples}s. One heartbeat
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Figure 2 A pressure waveform typical of a group of elderly
patients, age 70³5 years, undergoing peripheral vascular
surgery showing the characteristic times and pressures
analysed in this study
The broken lines are the extrapolations of the linear parts of the curve to
determine the tL, time of the start of the landing, and ti, the time of the pressure
inflection point (see the Methods section and Table 1 for details).

was selected from the pressure and velocity traces at each
stage ; immediately before, during clamping and as soon
as possible following unclamping. The peak of the
R-wave on the ECG was taken as time zero. Beats were
selected on the basis of clarity, in order to have high
resolution for the digitizing process, and regularity, a
beat falling within three or more beats of similar shape.
Using these criteria we avoided analysing beats that were
distorted by catheter displacement or temporary elect-
rical noise in the operating theatre.

Pressure and velocity derivatives are necessary for the
calculation of the wave intensity [7]. Although the
digitized data were relatively noise free, derivatives
inherently magnify noise and some filtering was necess-
ary. Therefore, a seven-point second-order Savitsky and
Golay filter was used [8]. This filter fits a least-squares
polynomial to the data locally, three points on either side
of the current datum, and outputs the slope of the fitted
polynomial. The coefficients for this filter are (0.035714,
0.071429, 0.107143, 0.0, ®0.107143, ®0.071429 and
®0.035714).

To test the effect of clamping, we compared the results
obtained before clamping with those obtained during
clamping and after unclamping. All comparisons were
made using paired Students’s t tests, and P ! 0.05 was
considered to be statistically significant.

Pressure waveform
The pressure waveform recorded in the ascending aorta
of the patients consisted of six distinctive features
(numbered 1–6 in Figure 2). (1) The time during early

systole when the pressure increases rapidly. (2) The time
where the pressure is relatively constant, which we
identify as the ‘ landing’. This is common in the elderly
and it has been ascribed to increased stiffness of the
arterial tree. The time of the onset of the landing, t

L
, is

identified as the crossing of the extrapolation of the
landing (2) and the initial pressure upstroke (1). (3) The
second rapid rise in pressure, the onset of which is
determined as the crossing point, usually called the
inflection point, of the extrapolation of the landing (2)
and second pressure rise (3). Although, the landing is not
usually observed in young healthy individuals, an
inflection point can often be detected. (4) Maximum
pressure in these patients occurred over several sampling
points rather than a single maximum point. The ratio of
the difference between maximum pressure and the
pressure at the inflection point to the maximum pressure
is called the ‘augmentation index’ [9,10]. (5) The dicrotic
notch or ‘ incisura’ is associated with the reversal of flow
direction in the ascending aorta that starts immediately
before the aortic valve closes. (6) The fall of pressure in
the aorta during diastole. A summary of the measure-
ments and explanations of the methods used for deter-
mining them is given in Table 1.

Analysis
Wave-intensity analysis is a time domain analysis, based
on the method of characteristics [7]. Wave intensity, dI, is
defined as :

dI ¯ dPdU (1)

where dP and dU are the change in pressure and velocity
over one sampling time respectively. The separation of
pressure and velocity into their forward and backward
waves requires knowledge of the wave speed, which can
be determined from the initial slope of the PU-loop
(pressure–velocity loop) [11,12]. The water-hammer
equation for the forward waves, P

+
, is :

dP
+
¯ ρcdU

+
(2)

where ρ is the density of the blood, which is assumed to
be 1000 kg}m$, and c is the wave speed. During the
periods when there are no backward waves, P

−
, e.g. at the

earliest part of systole, it is most likely that forward
waves in the ascending aorta are the only waves, since it
is too early for the arrival of reflected waves. During that
time, eqn (2) indicates that there should be a linear
relationship between the change in pressure and the
change in velocity. Thus if we plot the measured pressure
against the measured velocity over the cardiac cycle we
obtain a PU-loop, whose slope during the very early part
of systole equals ρc. Figure 3 shows a typical PU-loop for
a patient before clamping. The slope of the initial segment
of the loop in this case equals dP}dU ¯ 3900 kPa[s[m−",
and corresponds to a wave speed of 3.9 m}s.

By using the wave-intensity analysis and an appro-
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Table 1 Notation with an explanation of the methods used for determining the different haemodynamic parameters

Notation Definition Method of determination

tL Time of the start of the landing Intersection of extrapolation of the first pressure rise and the landing
ti Time of the pressure inflection point Point of intersection of the extrapolation of the landing and the second pressure rise
PL Mean pressure of the landing 1

2(pressure at tLpressure at ti )
Pmax Maximum pressure Value of the highest points on the pressure waveform*

tPmax Time of the beginning of the maximum pressure arch Time when the pressure waveform reaches its peak
Umax Maximum velocity Value of the highest points on the velocity waveform
tUmax Time of the start of the maximum velocity Time when the velocity waveform reaches the slope of zero at its peak
tRW Time of onset of the first reflected wave Time at which the reflected wave becomes non-zero
ttRW Duration of the reflected wave Time duration from the reflected wave becoming non-zero, tRW, in mid-systole until it becomes

zero again, in late systole

* It was noticed that in most patients, maximum pressure was not one point as the term ‘maximum ’ suggests. It was found that the maximum occurred over a period of time. The start of

that period was pointed to with tPmax.

Figure 3 PU-loop
Top right panel : the PU-loop measured in the ascending aorta of a typical patient before clamping. The initial part of the loop is linear and corresponds to a wave
speed, c, of 3.9 m/s. The arrows show the direction of the loop and the time interval between dots (sampling points) is 8 ms. The time is implicit in the loop, but
apparent on the abscissa of the left panel, which shows the pressure waveform, and the ordinate of the bottom panel, which shows the velocity waveform.
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priate estimation of the wave speed, it is possible to
separate the forward and backward waves [13]. The
pressure and velocity differences across the forward and
backward waves are :

dP³ ¯
1
2

(dP³ρcdU ) (3)

dU³ ¯
1
2

[dU³(dP}ρc)] (4)

The wave intensities of the separated forward and
backward waves are :

dI³ ¯³[1}(4ρc)](dP³ρcdU )# (5)

We calculated the energy carried by the reflected wave,
I
−
, by integrating dI

−
over the duration of the wave in

systole.
The forward and backward pressure waveforms are

obtained by integrating dP
+

and dP
−

:

P
+
(t) ¯ P

!
3

T

t= !

dP
+
(t)

P
−
(t) ¯ 3

T

t= !

dP
−
(t) (6)

where P
!

is the diastolic pressure. The forward and
backward velocity waves are obtained by integrating the
calculated values of dU

+
and dU

−
:

U³(t) ¯ 3
T

t= !

dU³(t) (7)

The hydraulic work per unit area of the aorta done by the
heart, W, is calculated as :

W ¯& T

!

PUdt (8)

where T denotes the duration of the cardiac cycle.

RESULTS

The means³S.D. of the haemodynamic parameters
measured before, during clamping and after unclamping
are shown in Table 2.

Separation and timings of waves
Figure 4 shows the separation of the measured pressure
and velocity into the forward and backward components
for a typical beat before clamping. The measured pressure
and velocity waves are identical to the forward waves
until the onset of the reflected wave. The measured
pressure then increases due to the addition of the forward
and backward waves, and the measured velocity decreases

Table 2 Details of the measurements and calculated para-
meters on data recorded in patients with peripheral vascular
disease before, during clamping and after unclamping
Zero time is taken from the peak of the R-wave of the ECG. Values are their
means³S.D. *, P ! 0.05, significant difference compared with before clamping.

Variable Before clamping During clamping After unclamping

tL (ms) 140³20 120³30* 120³10
ti (ms) 170³20 150³30* 160³30
PL (mmHg) 96.3³23.09 91.7³18.5 90.2³21.4
Pmax (mmHg) 115.8³23.20 110³14.7 113.5³25.5
tPmax (ms) 260³60 260³50 270³60
Umax (cm/s) 103³14.5 104.4³17.7 105.3³23.6
tUmax (ms) 180³30 160³30* 170³40
tRW (ms) 160³40 130³30* 150³40
ttRW (ms) 120³30 150³50* 115³28
c (m/s) 3.4³0.3 4.5³1.1* 3.3³0.9
I
−

(W/m2) 4.2³2.2 5.0³2.0* 4.0³1.9
W (W/m2) 223³80 285³119* 235³90

due to the subtraction of the forward and backward
waves.

The time of the pressure inflection point, t
i
, correlated

with the time of maximum velocity, tU
max

, (r ¯ 0.91),
Figure 5(a) and with the onset of the reflected waves, t

RW
,

(r ¯ 0.87), Figure 5(b).

Effect of clamping on wave speed
The wave speed, c, increased significantly during
clamping compared with its value before clamping
(4.5³1.1 m}s versus 3.4³0.3 m}s, P ! 0.05). The values
of wave speed after unclamping were not significantly
different from those measured before clamping
(3.3³0.9 m}s versus 3.4³0.3 m}s)

Effect of clamping on reflected waves
The magnitude of the reflected wave did not alter with
clamping. However, the onset of the reflected wave, t

RW
,

became significantly earlier during clamping com-
pared with the corresponding times before clamping
(130³40 ms versus 160³50 ms, P ! 0.05) (Figure 6). In
the patients where the data were recorded several times
during clamping, we found that the longer the clamping
time, the earlier became the onset of the reflected waves
as seen in Figure 7. Although the peak of the reflected
wave did not increase during clamping, its duration,
tt

RW
, became significantly longer (150³50 ms versus

120³30 ms, P ! 0.05). Table 2 includes mean values of
the duration of the reflected wave before, during
clamping and following unclamping.

The energy carried by the reflected wave, I
−
, increased

significantly during clamping compared with before
clamping (5³2 W}m# versus 4.2³2.2 W}m#). Figure
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Figure 4 Separation of the pressure and velocity waveforms
Top panel : the measured pressure waveform (P) with its forward (P

+
) and

backward (P
−
) components. The measured pressure equals the sum of the forward

and the backward pressure waves. Bottom panel : the measured velocity waveform
(U) with its forward (U

+
) and backward (U

−
) components. The measured

velocity equals the subtraction of the backward and the forward velocity waves.

5(b) shows the integrated area indicating the energy}unit
area carried by the reflected wave during systole.

Effect of clamping on hydraulic work
The hydraulic work, W, in our patients increased slightly
(271³110 W}m# versus 235³79 W}m#) during
clamping, but the increase was not significant. It was
observed, however, that systolic pressure fell during
clamping in two of the patients and that hydraulic work
in those two patients decreased, whereas it increased in all
other patients. Pre-operative echcardiographic assess-
ment of LV function of those two patients was poor
(ejection fraction ! 20%). When we excluded the data

Figure 5 Measured pressure and velocity (a) and calculated
wave intensity (b) in the ascending aorta of a typical patient
with peripheral vascular disease
The arrows point to the pressure inflection point and the maximum velocity in (a),
and to the onset (long arrow) and end, (short arrow) of the reflected wave arriving
back at the ascending aorta during systole in (b). The times of the pressure
inflection point, maximum velocity and onset of the reflected wave are concurrent.

of these two patients, the hydraulic work increased sig-
nificantly by 27% during clamping compared with
before clamping (285³119 W}m# versus 223³80 W}m#,
P ! 0.05).
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Figure 6 Effect of clamping on the onset of reflected waves
The onset of reflected waves occurs (20 ms) earlier during clamping than before clamping. dI is the wave intensity before clamping, and dI(90) is the wave intensity
90 min after the clamp has been applied.

Figure 7 Effect of the duration of clamping on the wave intensity
The longer the clamping time, the earlier the onset of the reflected waves. In this patient the wave intensity starts 20 ms later after 75 min of clamping than after
5 min. Measurements in this patient were taken 5 min [dI(5)], 30 min [dI(30)] and 75 min [dI(75)] after the clamp was applied.

DISCUSSION

Aortic flow velocities in our patients were measured by
Doppler ultrasound. This was done by accessing the
aortic root, either trans-thoracically from the cardiac
apex, underneath the operative sheaths, or using a trans-
oesophageal approach. In both cases, even with a good
Doppler signal, it was difficult to ascertain exactly when
the blood starts and stops (Figure 1). Although there is
still no general agreement on whether the inner or the
outer edge of the Doppler signal should be used for
measuring the times of the flow, Li et al. [14] reported
that mean velocity can be estimated to within 5% from
the time-averaged maximum Doppler shift. Therefore a
subjective choice was made before digitizing the data to
consider the outer leading edge as the onset of flow and,
even if digitizing the outer edge may have over estimated

the actual mean velocity, it would not have affected the
velocity differences needed to calculate the wave in-
tensity.

Animal experiments confirm that aortic clamping
results in an increase of flow through the upper part of
the body and a significant increase in aortic pressure
during clamping [15,16]. However, with patients under-
going surgery, pressure is monitored and kept within
certain limits pharmacologically. Therefore it was im-
possible to measure the direct effect of clamping on the
arterial pressure.

Wave-intensity analysis makes it possible to separate
the pressure and velocity measured in the aortic root into
their forward and backward waves. In separating the
forward and backward velocity waves, a dicrotic notch
appeared on the forward-running velocity, waveform
dU

+
. This is because the separated forward pressure and
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velocity waveforms are identical in shape with a scaling
factor of ρc according to the water-hammer equation
[eqn (2)].

The waves in both the forward and backward
directions establish the measured pressure and velocity
waveforms. The strong correlation in time between onset
of the reflected wave, maximum velocity and pressure
inflection point, suggests that the inflection point on the
pressure waveform and the onset of decline on the
velocity waveform are due to the reflected waves. The
heart generates a pulse wave during systole, which travels
downstream until it is reflected, generally from a mul-
tiplicity of sites. During the time from the first upstroke
of pressure (from the foot of the waveform) to the time of
the inflection point, the measured velocity and pressure
are identical to that of their forward-running waves, as
seen in Figure 4. When the reflected waves return to the
aortic root, the measured pressure and velocity wave-
forms start to deviate from their forward waveforms. The
arrival of the reflected compression wave to the measure-
ment site increases the measured pressure as it adds to the
measured forward compression pressure wave, and
decreases the velocity as it subtracts from the measured
velocity wave. The prominence of the landing in elderly
people is compatible with increased stiffness of the
arteries due to ageing [17], which increases the wave
speed. Note that the separated forward pressure wave-
form of this group of patients does not show a landing
making them qualitatively similar to the pressure wave-
forms of young healthy individuals, which do not usually
show a landing.

The calculated hydraulic work per unit area of aorta
increased significantly during clamping above resting
values. Although this work was calculated at the aortic
root, we believe that it should reflect the systolic work of
the LV since it was measured in systole, when the aortic
valve was open and the aortic root in direct contact with
the LV cavity. Since these patients had undergone a
routine pre-operative echocardiography assessment to
evaluate their ventricular performance and valve op-
eration, and none of them were found to have a valvular
disease or malfunction, it was reasonable to assume that
there would not be a significant pressure drop across the
aortic valve. We believe that the pressure measured at the
ascending aorta during systole in these patients should be
very close to that of their LV. Similarly, except for the
negligble systolic flow to the coronary arteries, the flow
in the ascending aorta is equal to that ejected by the LV.
Thus the hydraulic work calculated using ascending
aortic pressure and velocity should be a fair represen-
tation of the LV systolic hydraulic work.

The magnitude of the reflected wave unexpectedly did
not alter with clamping. However, its earlier arrival and
the longer duration during clamping were significant,
which resulted in an increase in the amount of energy
carried by the reflected wave. We believe that it is these

changes that may influence cardiac function [18]. The
increase of both afterload and hydraulic work is likely to
have caused an increase in LV oxygen consumption, as
has been demonstrated experimentally in animals [19].
This increased demand of oxygen was met by an increased
supply of coronary flow in healthy dogs [11], but if this
demand cannot be met in patients with coronary artery
disease, myocardial ischaemia may be provoked, with all
its negative consequences on the LV. The performance
of myocardial segments already ischaemic under
clamping conditions will deteriorate further during and
after surgery.

Study limitations
The number of patients studied was small. However, the
findings are consistent in all patients apart from the lack
of change in hydraulic work with clamping in the group
of patients as a whole. However, when the two patients
with a poor ejection fraction were excluded, hydraulic
work per unit area of aorta increased significantly.

To reduce the level of subjectivity in choosing the
individual beats to be analysed, we tried ensemble
averaging the data of three consecutive beats for each
patient at each stage of the operation. However, we
observed that important features such as the dicrotic
notch disappeared with ensemble averaging, and so we
resorted to analysing a single typical beat.

The trans-oesophageal approach to the ascending aorta
was not accessible in two of the patients in whom data
were obtained by the trans-thoracic approach. We do not
think that this technical difference should have affected
the results. Data collected by both approaches are
generally considered of the same quality, and since the
site where we recorded aortic velocity was the same in
both cases, the measured aortic velocity would be the
same in either approach.

Ideally we would like to have measured LV pressures
and volume, and calculated its hydraulic work. This
would have required special ethics approval since peri-
pheral vascular surgery does not usually involve instru-
mentation for the heart.

Conclusions
We conclude that the relationship between aortic press-
ure, velocity and reflected waves is a physiological
association, and that waves in the forward and the
backward directions establish the measured waves. A
significant increase in the wave speed during clamping
resulted in the earlier arrival and longer duration of
reflected waves. The increased amount of energy carried
by the reflected wave suggests an increase in the afterload
and the calculated hydraulic work in the ascending aorta
suggests an increase in LV hydraulic work during
clamping. The increase of afterload and LV hydraulic
work during clamping is likely to increase LV oxygen
consumption demands. If this demand is not met by
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increased coronary artery flow, myocardial ischaemia
may be provoked, or aggravated if already present. The
resulting deterioration in LV function may contribute to
the increased morbidity and mortality of the operation.
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