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TECHNOLOGY

Validation of the beat to beat measurement of
blood velocity in the human ascending aorta by a
new high temporal resolution Doppler ultrasound
spectral analyser

A J S Coats, C Murphy, J Conway, P Sleight

Abstract
Objective-To develop and validate a

high temporal resolution spectral
analysis system for Doppler measure-
ments of blood velocity in the ascending
aorta.
Design-An observational laboratory

and clinical study comparing Doppler
velocity-based measurements with fluid
collection, electromagnetic flow catheters
and probes, and thermodilution.
Setting-Tertiary referral cardiology

unit and cardiac catheter laboratory.
Patients-Patients undergoing routine

cardiac catheterisation for ischaemic
heart disease, cardiac failure, and
primary pulmonary hypertension.
Results-There was good agreement

between Doppler-derived and electro-
magnetic cuff or catheter measurements
of velocity in an experimental flow rig
(SD of differences 4-75% for velocity
integral) and in the patients (SD of
differences 4% for velocity integral).
There was also reasonably good agree-
ment between simultaneous Doppler-
derived and thermodilution-estimated
cardiac output measurements in patients
undergoing cardiac catheterisation (SD
of differences 12-6%).
Conclusions-This new method of high

temporal resolution spectral analysis
improves the resolution ofrapidly chang-
ing blood velocities and may improve the
ability to describe blood velocity patterns
in the ascending aorta.
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Doppler ultrasound has been used extensively
in the assessment of normal and abnormal flow
patterns in humans.' Although for many
routine clinical uses continuous wave Doppler
machines are often adequate, to obtain quan-
titative information on the pattern of blood
velocities in the heart or ascending aorta
accurate localisation of the sampled velocity is
important; hence the distance resolution of
pulsed wave Doppler ultrasound is critical. In
addition, the use of blood velocity estimates to
calculate volume flow, blood acceleration, or

the pattern of the aortic velocity wave requires
good temporal as well as spatial resolution.
Conventional combined Doppler echocardio-
graphic machines either share time between the
Doppler and imaging modes, use the same
transducer with compromised characteristics
for both imaging and Doppler ultrasound, or
have low temporal resolution spectral analysers
(with sampling every 5-20 ms).
Some of the simpler methods of spectral

analysis used in early studies are subject to
systematic errors. The zero-crossing detector,
for example, can miss high frequency signals
when they are superimposed on low frequency
signals, because the higher frequency sound
wave may not cause the pressure signal to cross
zero. The most accurate method of spectral
analysis is complete resolution of the different
spectral components by fast Fourier transfor-
mation (FFT). FFT is now available in real-
time computer processing because of the
development of powerful minicomputers.
Temporal resolution in spectral analysis can

be improved by more frequent FFT analyses,
but each time bin must be large enough to
include one full cycle of the lowest frequency to
be resolved. To detect frequencies down to
100-200 Hz, therefore, the time bin can be
reduced to no shorter than 5 ms. Even this
resolution may be inadequate to resolve chang-
ing blood velocities during the acceleration
phase of cardiac ejection because the blood
velocity varies from zero to 1-1 5 ms in 50 ms
or less. We have developed, therefore, a system
with shifting analyses to improve time resolu-

2tion.
Physiologically it may be important to

resolve blood velocities to this greater degree
because turbulence and rapidly changing
velocities in blood flow can be better detected
and quantified. It has been proposed that
turbulence may be important in the develop-
ment of atherosclerotic plaques3 as well as
contributing to the impedance to ejection of
blood by the ventricle.4 Much has been written
on the importance of aortic blood acceleration
in the assessment of left ventricular function,'
7yet little attention is directed to the problems
of accurate measurement of aortic blood
acceleration. Acceleration is variously defined
as the mean acceleration over the time from
velocity onset to peak velocity,8 the mean
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Figure 1 A high resolution Doppler spectral display blood velocity in the ascending
aorta in two healthy individuals at rest. (A) a 17year old woman and (B) a 47year
old man. Single beats were analysed off-line by the high resolution mode. The Y axes are

marked in kHz representing the Dopplerfrequency shifts, which are directly
proportional to the velocity of blood in the direction of the ultrasound. Time is marked on

the X axis. The table at the top is a summary of the analysis of various variables derived
from the single beat shown. IWM, intensity weighted mean.

acceleration over the initial part ofthe accelera-

tion phase when acceleration seems to be close
to constant,-0 or the "peak instantaneous
acceleration".6 All three methods are subject to
considerable errors because ofthe low temporal
resolution of previous spectral analysers.
Figure 1 shows that the upstroke ofaortic blood
velocity is often curvilinear with no clear point
of peak velocity. Acceleration is therefore
subject to considerable errors when there is
noise at the point ofpeak velocity. No informa-
tion can be obtained on the rate of change of
velocity before the high pass filter (100-
400 Hz), and hence acceleration based on the
first half of the acceleration phase may be based
on only 20-25 ms of data and may therefore
depend on only two or three separate spectral
analyses, so that noise in any one time bin

would cause considerable uncertainty in the
overall assessment of acceleration. Without
high temporal resolution spectral analysis
measurements of "instantaneous peak
acceleration" are even more liable to error and
artefact in that instantaneous peak acceleration
effectively means the greatest change in
velocity between any two time bins and hence is
extremely subject to noise in either time bin,
especially the first where no velocities below
the high pass filter can be detected. It is also
fallacious to refer to peak acceleration as being
"instantaneous" when temporal resolution is as
low as 5-20 ms and changes in aortic blood
velocity can occur over less than 5 ms.

Methods
DOPPLER EQUIPMENT
These studies were. performed with stand-
alone non-imaging Alfred or Pedof Doppler
ultrasound transducers (Vingmed, Norway)
with a 2 MHz probe, and a spectral analysis
program specifically developed in the hardware
environment of a Texas Instruments personal
computer (Texas Instruments, Texas, USA).
The analyser design and specifications have
been described.2"' We have improved the tem-
poral resolution of the spectral analyser by
storing the original reflected ultrasound signal
directly to computer memory, while simultan-
eously displaying the on-line spectrally
analysed signal to aid signal acquisition.2 At the
end of signal acquisition the original ultra-
sound information is re-analysed in 5 ms bins,
followed by repeated re-analysis with the bin
being shifted 0 1 ms each time. This allows a
full 5 ms of signal to be analysed each time, but
also allows rapidly changing frequencies to be
resolved because the time bins shift only 0 1 ms
at a time. The resulting temporal resolution lies
between 0-1 and 5 ms, and is approximately
1 ms.

VALIDATION AGAINST PURE SOUND FREQUENCIES
The spectral analyser received pure sound
signals from a high frequency sweep generator
model 144 (Wavetek, USA) with static and
changing frequencies. We compared the
frequency resolution and ability to follow
changing frequencies of a commercial analyser
(Doptek, Chichester, UK) on fast and slow
sweep settings, the Texas instruments analyser
with normal on-line spectral analysis resolu-
tion, and the Texas instruments analyser with
immediate off-line high temporal resolution
analysis. We studied the ability to resolve
frequencies varying between 0 and 1 kHz by
using square wave pulses between 0 and 1 kHz,
sweeps between the two frequencies, and con-
tinuous triangular waves oscillations between
the two frequencies.

VALIDATION AGAINST A FLOW RIG
A flow rig was designed (fig 2) to mimic the
ascending aorta ofadult man. It used a pulsatile
pump to eject a suspension of Sephadex. At a
range of pump stroke distances of 38-54 cm
and power settings of 6 to 15 V. Five pump
beats were measured by three methods: Dop-
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DC motor

Figure 2 Pulsatile flow rig used to test Doppler velocity andflow measurements against
electromagnetic cuff measurements and volumeflow collection.

pler ultrasonic measurement of fluid velocity,
electromagnetic cuff (Medical Flow Meter
System with SEM 275, Feltham, Middlesex)
measurement offluid velocity, and volume flow
by fluid collection. The Doppler ultrasound
was focused so that the pulse volume recorded
velocities occurring as the suspension travelled
through the electromagnetic cuff, the internal
diameter of which was known. Both Doppler
and electromagnetic velocity integrals were

converted to volume estimates by multiplica-
tion with the internal cross sectional area of the
electromagnetic cuff. For the comparison of
Doppler and electromagnetic measurements
both peak flow and stroke volume were com-

pared, and both measurements of volume flow
were compared with absolute flow collected
over five beats.

VALIDATION OF VELOCITY VARIABLES IN

PATIENTS
In six men with coronary artery disease (aged
52-73) diagnostic cardiac catheterisation was

followed by insertion of an electromagnetic
flow catheter to the ascending aorta and simul-
taneous readings were obtained by the elec-
tromagnetic catheter (Mills catheter with SEM
275 analyser, Feltham, Middlesex) and pulsed
wave Doppler ultrasound of blood velocity in

the ascending aorta from the suprasternal
approach. Unselected cardiac beats (.100)
were recorded for each subject at rest and
during various procedures including: pro-
grammed electrical stimulation producing
extrasystoles and post-extrasystolic accen-

tuated complexes; head up and head down
tilting; and inotropic drug stimulation
(intravenous milrinone). The interventions
with vasoactive drugs were part of routine
management or part of separate research
protocols for which ethical approval and
patient consent had been obtained.

VALIDATION OF VOLUME FLOW CALCULATIONS

IN PATIENTS
In 11 patients undergoing right heart catheter-
isation 64 simultaneous thermodilution (Gould
haemodynamic profile computer) and Doppler-
derived measurements of cardiac -utput were

obtained at rest and after various procedures
such as head up and head down tilting,
inotropic drug stimulation (intravenous
milrinone), and vasodilator drug administra-
tion (intravenous prostacyclin or oral

nifedipine). The conditions for which the
patients were undergoing cardiac catheterisa-
tion were ischaemic heart disease (9), conges-
tive heart failure (5), and primary pulmonary
hypertension (2). All patients gave informed
consent for these studies, for which ethical
committee approval had been given. The age
range ofpatients was from 38 to 73 years and all
were in stable sinus rhythm.
The aortic cross sectional area was estimated

on a separate occasion within 24 hours of the
Doppler recording by means of the leading
edge to leading edge convention with cross
sectionally directed M mode echocardiogra-
phic imaging at the level immediately above the
sinuses of Valsalva in mid-systole.12-14

STATISTICAL METHODS
Comparisons between methods were examined
by the method of Bland and Altman.'5 Syste-
matic differences between methods were tested
for by Student's t test (two tailed), a p value of
< 0 05 was regarded as statistically significant.

Results
VALIDATION AGAINST PURE SOUND FREQUENCIES
The spectral analyser received pure sound
signals with static and changing frequencies.
Rapidly changing frequencies were presented
to four different modes of spectral analyser: the
commercial Doptek analyser on slow and fast
sweep settings (spectral analysis time bins of
approximately 10 and 5 ms respectively) and
the Texas instruments analyser on normal
temporal resolution and on immediate off-line
high temporal resolution mode. Table 1 shows
that as the rate ofchange offrequency increases
the lower resolution modes cease to be able to
distinguish the rapidly changing frequencies
and the spectral display becomes a blur spread-
ing from 0 to 1 kHz. This is shown in fig 3A in
which the signal was analysed by a conven-
tional resolution analyser and is perceived as
a wide-band blur of frequencies. The high
temporal resolution mode can, however, still
determine that the signal is a rapidly changing
frequency and the shape of rapidly changing
frequency slope is apparent even when it varies
from 0 to 1 kHz at a rate of at least 100 times a
second (fig 3B). Table 1 lists the changing
frequencies that were resolved adequately by
each analysis mode.

Table 1 Ability offour modes of spectral analysis
temporally to resolve changingfrequencies

Doptek analyser Texas analyser
Mode Slow Fast Normal High Res

Duration (ms):
5 - - - 1,2,3
10 - 1 1 1,2,3
15 1 1,2,3 1,2,3 1,2,3
20 1,2,3 1,2,3 1,2,3 1,2,3

1 = adequately resolved a square pulse of 1 kHz that lasted the
duration specified under the column duration; 2 = adequately
resolved a sweep between 0 and I kHz that lasted the same
duration; and 3 = adequately resolved a triangular wave
continually varying between 0 and 1 kHz with each 0 to 1 to
0 kHz cycle lasting the duration specified under the duration
column. Where none of the signals was adequately resolved a
minus sign is shown.
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Table 2 Results offlow rig experiment

Electromagnetic cuff Doppler
Run PF (ml/s) SV (ml) PF (mils) SV (ml)

1 90 4 68-8 101-9 70 4
2 141-4 73-2 149-9 77-3
3 186-0 80 7 187-6 81-8
4 239-6 81-5 223-6 81-3
5 80-8 55-6 860 56-1
6 115-6 610 121-6 60-4
7 145-6 64-6 148-1 67-0
8 190-8 69-2 185-7 69-5
9 104-8 81 9 114-0 76-5
10 164-2 89-2 163-1 84-3
11 222-2 91*5 211*3 91 0
12 277-0 95-8 258-4 91-0
13 205-2 75-6 1914 66-6
14 123-6 37-3 111*2 36-6

Each value is the mean of five beats per run. Runs 1-4 were
performed with the stroke distance of the piston set at 46 cm
and the power of the pump progressively increased from 6-0 V
to 9-0, 12-0, and 15-0 V. Runs 5-8 used the same progressive
voltage settings with stroke distance at 38 cm, and for runs
9-12 the stroke distance was set at 54 cm. Run 11 was at 12-0 V
at a stroke distance 54 cm with constriction of the outflow
tubing and run 12 was similar with constriction of the inflow
tubing. PF, peak flow; SV, stroke volume.

Figure 3 Frequency signals varyingfrom O to kHz at 100 times per second (each
sweep lasting 10 ms) analysed on the Texas Instruments analysis system with (A)
normal resolution and (B) high resolution modes. During the normal resolution mode the
signal is blurred whereas in high resolution mode the saw-tooth variation infrequency
can be resolved.

VALIDATION AGAINST A FLOW RIG
Table 2 compares measurements of stroke
volume and peak flow by the electromagnetic
cuffand the Texas Instruments Doppler system
in the flow rig. The methods were compared
according to the recommendations of Bland
and Altman."5
They did not give significantly different

results (electromagnetic first): mean (SD) peak
velocity 163-4 (59 1) ml/s compared with 161 0
(51-0) ml/s (NS); mean (SD) stroke volume
73-3 (15-6) compared with 72-1 (14-7) NS.
Table 3 shows the comparison between

either method and the five beat pump volume.
Table 4 shows the comparison by Bland and
Altman's method. Other conditions mimicking
clinical conditions were investigated including
outflow (run 13) and inflow constriction (run 14)
(table 3). The shapes of the velocity profiles

shown by Doppler and electromagnetic cuff
were similar (see single pump beat in fig 4).

VALIDATION OF VELOCITY VARIABLES IN VIVO
Figure 5 shows the comparisons between elec-
tromagnetic catheter derived and Doppler
derived peak velocity, acceleration, and stroke
distance for 621 unselected beats from all
subjects (521 beats for acceleration because in
one subject electrical interference on the tape
made the Doppler estimate of acceleration
impossible) using the Bland and Altman plot
method. The mean and standard deviations of
the differences between the Doppler and elec-
tromagnetic catheter methods were - 005
(6-5)% for peak velocity; -04 (8-7)% for
stroke distance; and - 9 (13 7)% for accelera-
tion. Estimates of minute distance were the
averages of 10 consecutive cardiac beats. The
mean + (SD) of differences between the two
methods was -067 (3-6)% (fig 6).
Table 5 shows the correlation coefficients

between variables measured by Doppler and
electromagnetic methods for individual
subjects.

VALIDATION OF VOLUME FLOW CALCULATIONS
IN VIVO
The results of all simultaneous measurements
between Doppler derived cardiac output and

Table 3 Volumeflow estimates in the rig by
electromagnetic cuff, Doppler, andfluid collectiog

EIM cuff Doppler Fluid collection
Run (I/min) (I/min) (1/min)

1 1-21 1-24 1-15
2 2-04 2-15 1-97
3 3-07 3-11 2-92
4 3-95 3-94 3-77
5 1-00 1-00 0-89
6 1-70 1-68 1-53
7 2-46 2-55 2-32
8 3-35 3-36 3-23
9 1-41 1-32 1 21
10 2-48 2 34 2-30
1 1 3-48 3-46 3-25
12 4-56 4-33 4-34
13 2-89 2-53 2-70
14 1-44 1-41 1-35

See footnote to table 2 for explanation of runs.

T.-.0 6
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Table 4 Volume flow andflow variables expressed as the
mean absolute and percentage differences between methods
and the standard deviations of these differences according
to the recommendations of Bland and Altman (1986)"

Mean difference SD difference

Flow rate (I/min)
D - EM:

Absolute -0-041 0-124
Percentage -1-43 4.75

D - Coll:
Absolute 0-106 0 101
Percentage 5-38 4-69

EM - Coll:
Absolute 0147 0-054
Percentage 6 81 3-24

Peakflow (mlls)
D - EM:
Absolute -2-39 10-29
Percentage -1-60 6-79

Stroke volume (ml)
D - EM:
Absolute -1-16 398
Percentage -1-44 5-37

Coll, collected flow; D, Doppler; EM, electromagnetic cuff.

distance), but there was much more variation
between methods for acceleration.
The Doppler method gave accurate

estimates of volume flow in an artificial flow rig
compared with the absolute flow measurement
when the cross sectional area of the flow rig
tubing was known. In humans volume flow was
compared with thermodilution estimates-
(through a pulmonary artery catheter), which
themselves are subject to a fair degree of
variability and are sources of inaccuracy.'6
Despite this proviso the volume flow estimates
obtained by the Doppler method compared
reasonably well with the thermodilution
method in the subjects we studied, and these
results accord with reports of similar
comparisons of thermodilution and continuous

A

that obtained by thermodilution were plotted
according to the Bland and Altman method (fig
7). The mean and standard deviation of dif-
ferences between methods (thermodilution -
Doppler) was 0 35 (0 67) 1/min. There was a
small but significant underestimation by the
Doppler method compared with the thermo-
dilution method (5-1 (1-4) 1/min compared with
5-5 (1-2) l/min, p < 0-01).

Discussion
These findings show the accuracy of pulsed
wave Doppler estimates of the most commonly
used velocity variables (peak velocity, stroke
distance, and acceleration) against electro-
magnetic cuff and catheter measurements in
both an artificial flow rig and in thehuman aorta.
The Doppler method we used with a new high
resolution spectral analysis system gave an
accurate independent measure of blood
velocity. The accuracy was maintained for peak
velocity and the velocity integral (stroke

Figure 4 Flow profile
from theflow rig
experiment showing the
same beat measured by
electromagnetic cuff (top)
and by Doppler (bottom).
The electromagnetic signal
is displayed as a single line
(averageflow) output
whereas the Doppler
measurement is the
spectral display of the
Dopplerfrequency shift
(proportional to velocity).
The figure shows the
similarity in the shape of
the same beat estimated by
the two techniques.
Comparability of actual
measurements is described
in the text.
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Figure 6 Comparison
between minute distance
for all 10 beat averages
recorded by Doppler and
by electromagnetic catheter
in six subjects. See legend
tofig 5for explanation.
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wave'1719 and pulsed wave Doppler.'3 20 21 These
and more recent reports'0 22 23 give standard
deviations of differences compared with
simultaneous thermodilution estimates of
cardiac output in the range 8-22%.

Inaccuracies in estimating volume blood flow
owe more to inaccuracies in the measurement
of aortic cross sectional area than to the evalua-
tion ofblood velocity itself. This was shown by
a greater similarity in our results between
electromagnetic and Doppler velocity variables
in man and the flow rig than was seen between
either of the velocity based methods and
thermodilution. The small (< 10%, but
significant) underestimation by Doppler
compared with thermodilution in both stroke
volume and cardiac output is probably caused
by errors in measurement of the cross sectional
area of the ascending aorta.
There is no ideal reference standard for

human volume blood flow measurements, but it
seems that the Doppler method is a good
technique in subjects without turbulent blood
flow in the ascending aorta. If we assume that
the cross sectional area of the ascending aorta
does not change appreciably in the short to
medium term or with drugs or moderate blood
pressure changes24 then the ability of the
Doppler method to quantify proportional
changes in cardiac output will be even greater
than its ability to give a single measure of
cardiac output.
The advantages of high resolution spectral

analysis can be seen by the greater temporal
resolution shown when a pure frequency signal
was rapidly changed. Spectral analysers with
larger time bins, and hence lower temporal
resolution, artificially blur rapidly changing
blood velocities, and hence no description ofan
instantaneous maximal acceleration is obtain-
able. Our results support the approach of
averaging a period of the acceleration phase

Table 5 Correlation coefficients between electromagnetic
catheter and Doppler estimates for individual subjects.

Subject Peak velocity Acceleration Stroke distance

1 0-96 0-84 0 97
2 0-92 0-83 0 94
3 0-98 NA 0-95
4 0-90 0-84 0-80
5 0-86 0-80 0 94
6 0-94 0 90 0-90

NA, not available because of electrical interference on tape
recording.

1 n = 64 estimates
*. S

* t 0*0.

j .

.34i 5 6 7 8
Cardiac output (I/min)
(Mean of two methods)

Figure 7 Bland-Altman plot for all paired
measurements of cardiac outputfrom Doppler derived
measurements and simultaneous thermodilution estimates.
The middle line is the mean difference between methods
and the two outer lines are the 95% confidence intervals of
the differences between methods.

over which an adequate number of data points
can be accumulated to give a reliable estimate of
acceleration. The new analyser we describe,
when used in off-line high resolution mode
increases the temporal resolution of Doppler
signals substantially. This allows more detailed
description of rapidly changing blood
velocities, which would be useful in assessing
acceleration, turbulence, and spatially dis-
persed blood velocity profiles. Most Doppler
recordings in cardiological examinations are
obtained on machines that combine echo and
Doppler and in which the spectral analysers
more commonly use a 10 ms time bin for FFT
analysis (similar to the slow sweep setting ofthe
Doptek analyser described here) rather than
the smaller 5 ms time bins used in the Doptek
fast sweep mode or the on-line normal resolu-
tion in our new analyser and the < 1ms time bin
of the high resolution mode off-line analyses.
The results in table 1 show how low is the
temporal resolution of these conventional
analysers.
We found that acceleration was much less

reliable and showed more between method
variation than either stroke distance or
peak velocity, and we argue that it is the least
reliable of the Doppler-derived velocity
measurements.
There is a need for accurate blood velocity

measurements in the ascending aorta and other
parts of the circulation, both to provide a
relatively reliable, safe, and repeatable measure
ofvolume flow rate, and also to investigate non-
invasively blood velocity patterns themselves.
Accurate non-invasive measurements of blood
velocity by Doppler may be the best way of
obtaining information on aortic flow patterns,
blood flow turbulence, and the influence of
pressure-reflected waves on ventriculoaortic
coupling in heart failure and other conditions.

CM was in receipt of a Texas Instruments Computing scholar-
ship at Green College, Oxford.
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