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SUMMARY

Three maximum frequency envelope detection algorithms (the simple threshold method, the modified
threshold crossing method and a modified version of the geometric method) are described and details
of their implementation in real time given. Some practical considerations for these methods are
highlighted. Emulated Doppler signals with different signal to noise ratios were used to evaluate
their behaviour. The results suggest that the three methods have similar performances and that the
best choice in any circumstances is likely to depend on secondary factors, such as whether the signal
to noise ratio of the Doppler signal changes significantly within a recording and whether the
algorithm is to be supervised or has to function totally automatically.
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Interest in obtaining the maximum frequency
envelope (MFE) from Doppler sonograms first
appeared in the work of Gosling et al.'? These
authors were interested in circumventing artefacts
present in zero-crossing detectors °> for a better
estimation of pulsatility index. Their method was
carried out off-line in a semi-automatic way. Since
that time, the intensity weighted mean frequency
(IWMF) follower,** which overcomes many of the
problems associated with the zero-crossing method
and which is under ideal conditions proportional to
volumetric flow, has replaced both the zero-crossing
detector and the maximum frequency follower in
many applications. However, the MFE has become
established in clinical practice®” and has a number
of advantages when compared with other frequency
followers (including the IWMF); since its output is
not significantly influenced by wultrasonic beam
shape it is less affected by wall thump filters and
has higher noise immunity:®

Several approaches have been suggested in the
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literature to carry out MFE detection.®!® Algorithms
using digital techniques have also been proposed.'*'?
Mo et al'® evaluated four different digital methods
for this purpose. According to their study, the modi-
fied threshold crossing method (MTCM) shows a
better performance than the percentile® and the
D’Alessio!! methods, and produces similar results to
a fourth method (the hybrid method) of higher
complexity. ’

Recently, Marasek and Nowicki'® have proposed
a new MFE detector, the geometric method (GM),
and have compared its performance with the per-
centile and the modified threshold crossing methods
for different spectral estimators. The purpose of the
work reported here was to compare the MTCM rec-
ommended by Mo et al'® with the simple threshold
method (STM), where the threshold is subjectively
set by the operator,'* and a modified version of the
recently proposed GM.*

All methods were implemented in real time using
a floating point DSP board. Quadrature Doppler
signals from a carotid artery were digitally stored
and used for qualitative comparison of the three
different methods. Quadrature narrow-band signals
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with a known frequency content and different signal
to noise ratios (SNR) were used for their quantitat-
ive comparison.

DescripTioN oF THE MFE DETECTION
METHODS

Figure 1 illustrates typical spectra of a short Doppler
signal segment obtained from a carotid artery using
both a rectangular window and a Hanning window.
They give information about the intensity of the
combined signal and noise components. MFE detec-
tors have to find the transition between the signal
and the noise regions that corresponds to the highest
frequency present in the signal, but because of the
effects of intrinsic spectral broadening (ISB),} the
maximum frequency is poorly defined and the
transition from signal to noise is not obvious. The
rationale behind the three methods discussed in this
paper are given below.

Simple Threshold Method (STM).

Gibbons et al'* proposed the use of an arbitrary
threshold to detect the transition mentioned above.
This threshold is increased or decreased by the
user through the computer keyboard according to
his/her evaluation of the quality of the resulting
MFE. Having found the threshold that produces the

== with rectangular window

best performance, this is kept constant within a
particular segment of signal. An algorithm which
seeks to automate the threshold selection has been
described by Evans et al.’®

Modified Threshold Crossing Method
(MTCM)

This method is based on D’Alessio’s algorithm.!!
The method considers that the tail of the Doppler
spectrum gives information on the level of the noise
present in the signal, since white noise is equally
spread over all frequencies. An estimation of the
noise made in the tail of the spectrum is then used
for setting a threshold. The magnitude of each bin
of the spectrum (scanning from the upper to the
lower frequency bins) is compared with the thresh-
old and when the magnitudes of two successive bins
are larger than the threshold, the first bin is labelled
as the maximum frequency bin. The application of
this method to each column of the sonogram allows
the determination of a threshold that dynamically
adapts to the SNR. This method assumes that the
rectangular window is applied to the Doppler signal.
However, this window introduces large side-lobes!®
and therefore it is used infrequently.

When other windows are applied to the sampled
Doppler signal there is a smoothing of the noise
present in the tail of the spectrum (Fig. 1 — Hanning
window) and, based on its level, a higher threshold
(relative to the level of the noise) needs to be set
for the MFE detection. To determine this threshold,
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Fig. 1 Doppler signal spectra obtained from a carotid artery using rectangular and Hanning windows.
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the noise estimate is multiplied by a constant that
is empirically chosen for the system in use.’® It
should be noted that in either situation this noise
estimate is also affected by the presence of any anti-
aliasing filters. With the MTCM the signal must
not be present in the tail of the spectrum where
the noise magnitude is estimated. This can cause
difficulties with fixed length FFT systems because
the Doppler spectrum must be confined to the lower
part of the spectrum, requiring the use of a higher
sampling frequency. This implies a poorer spectral
resolution that will give less accuracy in the maxi-
mum velocity estimation.

MoDIFIED GEOMETRIC METHOD
(MGM)

Marasek and Nowicki'® have proposed a method in
which the maximum frequency for each column of
the sonogram is estimated on the basis of the shape
of its integrated spectrum curve (ISC). Figure 2
shows a typical Doppler spectrum and its ISC given
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Fig. 2 Doppler signal spectrum (a) and its integrated spectral
curves at two different system gains (b).

by the curve GED. The maximum frequency of the
spectrum is assumed to correspond to the point
where the perpendicular distance between the ISC
and a reference line is maximum (“f” — Fig. 2).
The reference line (|CD| — Fig. 2) is drawn from
the end of the ISC to the point corresponding to
the frequency which has the maximum magnitude
of the spectrum (“fy”). According to Marasek and
Nowicki,"” this method presents better results than
the MTCM for narrow band signals and similar
results for wide band signals.

In our implementation of this algorithm three
modifications were made. When the blood flow is
changing direction, it is possible to have some. col-
umns of the spectrum in which no flow is detected.
In this case the ISC will be formed only by the
noise power. Application of the geometric method
in this case will produce a spike. To prevent this,
we have introduced a minimum threshold to be
compared to the total power of the spectrum. If the
power is smaller than the threshold, it is assumed
that no flow is present. The result of this has proved
to be quite satisfactory, but again, the use of an
empirical criterion is necessary.

A second problem with the method is that it
depends on the position of the absolute maximum
magnitude in the spectrum which can fluctuate
quite markedly due to the variance of the spectral
estimator, and may also be influenced by noise
spikes. The modified implementation uses a refer-
ence line which links the first to the last point of
the ISC (|GD| — Fig. 2) and therefore is unaffected
by the variation of the estimator.

Marasek and Nowicki'® used the projection of the
maximum distance between the reference line and
the ISC on the frequency axis, making the maxi-
mum frequency detection susceptible to amplifier
gain. If the power of the entire signal is halved
(curve GON — Fig. 2) there obviously is no change
in the maximum frequency, but the projection given
by |KL| is different from that given by |AB|
(Appendix). In order to provide maximum fre-
quency detection independent of gain we associate
its position with the point that corresponds to the
maximum vertical distance between the ISC and
the line from the origin to the end of the ISC, rather
than using its projection (‘fog’ for both curves —
Fig. 2). In spite of these modifications it is possible
to see that this method produces a reasonable detec-
tion of the ‘knee’ of the ISC, which has been shown
to correspond to the maximum frequency.!?

From this description it can be seen that this
method needs a more complex algorithm than the
two previous methods, even so it was possible to
achieve its real time implementation in our system
(described in the next section).
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METHODOLOGY

The system utilised for the evaluation of the three
methods is based on a floating point DSP board
installed in an IBM-compatible PC. For a quantitat-
ive evaluation, white noise (since the Doppler signal
has a Gaussian distribution'’) was sampled from an
analogue generator and processed, using DSP tech-
niques, to produce analogue narrow-band quadra-
ture signals whose frequency content was
determined by digital band-pass filters. A second
IBM-compatible PC was used to sample and store
the quadrature signals whose averaged spectra are
presented in Figure 3. This approach was taken to
include the effect of the anti-aliasing filters in the
assessment of the performance of the MFEs.

The spectrum shown in Figure 3A has a very well
defined maximum frequency (4 kHz) and provides
a good basis for an objective comparison of the
methods. This spectrum does not, however, corre-
spond to those obtained in clinical practice since the
latter are subject to the effects of ISB.8

Al the other simulated Doppler signals
(Figure 3B—3F) were designed to incorporate ISB
effects. These signals were designed to have their
4 kHz frequency components in the fall-off region
being attenuated approximately by half of the stop-
band attenuation. This was done to provide a refer-
ence value for the detections. The signals, whose
spectra are given by Figure 3A, B and C), were used
to analyse the effect of ISB on MFE detection. For
these three signals, the high-pass frequency was set
to 0.4kHz to include the wall-thump filtering
effect.

To analyse the effect of bandwidth on the MFE
detection, the spectrum given by Figure 3D was
made narrower by using higher high-pass fre-
quencies: 1.8 kHz for Figure 3E and 2.56 kHz for
Figure 3F. The low-pass filter specifications used to
generate these signals were unchanged.

The MFEs obtained with the simulated Doppler
signals were digitally stored for statistical evalu-
ation. For further analysis sampled white noise
(therefore incorporating the effect of anti-aliasing
filters) was digitally added to the simulated Doppler
signals to produce different SNRs and the behaviour
of the MFE detection algorithms for these signals
was observed. The SNRs levels utilised were: 25; 20;
17.5; 15; 12.5 and 10 dB.

The waveforms used in these experiments were
sampled at a frequency of 20.48 kHz. The DSP
board anti-aliasing filters were 4th order
Butterworth, having a cut-off frequency of 6 kHz.
The software applied a Hanning window to the data
and calculated a 256-point complex FFT before
implementing the MFE detections. Therefore, the

frequency resolution or bin spacing is equal to
80 Hz/bin.

REsuLTS

500 detections were used to estimate each of the
averaged values and their standard deviations. The
mean value and standard deviation of the detected
maximum bin obtained with each of the three
methods for the signals at different SNRs are shown
in Figures 4 and 5 respectively. In all cases, bin 50
corresponds to the maximum frequency of 4 kHz.

For the STM, several threshold values were tried
to achieve the best envelope detection according to
the subjective evaluation of the operator.

The threshold used in the MTCM must be
empirically set by the programmer according to the
characteristics of the system. The software devel-
oped for this work allows the user to change the
value of the constant to be multiplied by the noise
estimation. This was done in order to find the best
subjective value and because the same constant was
unable to cover the SNR range used in this study.
It was necessary to set a new constant for each of
the SNR ranges in order to compare it with the
other methods. The MTCM is, however, different
from the STM in being able to adapt to small SNR
changes.

The MGM was able to adapt satisfactory to the
different SNR and presented similar values of stan-
dard deviation when compared to the other
methods. The detected values were affected by the
SNR and the intrinsic spectral broadening. Narrow
band signals allow a higher noise contribution for
the integrated spectrum curve which results in a
MFE overestimation for the MGM.

Figure 6 shows the MFE obtained by each of the
methods for the Doppler signal recorded from a
carotid artery. The MGM achieves similar results to
the other methods in spite of being totally auto-
matic. For the other two methods, thresholds were
changed subjectively to produce the apparent best
results.

CONCLUSION

The results show that all three methods have a simi-
lar performance. The STM is more useful for off-
line applications, where several values might be
tried for achieving the best MFE fit. For on-line
applications, it will increase the system complexity
for the user.
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Fig. 3 Spectra of test signals used to compare the performance of the maximum envelope detectors.
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Fig. 4 Bin detections for each of the signals whose spectra are presented in Fig. 3 at different SNR rates. The reference value for each of

them is 50.

The MTCM has a simpler and faster algorithm
than the MGM and may be used where a loss of
frequency resolution is acceptable. However, since
the constant chosen for a given SNR may not be

adequate for another SNR, care should be taken to
determine it in order to achieve the best results. It
has an advantage over the STM in its capacity to
adapt to small SNR changes.
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