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Background: Transmitral pulse wave (PW) Doppler and annular tissue Doppler velocity measurements
provide valuable diagnostic and prognostic information. However, they depend on an echocardiographer
manually selecting positions to make the measurements. This is time-consuming and open to variability,
especially by less experienced operators. We present a new, automated method to select consistent Doppler
velocity sites to measure blood flow and muscle function.

Il-‘fg‘c/farrd;i:ography Methods: Our automated algorithm combines speckle tracking and colour flow mapping to locate the septal
Doppler and lateral mitral valve annuli (to measure peak early diastolic velocity, E’) and the mitral valve inflow (to
Pulsed measure peak inflow velocity, E). We also automate peak velocity measurements from resulting PW Doppler
Heart failure traces. The algorithm-selected locations and time taken to identify them were compared against a panel of
Systolic echo specialists — the current “gold standard”.

Heart failure Results: The algorithm identified positions to measure Doppler velocities within 3.6 4- 2.2 mm (mitral inflow),
2135“)1“ J 3.2+ 1.8 mm (septal annulus) and 3.8 + 1.5 mm (lateral annulus) of the consensus of 3 specialists. This was

utomate

less than the average 4 mm fidelity with which the specialists could themselves identify the points. The
automated algorithm could potentially reduce the time taken to make these measurements by 60 + 15%.
Conclusions: Our automated algorithm identified sampling positions for measurement of mitral flow, septal
and lateral tissue velocities as reliably as specialists. It provides a rapid, easy method for new specialists and
potentially non-specialists to make automated measurements of key cardiac physiological indices. This could
help support decision-making, without introducing delay and extend availability of echocardiography to
more patients.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Echocardiography, a safe, portable and non-invasive imaging
modality is commonly used to make measurements of heart function.
An important measurement is the estimation of the peak blood velocity
through the mitral valve using pulsed wave (PW) Doppler. The E (the
velocity of blood flow across the mitral valve) and E’ (the peak rate at
which the ventricle expands to receive this inflow of blood), especially
expressed as the E/E’ ratio shows promise as a surrogate of left
ventricular filling pressure, with both diagnostic and prognostic value
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[1,2]. However, selecting the locations to make these measurements,
currently needs to be done manually by echo specialists, and in the
absence of guidelines stating exactly where to measure, these
measurements are open to variability [3,4].

There have been developments in automatic tracing of spectral
Doppler traces, using methods such as wave contour detection [5], low-
pass filtering, edge detection and thresholding [6,7] and a PHD
(probabilistic, hierarchical and discriminant) framework [8,9]. Howev-
er, these techniques required a human operator to identify the sampling
location in order to produce a trace for subsequent automated analysis.
Nevo et al. [10] developed a semi-automated system to track mitral
valve annulus motion using multidimensional dynamic programming
and apodized block matching, however this again required initial
manual selection of annulus points.

In this study we use a novel, fully-automated method, which uses
speckle tracking and colour flow mapping, to select Doppler measure-
ment positions at the mitral inflow, septal annulus and lateral annulus,
and to make measurements of peak E and E’ velocities from the Doppler
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traces obtained at these positions, without any human selection of
points.

2. Methods

Fig. 1 shows an apical four chamber view, indicating the positions to measure PW
Doppler velocities, and typical spectral Doppler traces that would be obtained at each
position. Our algorithm which was implemented in MATLAB (Mathworks Inc.) uses a
specially devised combination of speckle tracking and colour flow mapping to locate
positions to make key Doppler velocity measurements.

2.1. Automated annulus point selection

The first stage was to apply speckle tracking on the greyscale apical four chamber
image. Speckles arise from scattering, reflection and interference due to inhomogene-
ities, and can be used to follow frame-to-frame tissue motion. Our speckle tracking
algorithm was implemented using a 2D block matching technique, based on
normalized cross correlation.

The motion tracking involves identifying a kernel on one frame of an image, and in
the next frame, searching for a matching speckle pattern within a search window
surrounding the initial kernel. This process is repeated for equally spaced grids across
the whole image, and for all the frames in the video loop. The invalid vectors from the
speckle tracking stage were eliminated using image features such as contrast, intensity
and neighbourhood consistency of the vectors.

Global image parameters i.e. mean velocity and pixel intensity across time were
first used to identify the approximate positions of the septum and two walls in the four
chamber view. The vectors were then used to locate three high velocity regions in the
image identifying the approximate positions of the septum and free walls. The next step
was to locate the exact measurement position of the septal annulus and lateral annulus
by finding the point with maximum diastolic velocity within each region. Fig. 2 shows
the positions selected automatically by the algorithm.

2.2. Automated mitral inflow point selection

The mitral inflow was located by a combination of speckle tracking and colour flow
mapping. The speckle-tracked velocity vectors were first used to extract cardiac timing
information by computing the mean of the vertical component of all vectors in each
frame. This provided an approximate indication of the start and duration of systole and
diastole during the cardiac cycle. Using this information the diastolic frames in the
video loop were used to find regions of vectors pointing apically, which distinguished
the mitral valve from the rest of the image, since the other cardiac structures move
away from the apex in diastole.
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Fig. 2. The square markers at the septal and lateral annuli show the positions selected
by the automated algorithm using speckle tracking, without any operator guidance.

The colour flow image of the area identified as the likely mitral valve location was then
analysed. The colours in the image were mapped to velocities, and the peak velocity in the
analysed area was used as the sampling position for the PW Doppler. Fig. 3 shows an
example of the location of the mitral valve inflow identified by the automated algorithm.

2.3. PW Doppler trace peak

After selecting positions to measure PW Doppler velocities, the traces obtained at
those positions need to be analysed to find the peak E and E’ velocities. These values are
usually obtained by an echo specialist manually placing a cursor on the trace where the
value is recorded. Previous studies have been carried out to automate tracing of the
velocity envelope, but with the aim of making complex measurements. In this case only
the peak velocities are required; therefore a relatively simple approach has been
implemented.

The first stage was to apply a thresholding to the image to separate the background
from the trace. Background pixels incorrectly detected as foreground pixels could be
eliminated by detecting any small unconnected regions, since the peaks in the trace
would consist of large connected regions.
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Fig. 1. Left: apical 4-chamber 2D greyscale image obtained from transthoracic echocardiography showing typical positions selected by specialist echo operators to measure PW
Doppler at the mitral valve inflow, septal annulus and lateral annulus Right: PW Doppler traces obtained at the 3 positions. Peak of early diastolic waves, E and E’, have been

indicated.
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Fig. 3. Apical 4-chamber view freeze frame obtained from colour flow mapping
showing blood flow velocity in the left side of the heart. The marker at the at the mitral
valve inflow shows the position selected by the automated system using colour flow
mapping velocities.

The curve was extracted by selecting a single pixel per column from the thresholded
image, based on a biggest gap (group of consecutive black pixels) criterion. For each
column the first white pixel at the beginning of the gap was selected. This formed an
estimate of the curve envelope, which was smoothed to eliminate noisy regions. The
resulting envelope was used to locate the peaks and extract the peak E and E’ values.

2.4. Algorithm validation

2.4.1. Images

The algorithm's performance was validated on 20 echo studies acquired from
subjects with no significant echocardiological abnormality using a Phillips IE33
machine. Each study consisted of 2 DICOM video loops of 3 cardiac cycles each; a
standard greyscale apical 4 chamber view of the heart and a 4 chamber view with
colour flow mapping across the mitral valve. The resolutions of the images were
640 x 480 or 800 x 600 pixels, and pixel sizes ranged from 0.33 to 0.63 mm/pixel. The
video frame rate was 30 Hz. The images were randomly selected from a database in
order to ensure the sample used was representative of a range of image quality to

evaluate the performance of the algorithm with a “real world™ cohort. 25 PW Doppler
trace images acquired at the mitral inflow, septal annulus and lateral annulus were also
used to test the accuracy of automated peak E and E’ measurement.

2.4.2. Data analysis

For each greyscale video, three echo specialists were asked to select three points on
the image: the mitral valve inflow in order to measure PW Doppler velocity, the septal
annulus of the mitral valve and the lateral annulus to make a tissue Doppler
measurement of E’. The time taken by the specialists to make these measurements was
compared with the time taken by the algorithm. The videos included the same video
repeated in order to assess intra-operator variability. The specialists were also asked to
select late diastolic wave peak values from PW Doppler traces.

Due to the lack of a “gold standard” in Doppler velocity measurement positions, the
Euclidean average of positions selected by the three specialists was used as a consensus
position. In order to evaluate the performance of the automated algorithm in selecting
points on the greyscale image, the distances between the algorithm-selected positions and
the consensus position was calculated. This was compared to the distances between the
positions selected by individual specialists and the consensus position: an inter-operator
variability. The intra-operator variability was calculated separately, by re-presentation of
images to the same specialists.

The peak values selected by the automated algorithm were compared to the values
selected by the specialists, and to the inter-operator and intra-operator variability.

2.5. Statistical analysis

A Bland-Altman analysis [11], was applied to measure agreement between the
horizontal (X) and vertical (Y) coordinates of the positions selected by the algorithm and
those selected by the specialists, and to measure the agreement between the peak values
selected by specialists and the algorithm. The inter-operator variability and errors of the
automated method were compared using the 95% confidence intervals for the limits of
agreement, and a paired t-test was applied to test the significance of any bias. The
time taken by the specialists was also compared to that taken by the algorithm, and a
paired t-test was applied to test the significance of any difference. The threshold of
statistical significance was taken as p<0.05.

3. Results
3.1. Doppler measurement position

Fig. 4 shows freeze frames from 2 video loops, overlaid with the
positions selected by individual specialists and the algorithm to

Fig. 4. Apical 4 chamber images showing positions selected by individual specialists (A, each colour represents a different specialist) and by the automated algorithm (o) at the mitral

valve inflow, septal annulus and lateral annulus.
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Fig. 5. Plots from 20 different patients (laid out in a 5x 4 grid) showing the relative positions selected by specialists (o) and the automated algorithm (o) at the mitral valve inflow,
septal annulus and lateral annulus. Each of the smaller boxes represents a small (20x 20 mm) region from one patient, as shown in the example in Fig. 4.

measure Doppler velocities. Fig. 5 shows the relative positions
selected by specialists and the automated algorithm at each position
for all 20 cases. There is significant variability in the positions selected
by individual specialists; the algorithm-selected positions lie within
the scatter of the specialists.

Fig. 6 shows a comparison of the average distance of positions
selected by the algorithm and specialists from the consensus position.
The points selected by the automated algorithm were at an average
distance of 3.64-2.2 mm (mitral inflow), 3.2+ 1.8 mm (septal
annulus) and 3.8+ 1.5 mm (lateral annulus) from the consensus
position, and specialists selected points at an average distance of
454+ 1.6 mm (mitral inflow), 3.24+1.6 mm (septal annulus) and
3.7+ 1.5 mm (lateral annulus) from the consensus position. There
was no statistically significant difference at the three positions
between the algorithm's and individual specialists' closeness to the
specialist consensus. The discrepancy between the algorithm and
operators was similar to the intra-operator variability; 3.5+ 2.2 mm
(mitral inflow), 3.5+1.8 mm (septal annulus) and 3.94+ 1.5 mm
(lateral annulus), and lower than inter-operator variability; 7.9+
1.8 mm (mitral inflow), 5.54+1.9 mm (septal annulus) and 6.3+
1.6 mm (lateral annulus).

A Bland-Altman analysis was applied to the X and Y coordinates in
each direction. In the X direction, at the septal annulus, the automated
algorithm showed a small bias of 1.4 mm towards the left ventricle,
and in the Y direction, at the lateral annulus, a small bias of 1.5 mm
downward. There was no significant bias in the X direction at the
mitral inflow and lateral annulus and in the Y direction at the mitral
inflow and septal annulus.
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Fig. 6. Comparison between specialists and automated algorithm of the mean distance
of selected position from the consensus position for PW Doppler measurements at the

mitral inflow, septal annulus and lateral annulus.

The 95% confidence intervals for the limits of agreement of the
errors in both methods are shown in Table 1. The inter-operator
variability was significantly higher and had wider limits of agreement
than the discrepancy between the algorithm and specialists, except in
the X direction at the mitral inflow and septal annulus, where there
was no statistically significant difference.

3.2. Computation time

The time taken by the specialists and the algorithm to make these
measurements is shown in Fig. 7. On average the time required by
specialists to make these measurements could be reduced by 60 + 15%
using the automated algorithm. The computation times shown for the
algorithm, are projected times based on the assumption that the
speckle tracking algorithm used would be real-time.

3.3. PW Doppler trace peak velocity

Fig. 8 shows an example of a PW Doppler trace at the mitral inflow,
septal annulus and lateral annulus, with positions to measure peak E
wave velocity selected by specialists and the automated algorithm.
Bland-Altman analysis showed there was no statistically significant
bias in the peak E and E’ measurement. Fig. 9 shows the error in peak
value measurements made by specialists and those made by the
algorithm. The variability in the measurement of peak value by the
algorithm was 2.4 4 1.4% (mitral inflow), 6.0 +-4.7% (septal annulus)
and 5.0+ 5.3% (lateral annulus) which was significantly lower than
the variability in measurements by specialists; 9.8 +5.2% (mitral
inflow), 12.1 + 8.3 (septal annulus) and 8.7 + 3.1% (lateral annulus).
The intra-operator variability at the mitral inflow and septal annulus
was relatively low (2.6 £3.1% and 3.5 £ 3.3% respectively), and 7.3 +
4.8% at the lateral annulus.

Table 1
95% confidence intervals for the limits of agreement of the errors in the X and Y
direction.

Automated system (mm) Inter-operator variability (mm)

n=20 X Y X Y

Mitral inflow 25+08" 2.7+£07 26+038 6.6+1.6
Septal annulus 21+06" 1.94+0.8 20+0.6 53+1.7
Lateral annulus 26407 25408 38+1.1 46+14

Values expressed as mean =+ standard deviation. The automated limits of agreement in
the X direction at the lateral annulus and all three automated limits of agreement in the
Y direction were significantly lower than the inter-operator variability.

* Indicates automated limits of agreement which were not significantly different
from the inter-operator variability.
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Fig. 8. PW Doppler traces showing peak measurement positions selected by individual
specialists (+), each colour represents a different specialist, and the automated
algorithm (o) at the mitral valve inflow (top), septal annulus (middle) and lateral
annulus (bottom).
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Fig. 9. Comparison between individual specialists and the automated algorithm:
Percentage variability in peak E and E’ velocity measurements made from PW Doppler
traces.

4. Discussion

We have developed a novel, fully-automated algorithm to select
points to measure mitral valve PW Doppler velocities, and make peak
E and E’ velocity measurements from PW Doppler traces. The current
necessity for a human operator to select suitable locations for
measurement is time-consuming and results in significant operator
variability. An automated system would facilitate rapid and reliable
measurement of crucial informative echocardiographic parameters,
reducing the time required by more than half, would reduce operator
variability, and would aid consistency.

Previous studies have focused on automatically tracing PW
Doppler traces, but specialists need to manually select points at
which these PW Doppler traces are obtained. Our system automates
this point selection process, making peak E and E’ velocity measure-
ments without requiring any user interaction. The subjects used had a
range of image quality, demonstrating effectiveness with low quality
images, such as occurs in patients with poor echo windows.

4.1. How does the automated algorithm compare with human specialists?

Our study shows that a combination of speckle tracking and colour
flow mapping can select points to make key PW Doppler velocity
measurements as reliably as trained specialists, without needing
human intervention. There was significant disagreement between and
within specialists in selecting a position: the algorithm consistently
selected a position within the cluster of the points selected by
different specialists.

4.1.1. Is the bias in positioning important?

Although the Bland-Altman analysis showed a small but statisti-
cally significant bias in the X coordinates at the septal annulus and Y
coordinates at the lateral annulus, the resulting bias, less than 2 mm,
is much smaller than the between-specialist disagreement. The
automated system makes these measurements within the fidelity of
specialists, and does not increase the degree of error which exists with
the current clinical method.

4.2. Potential time saved

The computation time would be significantly reduced using the
automated system in comparison to a conventional, purely manual
method. This would allow quick measurement of peak velocities,
particularly useful in providing consistent data quality in large
numbers of subjects undergoing screening.

In the present study, all the automated measurements were made
offline. The limiting factor is the length of time taken by the speckle
tracking algorithm. Using our proof-of-concept MATLAB system,
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speckle tracking takes approximately 5 s per frame, due to the time
taken for correlation of each grid with its 256 neighbouring grids. The
optimisation of the speckle tracking algorithm is not in the scope of
this paper, but, there have been several studies investigating
optimisation of speckle tracking for ultrasonic strain imaging [12,13]
which show speed can be increased trading off step size and search
window size, and using a different grid matching technique, such as
the sum of absolute differences. Aside from this, a 10-20 fold speed
improvement could be achieved by software and hardware adapta-
tions. The aim of this paper was to focus on the analysis of the vectors
after the speckle tracking stage, and future development would only
require making the speckle tracking stage real-time, to allow the
Doppler measurements to be made during acquisition.

4.3. Peak velocity measurement

Measurement of peak E and E’ velocities showed significant
operator variability, and the discrepancy between the algorithm and
humans was significantly lower than operator variability for the PW
Doppler traces at all three positions. There was no statistically or
clinically significant bias observed between the algorithm and the
consensus of specialists. The advantage of using the automated
algorithm is that it can measure peak velocity over several beats and
compute the average without adding to the operator's burden, thus
increasing the accuracy of the measurement.

4.4. Study limitations

Due to the lack of definitive standards or independent measure-
ment techniques of peak E and E’ velocity, the performance of our
automated algorithm has been tested using the assumption that the
average of the measurements made by the echo specialists is a
suitable ideal. We believe this is a reasonable assumption because the
aim of this system is to make these measurements as reliably as
specialists. Of course, since this consensus is derived from the same
specialists' judgements, they are statistically advantaged in individ-
ually matching this consensus. Therefore, this study shows that the
automated algorithm is at least as reliable as the specialists.

The images used in this study were taken from an existing
database, and were therefore highly compressed with very low frame
rates, hindering the speckle tracking element of our algorithm.
However, using these compressed images was a good test of ability
of the algorithm to provide useful information when presented with
poor quality images. If incorporated into an ultrasound system, with
access to higher quality images, performance would improve.

Finally, although the data sample used was chosen randomly to
have a representative sample it may not be fully representative of all
patients: no patients with serious valve or myocardial disease were
included. However, since the algorithm does not rely on any specific
structures, but rather on velocities within the image, there is no
reason why it should not work for a wide range of subjects.

4.5. Clinical implications

This study shows how technology can help automate E, E’ and E/E’
measurements, and hence estimation of left ventricular filling
pressure, all of which contribute to the assessment of left ventricular
diastolic function.

This may form part of a system which can automatically obtain and
calculate E/E’, known to predict invasive measures associated with
heart failure, and has prognostic value even in patients with only risk
factors for cardiovascular disease [2].

Echocardiography currently exists as a set of tools, packaged in an
intimidating, complex piece of hardware. As the cost and size of
echocardiographic hardware decreases, the challenge rapidly appearing
on the horizon is how to facilitate non-specialists, who will soon have

access to this equipment, to make reproducible and valid measure-
ments, on certain limited aspects, to support clinical decisions.

In some patients such as those with heart failure, fluid overload or
hypovolemia, serial non-invasive assessments of filling status might
be helpful but are not currently conducted because of the dispropor-
tionate cost of a full echo scan: in such contexts, the ability of a health
care worker with basic training to carry out serial measurements
would fulfil a significant current need, for which this approach may be
an “enabling technology”.

5. Conclusion

We present a novel, fully-automated method which uses speckle
tracking, colour flow mapping and PW Doppler traces, to make
measurements of E and E’ and thus calculate E/E’. The system can
make these measurements as reliably as experts, with no more difference
from the consensus of experts than any individual expert. The system
could potentially reduce the time taken to make these measurements by
half and could allow physicians, nurses or others without full specialist
training in diagnostic echocardiography, to reliably quantify elementary
aspects of cardiac performance. This might be developed into a clinically
useful tool that would provide a fast, reproducible and non-invasive
measurement to assess ventricular dynamics and filling pressure, helping
support clinical decision-making without introducing any additional
delay and extending the availability of quantitative physiological
evaluation to a cohort of patients who would not normally come into
contact with an echocardiographer or cardiologist.
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