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Abstract

Background: Ultrasound imaging of the heart is a commonly used clinical tool to
assess cardiac function. The basis for this analysis is the quantification of cardiac
blood flow and myocardial velocities. These are typically measured using different
imaging modes and on different cardiac cycles. However, due to beat-to-beat
variations such as irregular heart rhythm and transient events, simultaneous
acquisition is preferred. There exists specialized ultrasound systems for this purpose;
however, it would be beneficial if this could be achieved using conventional
ultrasound systems due to their wide availability. The conventional Duplex mode
ultrasound allows simultaneous acquisition, however at a highly reduced spatial and
temporal resolution.

Methods: The aim of this work was to present and evaluate the performance of a
novel method to recover myocardial tissue velocity using conventional Duplex
ultrasound imaging, and to demonstrate its feasibility for the assessment of
simultaneous blood flow and myocardial velocity in-vivo. The essence of the method
was the estimation of the axial phase shift of robust echogenic structures between
subsequent image frames. The performance of the method was evaluated on synthetic
tissue mimicking B-mode image sequences at different frame rates (20-60 Hz) and
tissue velocities (peak velocities 5-15cm/s), using cardiac deformation and displacement
characteristics. The performance was also compared to a standard 2-D speckle tracking
technique.

Results: The method had an overall high performance at frame rates above 25 Hz, with
less than 15% error of the peak diastolic velocity, and less than 10 ms peak timing error.
The method showed superior performance compared to the 2-D tracking technique at
frame rates below 50 Hz. The in-vivo quantification of simultaneous blood flow and
myocardial tissue velocities verified the echocardiographic patterns and features of
healthy subjects and the specific patient group.

Conclusions: A novel myocardial velocity quantification method was presented and
high performance at frame rates above 25 Hz was shown. In-vivo quantification of
simultaneous myocardial and blood flow velocities was feasible using the proposed
method and conventional Duplex mode imaging. We propose that the methodology is
suitable for retrospective as well as prospective studies on the mechanics and
hemodynamics of the heart.
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Background

Cardiac ultrasound and beat-to-beat variations

Ultrasound imaging of the heart is a commonly used clinical tool to assess cardiac
function. The basis for this analysis is the quantification of cardiac blood flow velocities
and myocardial motion. Typically, they are consecutively acquired using separate ultrasound
imaging modes, i.e., on different cardiac beats. Thus, they are not measured in a simultan-
eous fashion, and beat-to-beat variations such as physiological transients (e.g., stress), respir-
ation (load), and heart rate variability is not accounted for [1]. In particular, diagnostic
assessment of patients with irregular heart rhythms, atrial fibrillation, and diastolic dysfunc-

tion would improve from a simultaneous measurement [2].

Simultaneous myocardial and blood flow velocity

Recently, techniques for simultaneous acquisition of myocardial motion and blood flow
velocity were demonstrated. However, they were based on specialized ultrasound scan-
ner systems with customized imaging modes [2,3]. Thus these techniques are not avail-
able to the vast majority of ultrasound users.

On conventional clinical ultrasound systems the Duplex imaging mode achieves a sim-
ultaneous acquisition of myocardial tissue and blood flow velocity (Color Doppler mode,
CDI). Here, the Doppler mode images are interleaved with B-mode images, and colour-
coded on top of the greyscale images. This results in relatively low frame rates (typically
20-40 Hz) of the B-mode sequence; there is a trade-off between CDI and B-mode frame
rates (typical setting is 3:1 between CDI frame rate and B-mode frame rate). In addition,
the B-mode images comprise less image lines compared to standard B-mode, resulting in
a crude 2-D representation of the tissue structures (lower lateral spatial resolution).

Due to the low frame rate and low lateral spatial resolution the speckle pattern
decorrelation is very high [4], and the relative lateral and out-of-plane motion of the
heart will be significant. As a consequence, traditional tissue velocity estimation using
speckle tracking methods [5,6] performs poorly and dedicated software may not allow
the estimation of myocardial velocities.

Aim

The aim of this work was to 1) present and evaluate the performance of a novel
method to recover myocardial tissue velocity using conventional duplex ultrasound im-
aging, and to 2) exemplify its feasibility for the assessment of simultaneous blood flow

and myocardial velocity in-vivo.

Methods

Myocardial velocity quantification

The method to recover the axial tissue velocity was based on five steps (block scheme
of Figure 1A). Initially, a 2-D region-of-interest (ROI) was selected in the image. Next,
the 2-D B-mode images were cropped to the size of the ROI (Figure 1B). The cropped
image sequence will here be denoted I(y, x, t), where y is depth (axial), x is width (lat-
eral), and ¢ is time. Subsequently, the 2-D images were reduced to 1-D representations
by taking the laterally most echogenic structures (Figure 1B) as:

I'(y,t) = mxaxl(y,x7 t). (1)
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Figure 1 lllustration of the myocardial tissue velocity quantification procedure. (A) Block scheme of
the procedure including five steps: Initially. a (ROI) was selected. Subsequently, the ROl was used for
cropping the images in the sequence, prior to reduction of the 2D B-mode images’ echo-pattern to 1D
projections. The tissue velocity was estimated using spatial phase shift and finally the velocity signal was
resampled to increase temporal resolution. (B) lllustration of ROI selection, cropped image and reduction of
image to 1D by taking the lateral echogenic maxima. (C) Myocardial velocity was estimated based on the
spatial phase shift of the 1D projections between pair-wise consecutive frames. Color of schematic
ultrasound images are inverted, where dark area corresponds to an echogenic region.

The motivation for this reduction was that the tissue has a rather poor 2-D image
representation due to relatively few image lines. In addition, the most highly reflective
pixels have the best signal-to-noise ratio (SNR), and represent larger structures
(and not speckle-pattern), thus more likely to be visible between frames at low frame rates
and thus more robust to out-of-plane motion.

The axial tissue velocity was estimated based on the spatial phase-shift of pairwise
consecutive 1-D tissue profiles (Figure 1C). The spatial phase-shift was calculated using
the lag, #, of the maximum of the cross-correlation function, R, as

ny(t) = arg;msz(I/(y, t+dt),I'(y,t)). (2)

The corresponding tissue velocity was then calculated as

v(t) = ny(t)%, (3)

where dy is the axial resolution of the images. To increase the resolution of the esti-
mated velocity, the spatial dimension of the 1-D signals, I'(5;t), were up-sampled by a
factor of 20 prior to the cross-correlation calculation.
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Finally, the tissue velocity signal, v(¢), was resampled at 1000 Hz (from the original
20-60 Hz) using interpolation (cubic splines) in order improve the waveform resem-

blance and allow estimation of timing of peaks.

Evaluation of performance of myocardial velocity quantification

The performance of the method was evaluated using synthetic B-mode septum tissue
mimicking image sequences (see Appendix A for calculation details). Matlab code (ver-
sion 2011b, Mathworks, Nattick, MA, USA) for generating the data can be downloaded
at www.vll.se/mt/fou/). In essence, synthetic B-mode image sector scans with 64 lines
at 45 degrees field-of-view were generated by sampling image planes of a synthetic 3-D
tissue volume (2-D image section shown in Figure 2A) after imposing lateral and out-
of-plane motion displacement of the tissue. In addition, the axial displacement was
achieved by deforming the synthetic volume in the axial direction. The tissue motion
was based on authentic myocardial tissue velocity waveforms (Figure 2B). Ninety-six
cardiac-cycles were simulated for combinations of frame rates between 20 to 60 Hz,
and diastolic peak velocities at 5, 10 and 15 cm/s. The cardiac cycle tissue waveform for
each simulation was randomly selected out of three different ones (Figure 1B). The resulting
axial strain was about 6, 12, and 18% for 5, 10 and 15 cm/s velocities, respectively.

The performance of the proposed method was assessed using A) the estimation error
between the true peak and the estimated peak velocity (E’), B) the timing error between
the true and estimated peaks, and C) the cross-correlation value at the E’ (as a measure
of estimation quality). See Figure 3A for illustration of measures of performance.

In addition, the performance of the proposed method was compared to a standard 2-D
speckle-tracking technique. Two-dimensional cross-correlation was used to calculate the
axial spatial lag between pair wise consecutive frames of the cropped image sequence,
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Figure 2 Example of synthetic image and velocity waveforms. (A) B-mode sector scan of the synthetic
septum cardiac tissue and (B) the waveform of authentic myocardial tissue velocity (three beats) used in
the evaluation of the performance of the myocardial velocity quantification. Region-of-interest (ROI) used
for tissue velocity estimation is shown in A.
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Figure 3 Measures of performance. (A) Example of estimated and true myocardial velocity curves from a
typical simulation of one cardiac cycle at 20 Hz frame rate. Peak error and peak timing error was calculated
as the difference between the true waveform peak amplitude and position, respectively. The velocity
estimation quality (cross-correlation peak) is illustrated in B.

I(y,x,t). Prior to the 2-D cross-correlation calculation, the axial resolution of the
images were up-sampled by a factor 20, and the final tissue velocity signal was re-
sampled at 1000 Hz using interpolation (cubic splines). Thus, the velocity estima-
tion resolution and temporal resolution was comparable as with the proposed
method.

The methods were compared using two separate sets of simulated signals. The first
set featured pure axial displacement of tissue, i.e., no out-of-plane motion and no de-
formation (so called “best-case” conditions). The second set featured axial deformation
as well as out-of-plane motion (so called “worst-case” conditions).

In-vivo duplex mode acquisition

Two subjects participated in this work; one healthy subject, age 40 years, with no med-
ical history of cardiac disease, and one patient with cardiac disease: biopsy-proved her-
editary transthyretin amyloidosis, age 45. Each participant gave a written consent prior
to the tests. The test conformed to the declaration of Helsinki and was accepted by the
local ethics committee of Umea University, Sweden.

Ultrasound image sequences where acquired using a Vivid 7 ultrasound scanner
with a M4S cardiac probe (GE Medical, Horten, Norway) in Duplex mode (B/CDI).
Sector depth, width and location were optimized for maximal frame rate, and
allowing simultaneous registration of motion of the septal myocardial wall and the
blood flow velocity across the mitral annulus. The frame rate of the CDI and B
images were about 100 Hz and 33 Hz, respectively. Image sequences were exported
in hdf5 format, with B-mode and CDI-modes as separate image sequences at 8-bit
resolution, for offline processing.

Blood flow velocity quantification

First, the CDI images of the duplex mode where filtered using a 3 x 3 pixel 2-D median
filter. Next, the mitral blood flow velocity was extracted from a ROI covering the tip of
the open mitral valves. The distribution of blood flow velocities from within this ROI
was visualized as a spectral representation including all frames of the entire cardiac
beat.

Page 5 of 11
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Results

Performance of myocardial velocity quantification

Figure 3 presents the estimated and true myocardial velocity curves from a typical
simulation of one cardiac cycle. In particular, the improvement of the interpolation on
the sampled velocity curve can be seen in Figure 3A, in terms of both peak velocity ac-
curacy and its timing as compared to the true velocity curve.

The results of the performance evaluation are presented in Figure 4A-B. In general,
the performance increased with increasing frame rate and decreasing tissue velocity.
When the frame rate was above 25 Hz, the peak velocity error was on average less
than -15% (Figure 4A), and the peak timing error was less than 10 ms (Figure 4B).
It should be stressed that the theoretical average timing error at 1/(2*frame rate)
without waveform interpolation is much higher (illustrated by dotted line in
Figure 4B). The estimation quality (cross-correlation values at the estimated peak)
increased with increasing frame rate, was in the range 0.5 to 0.9, and was higher
than 0.75 for frame rates above 25 Hz.
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Figure 4 Performance of myocardial velocity quantification method. A) The peak error was calculated
as the relative difference between the true and estimated velocities. B) Peak timing error was the time
difference between the true peak position and the estimated peak position. The theoretical limit (dotted line)
is half the inverse of frame rate and is the upper limit for the non-interpolated timing error. C) Comparison of
performance between the proposed method and 2-D speckle tracking method in mild “best case” conditions
(no lateral or out-of-plane motion, and only axial displacement of tissue). D) Same as in C but in rough “worst
case” conditions (including axial deformation, and out-of-plane motion).
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Figure 4C and 4D present the comparison between the proposed method and the 2-
D speckle tracking technique for simulated signals with 10 cm/s peak velocity. For the
mild conditions the proposed method demonstrated lower error than the 2-D method
for frame rates below 40 Hz, and similar performance above 40 Hz (Figure 4C). For the
rough conditions the proposed method had significantly higher lower error compared

to the 2-D technique below frame rates of 50 Hz.

In-vivo simultaneous blood flow and myocardial velocity

Figure 5 shows an image from the Duplex mode ultrasound sector scan and its overlaid
B-mode and CDI images for the healthy subject. The image was taken during the dia-
stolic filling phase of the heart. Figure 6 demonstrates results from one cardiac cycle on
simultaneous mitral blood flow velocity (top), estimated septum myocardial velocity
(middle), and corresponding electrocardiogram (bottom). A clear difference in filling
patterns was observed between the healthy subject and the patient. For the healthy sub-
ject the peak myocardial velocity preceded the peak blood flow in the diastolic phase,
with E/E’ = 5, and E/A ~ 1.4. For the patient, the peak myocardial and blood flow vel-
ocities were synchronous, E/E’ = 15, E/A ~ 1.0, and the myocardial velocity was much

lower than for the healthy subject.

Discussion

This work presents a novel method for myocardial velocity quantification. The per-
formance of the method was evaluated on image sequences at low frame rates, com-
mon with B-mode image sequences obtained from conventional Duplex mode
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Figure 5 Example of in-vivo Duplex mode ultrasound imaging of the heart from a healthy subject.
Image shows the filling of the left ventricle during diastole (red color is upward flow). The blood flow
velocity (CDI mode) is color-coded on top of the grayscale tissue image (B-mode). The rectangular ROIs
indicate the regions used for myocardial tissue velocity, and mitral blood flow velocity quantification. The
frame rates of the CDI and B-mode image sequences were 100 and 33 Hz respectively. The ECG and
respiration signals are visible at the bottom of the figure.
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Figure 6 Examples of quantification of simultaneous blood flow velocity (top) and myocardial
motion (middle) during one cardiac cycle. The corresponding electrocardiogram (ECG) can be seen in
the bottom figure. The peak diastolic velocities are indicated as E and E’ for blood flow and myocardial
tissue respectively. The peak of the tissue velocity preceded the peak of the blood flow in the healthy
subject (left side), while the patient presented syncronized peaks (right side). The healthy subject also had
higher velocities than the patient. These findings were expected.

ultrasound imaging. In addition, in-vivo simultaneous quantification of blood flow and

myocardial tissue velocity was demonstrated.

Myocardial velocity quantification

The performance of the proposed method shows that the performance was high at
frame rates above 25 Hz, with a peak velocity error of less than 15% and low timing
error (less than 10 ms). It should be stressed that the performance was evaluated on
simulations of myocardial axial deformation in addition to both lateral and out of plane
motion, and thus relatively rough conditions. The low timing error is likely attributed
to the interpolation step of the velocity signal, and was also much lower than the theor-
etical frame rate limited error of 25 ms (at 25Hz).

The performance of the proposed method was comparable with the 2-D speckle
tracking method under the mild conditions (best-case). However, for the rough condi-
tions, the proposed method was superior to the 2-D method below frame rates of 50
Hz. This demonstrates the high robustness of the method at the low frame rates.

The peak velocity error was lower than, and timing error similar to what was found
by Mértensson et al. [7] studying the inter-system variations of tissue velocity imaging
mode (TVI). They used a mechanical tissue phantom with pure axial displacement
and found an error of 12.6% (range 0-34%) on myocardial peak diastolic velocity,
and a timing error of 2.9 ms (range 0.6-10.7 ms). It should be stressed that they
investigated much higher frame rates, between 92-168 Hz, as compared to ours at
about 30 Hz.

The performance of the method was evaluated on synthetic B-mode image sequences
derived using an in-house developed software. While some other studies using simu-
lated ultrasound images have used the Field II simulation program [8], we did not use
this due to the much higher computational complexity. Given the number of simula-
tions required and degrees of freedom included in the myocardial motion and deform-
ation, a comprehensive software for this purpose was developed. The myocardial tissue
texture of the simulated B-mode images resembled the in-vivo images and also images

from synthetic phantoms as used in [7].

Page 8 of 11
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Simultaneous blood flow velocity and myocardial velocity

The results of the simultaneous blood flow and myocardial velocity from the two sub-
jects were in accordance with what was expected: The myocardial motion preceded the
mitral flow in the diastolic filling phase (blood is sucked into the ventricle due to a
pressure gradient) in the healthy subject (Figure 6A). In the patient, there was no vis-
ible time lag between the blood flow and myocardial motion (Figure 6B) which is also
typical for this group of patients. The indices of diastolic function (E/A, and E/E’) were
similar to those reported in the literature for both subjects. Taken together the quantifi-
cation of simultaneous myocardial motion and blood flow velocity was feasible based
on Duplex mode imaging of a healthy and a patient.

One of the main goals in echocardiographic procedures is the estimation of cardiac
pressures and pressure gradients (filling and relaxation pressures within the cavities of
the heart). In particular, the ratio between the blood flow peak early diastolic velocities
and myocardial early velocities (i.e., E/E’) is strongly correlated with the left ventricular
filling pressure (LVEP) [9]. Li et al. [2] showed that this correlation is significantly im-
proved when simultaneous E and E’ is used. Recently our group found that the tem-
poral difference between isovolumic relaxation times (IVRT) measured from blood flow
and myocardial motion (non simultaneous measurement) of early diastole was strongly
correlated with LVFP [10]. Based on the low timing error of the proposed technique in
the present work, a interesting future study is to study the relation between the IVRT
and filling pressure when blood flow and myocardial velocity is measured in a simul-
taneous fashion.

The assessment of mitral flow velocity was based on the distribution of velocities
within a ROI, which is similar to the typical representation in echocardiography [11].
However, it should be noted that the relatively low frame rate of blood flow velocity ac-
quisition is known to cause lower velocities [12].

An important application of the proposed methodology could be in retrospective
studies of simultaneous blood flow velocity and myocardial velocities analysing
ultrasound scan stored in databases. In addition, the method may be applied for
the study of variations in echocardiographic variables and indices over multiple
cardiac cycles, due to the inherent motion robustness and relatively low computa-
tional complexity. Currently the authors are pursuing such studies to further inves-
tigate the coordination between blood flow velocity and myocardial motion in
healthy subjects and in patients.

Conclusions

This work presents a novel method for myocardial velocity quantification. The method
demonstrated strong performance at frame rates above 25 Hz with a peak velocity error
of less than 15%, and a peak timing error of less than 10ms. In addition, the method
was superior to a traditional 2-D tracking method at frame rates below 50 Hz. In-vivo
simultaneous quantification of blood flow and myocardial velocity was demonstrated
based on conventional Duplex-mode ultrasound imaging and the proposed method.
Simultaneous assessment of blood flow and myocardial velocity may allow detailed
studies of the interaction between mechanical and hemodynamical processes within the
heart. We propose that the method can be applied in both prospective as well as retro-

spective studies.
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Appendix A

Synthetic tissue B-mode image sequence generation

Synthetic tissue echo mimicking pattern volumes were generated based on 3-D white
noise, and each pixel value was taken as its 4™ power before the volume was 3-D low-
pass filtered. The lateral resolution was decreased with increased depth. The parame-
ters were set similar to those obtained using Duplex mode on the Vivid 7 (GE Medical,
Horten, Norway), at 45 degrees field-of-view (FOV), resulting in a 3:1 ratio in frame
rate between CDI and B-mode. The scan depth was 15 cm and the axial resolution was
0.2 mm/pixel. Synthetic B-mode image sector scans with 64 lines at 45 degrees FOV
were generated by sampling image planes of the synthetic tissue volume at time stamps
corresponding to a given frame rate (Figure 2A). Line-by-line acquisition was used to
sample the sector scan lines. To simulate lateral and out-of-plane motion the 3-D tissue
volume was displaced in the lateral and the out-of-plane direction, respectively, during
the cardiac cycle, throughout the volume (5 mm peak displacement for both, with dis-
placement waveform taken the same as the axial tissue velocity curve). The septum tis-
sue was positioned in the center of the images with a 0.75 mm thickness, and left and
right ventricles were set to zero intensity. This resulted in a realistic dynamic range. Fi-
nally, the B-mode scans were converted to 8-bit resolution. The axial tissue motion
waveform was taken from a typical tissue velocity measurement [7] (Figure 2B), and
was generated by compressing the axial tissue pattern, and lateral and out-of-plane tis-
sue motion was generated by interpolating the 3-D tissue image according to the corre-
sponding displacement at the time stamps. A random variation in temporal onset of
the waveform was imposed as 0.5/framerate variation, and Gaussian white noise (10 dB,
peak-to-peak) was added to the images.
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