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Abstract—The purpose of this study was to investigate the effect of frame rate and probe frequency on the accu-
racy of speckle tracking echocardiography—derived strain measurements in infants. An infant-sized left ventricle
phantom with sonomicrometer crystals was made from polyvinyl alcohol. The examined stroke rates were 60, 120
and 180 strokes per min (SPM). Longitudinal strain and circumferential strain measurements were analyzed from
a total of 1860 cine loops. These cine loops were acquired using two pediatric probes of different frequencies at both
fundamental and harmonic imaging modes. Both probes were examined at different settings (in total, 30 different
frame rate—frequency combinations). At optimal settings, both longitudinal and circumferential strain displayed
high accuracy. Frequency settings did not have a consistent effect on accuracy, while low frame rates led to less
accurate measurements. We recommend a frame rate/heart ratio >1 frame per second/beats per min, especially
for circumferential strain. (E-mail: knut.matre @uib.no) © 2016 World Federation for Ultrasound in Medicine
& Biology.

Key Words: Myocardial strain, Infant, Phantom, In vitro, Frame rate, Frequency, Speckle tracking, Echocardiog-
raphy, Sonomicrometer, Left ventricle.

INTRODUCTION Singh et al. 2010). These studies indicate that optimal
frame rate depends on heart rate, implying that optimal
frame rates for infants are higher than for adults
(typically 40-70 frames per second [FPS]) (Dandel and
Hetzer 2009). When assessing STE strains at different
acquisition settings, if one is to examine the accuracy of
STE strain measurements, a reference method is needed.
One could examine agreement with magnetic resonance
imaging measurements (Singh et al. 2010), but this is not
suitable in non-anesthetized infants. This study examined
strain in an infant-sized ventricular phantom using sono-
micrometry as the reference method (Hjertaas et al. 2013).
There are few investigations into the impact of probe
frequency and the use of harmonic imaging on STE strain
accuracy in infants. A previous study using tissue
Doppler imaging examined the role of probe frequency
and concluded that increased probe frequency had a nega-
tive effect on the reproducibility of strain measurements
(Nestaas et al. 2008).
The aim of this study is to examine the effect of
frame rate, probe frequency and the use of harmonic im-
N . ] aging on the accuracy of both LS and circumferential
i g comspdere o Kot M, Breen DPRenn s (CS) measurements using speckle tracking in an
sity of Bergen, NO-5021 Bergen, Norway. E-mail: knut.matre @uib.no infant-sized phantom.

Myocardial strain is a new parameter for evaluation of left
ventricular function, and longitudinal strain (LS) is
included in the new clinical guidelines for chamber quan-
tification for adults (Lang et al. 2015). Studies have also
shown that strain is a useful echocardiographic parameter
when assessing left ventricular function in infants (Al-
Biltagi et al. 2015; Czernik et al. 2013; El-Khuffash
et al. 2014; Nestaas et al. 2011). It can be obtained by
speckle tracking echocardiography (STE) (Mondillo
et al. 2011). However, STE in infants is challenging due
to high heart rates combined with small heart size
(Forsey et al. 2013). Therefore, there is a need for an
investigation into how STE acquisition settings can be
optimized for this age group.

Two important ultrasound acquisition settings are
frame rate and frequency. The role of frame rate in STE
measurements has been investigated in adults, children
and infants (Rosner et al. 2015; Sanchez et al. 2015;
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METHODS

Ventricular phantom

An infant-sized left ventricular phantom was made
from a mixture of 10% polyvinyl alcohol (PVA) and
90% water (weight fractions). Sonomicrometer crystals
(0.7 mm, Sonometrics Corporation, Ontario, Canada)
were connected to a digital sonomicrometer (DS3-8, So-
nometrics Corporation) and inserted into the phantom
wall at mid-wall level (Figs. la and 1b). The phantom
was connected to a pump that allowed us to regulate
both stroke rate and stroke volume. Note that when dis-
cussing the pump, we use the terms stroke, stroke rate
and strokes per min (SPM), whereas when discussing pa-
tients we use the terms beats, heart rate and beats per min
(BPM). A more detailed description of the phantom pro-
duction as well as the pump can be found in a previous
publication from our group (Hjertaas et al. 2013).

The examined stroke rates were 60, 120 and 180
SPM. For each stroke rate a range of stroke volumes
was applied in order to obtain a range of strain values.
For examination of LS at stroke rates of 60 and 120
SPM, the stroke volume range was 3-25 mL (1-mL inter-
vals). At a stroke rate of 180 SPM, the upper volume limit
was 15 mL since the pump was unable to handle high
stroke volumes at high stroke rates. Stroke volumes
<3 mL were not included when examining LS, as the
deformation was too small to be tracked by the STE soft-
ware. For CS, the stroke volume range was 1-25 mL at
stroke rates 60 and 120 SPM and 1-15 mL at stroke
rate 180 SPM.

Speckle tracking measurements

For each setting of stroke rate and stroke volume, B-
mode cine loops were obtained at a range of frame rate
and frequency settings. Two pediatric cardiac probes of

different frequencies were used, namely a 6 MHz probe
(6 S) and a 12 MHz probe (12 S) using a digital scanner
(Vivid E9, GE Vingmed Ultrasound, Horten, Norway).
Figures 2a and 2b show the different settings for fre-
quency and frame rate for both LS and CS measurements
that were used. Initially, the default frequency settings for
the neonate application of the scanner (9 MHz for the 12
S probe and 8 MHz for the 6 S probe) were used. Then, we
switched to harmonic imaging (5.5/11 MHz for the 12 S
probe and 3.1/6.2 MHz for the 6 S probe). Finally, the 12
S probe was used at 12 MHz, which was the highest
possible frequency. The highest possible frequency for
the 6 S probe was the default frequency. At each fre-
quency setting there were three available frame rates,
which were all examined. Hence, for each stroke rate—
stroke volume combination, 15 different acquisition set-
tings for LS and for CS measurements were applied. In
total, 1860 cine loops were recorded.

The image sector width and depth were kept con-
stant at 65° and 7 cm for LS and 90° and 6 cm for CS
in order to fit the phantom into the sector at all stroke vol-
umes. Because these settings were different when
measuring LS and CS, the frame rates were also slightly
different (Figs. 2a and 2b).

The ultrasound beam focal point (single focus) was
visually adjusted to the depth of the sonomicrometer
crystals for each view. The other settings for image acqui-
sition were kept at the default settings for the preset
neonate application mode. For the 12 S probe these
were: compress = 11, reject = 10, dynamic range = 6.
For the 6 S probe the settings were: compress = 12,
reject = 2 and dynamic range = 6.

The cine loops were analyzed with EchoPac BT13
(GE Vingmed Ultrasound). LS was assessed in the 4-
chamber speckle tracking mode and CS in the short axis
papillary muscle speckle tracking mode. The inner border

o

Fig. 1. Cross-sectional schematic views of the left ventricular phantom with dimensions at rest (“systole”). The red dots
indicate the implanted sonomicrometer crystals. (a) Apical view for longitudinal strain measurements. (b) Short axis view
for circumferential strain measurements. The ultrasound image depth and sector boundaries are indicated.
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Fig. 2. Examined acquisition settings. Both fundamental and harmonic imaging were examined. At each frequency

setting three different frame rates were tested. Hence, 15 acquisition settings were examined for measurements of longi-

tudinal strain and 15 settings for circumferential strain. (a) Apical view (longitudinal strain). (b) Short axis view (circum-
ferential strain). FPS = frames per second.

of the phantom wall was traced and the thickness of the re-
gion of interest adjusted to cover the phantom wall (Fig. 3).
Segmental strain values were acquired from the segments,
which included the sonomicrometer crystals.

In order to calculate intra-observer variability for
STE strain, 20 random apical view B-mode cine loops

and 20 short axis view B-mode cine loops were chosen
4 wk after the initial analysis and re-analyzed by the
same observer (U.K.). The intra-class correlation coeffi-
cient was calculated. Inter-observer variability was as-
sessed the same way except a second observer (J.J.H.)
carried out the second analyses of the same 40 cine loops.
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Fig. 3. Speckle tracking echocardiography using EchoPac BT13 (GE Vingmed Ultrasound). In both (a) and (b), the top

left panels show the B-mode images each with six segments, the bottom left panels show the color strain maps and the

right panels show the strain time curves with pump “electrocardiogram” and peak segmental strain values. (a) Measure-
ment of longitudinal strain using the 12 S probe. (b) Measurement of circumferential strain using the 6 S probe.

Sonomicrometer measurements

In addition to obtaining B-mode cine loops at
different acquisition settings, sonomicrometer measure-
ments were also assessed at each stroke rate—stroke vol-
ume setting. The data from the sonomicrometer
measurements were saved using commercial software
(Sonolab; Sonometrics Corporation, Ontario, Canada).
The distance between the sonomicrometer crystals was

logged in Sonosoft (Sonometrics Corpration). The strain
value was calculated by subtracting minimum distance
between the crystals from the maximum distance, and
dividing this by the maximum distance.

It was not possible to obtain sonomicrometer mea-
surements and B-mode images simultaneously due to
interference between the two acoustic signals. Instead,
they were obtained from successive beats at each stroke
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rate—stroke volume setting. In order to avoid the effect of
any changes in stroke volume during this procedure, so-
nomicrometer measurements were obtained from
different beats at regular intervals. The closest recording
in time to a particular B-mode recording was used for
comparison.

Statistics

Accuracy of STE derived strain measurements was
defined as the agreement with sonomicrometer derived
strain measurements. At each stroke rate, we had a range
of strain measurements (due to the stroke volume range)
at different acquisition settings. The range of strain values
at a particular stroke rate and acquisition setting was
defined as a series. For each series, accuracy was assessed
by Bland-Altman analyses of agreement between STE
strain and sonomicrometer strain (Bland and Altman
1999). In addition, Pearson correlation coefficients be-
tween STE and sonomicrometer strain were also
calculated.

The statistics was carried out using Microsoft Excel
2010 (Microsoft Corporation, Redmond, WA, USA) and
SPSS Statistics 22 (SPSS Inc., Chicago, IL, USA), and
the plots were drawn using SPSS and SigmaPlot 10.0
(SYSTAT Software, San Jose, CA, USA).

RESULTS

As a summary of all the measurements, Table 1 and
2 show the correlation coefficients for all measurements
series, while Figure 4 shows the results of the Bland-
Altman analysis for all series. In general, low frame rates
corresponded to less accurate strain measurements, this
effect being more pronounced for CS than LS (Fig. 4).
This is further illustrated in Figure 5, which shows com-
plete scatter plots and Bland-Altman plots for two
different frame rates for LS measurement (Figs. 5a and
5b) and for CS (Figs. 5c and 5d). Table 3 shows that
optimal frame rate/stroke rate ratios when measuring
LS were 1.4 and 0.7 for 120 and 180 SPM. For CS mea-
surements, optimal frame rate at these stroke rates was
the highest examined frame rate (149.7 FPS).

Increasing stroke rate did not have a large impact on
the accuracy of the strain measurements at optimal acqui-
sition settings. In fact, some of the least accurate CS mea-
surements were obtained at stroke rate 60 SPM at low
frame rates (Fig. 4).

Figure 4 also shows that neither increasing the fre-
quency from 9 MHz to 12 MHz with the 12 S probe nor
selecting harmonic imaging had a consistent impact on
the accuracy of the strain measurements (both CS and
LS). The 12 S probe offered higher frame rates than the
6 S probe. This generally corresponded to more accurate
measurements with the 12 S probe. This was not seen for
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Table 1. Correlation coefficients between STE-derived
strains and sonomicrometry-derived strains for the 12 S
probe at different stroke rates

Correlation coefficient*

Frequency = FR
Strain direction (MHz) (FPS) 60 SPM 120 SPM 180 SPM

Longitudinal 12.0 1624 0.996 0.998 0.992
strain 12.0 1148  0.993 0.996 0.995
12.0 92.8  0.986 0.993 0.993

9.0 186.1  0.998 0.997 0.993

9.0 133.0  0.996 0.996 0.995

9.0 106.4  0.998 0.990 0.990

5.5/11 1829  0.998 0.998 0.997

5.5/11 130.3  0.980 0.996 0.996

5.5/11 103.9  0.996 0.990 0.993

Circumferential 12.0 131.1  0.996 0.995 0.985
strain 12.0 93.8  0.993 0.971 0.931
12.0 75.1  0.988 0.948 0.886

9.0 149.7  0.994 0.997 0.978

9.0 107.9  0.995 0.975 0.923

9.0 86.3  0.992 0.922 0.860

5.5/11 147.0  0.988 0.991 0.976

5.5/11 105.0 0.981 0.972 0.944

5.5/11 842  0.988 0.954 0.964

FR = frame rate; FPS = frames per second; SPM = strokes per min
(stroke rate); STE = speckle tracking echocardiography.

* Pearson correlation coefficient between STE and sonomicrometry
strain.

LS at stroke rate 60 SPM and 180 SPM, where the most
accurate measurements were obtained with the 6 S probe
(Table 3).

The intra-observer intra-class correlation coefficient
was 0.999 for LS and 0.956 for CS, while the correspond-
ing inter-observer intra-class correlation coefficient was
0.998 and 0.987.

Tracking quality was excellent for nearly all record-
ings. However, a combination of high stroke volumes and

Table 2. Correlation coefficients between STE-derived
strains and sonomicrometry-derived strains for the 6 S
probe at different stroke rates

Correlation coefficient*

Frequency  FR
Strain direction ~ (MHz)  (FPS) 60 SPM 120 SPM 180 SPM

Longitudinal 8 99.8  0.996 0.991 0.996
strain 8 71.8  0.993 0.984 0.993
8 57.7  0.993 0.974 0.983

3.1/6.2 1332 0.999 0.973 0.996
3.1/6.2 95.7  0.998 0.957 0.998
3.1/6.2 772 0.996 0.961 0.987

Circumferential 8 72.7 0991 0.857 0.885
strain 8 52.1  0.883 0.914 0.956

8 41.8 0917 0.949 0.863

3.1/6.2 97.0  0.985 0.845 0.859

3.1/6.2 69.3  0.760 0.861 0.751

3.1/6.2 55.7 0.804 0.854 0.715

FR = frame rate; FPS = frames per second; SPM = strokes per min
(stroke rate); STE = speckle tracking echocardiography.

* Pearson correlation coefficient between STE and sonomicrometry
strain.
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Fig. 4. Agreement between speckle tracking and sonomicrometry strains at different acquisition settings. Each point rep-

resents the mean difference between speckle tracking—derived strain and sonomicrometry-derived strain at a specific frame

rate. The error bars are representing * 2 standard deviations of this difference. Each point and error bars corresponds to a

single Bland-Altman analysis and the error bars represent the limits of agreement of the difference. FPS = frames per sec-
ond; SM = sonimicrometry; SPM = stroke per min (stroke rate); STE = speckle tracking echocardiography.

low frame rates led to faulty tracking when using the 6 S The resulting LS range was —3% to —16% at stroke
probe. Among the 1860 segments examined, three images rate 180 SPM and —3% to —19% at stroke rates 60 and
were excluded due to faulty tracking of the segment with 120 SPM. The corresponding CS ranges were —2% to

the crystals. —20% and —2% to —24%.



1666

STE strain (%)

STE strain (%)

STE strain (%)

STE strain (%)

Ultrasound in Medicine and Biology

Volume 42, Number 7, 2016

SM strain (%)

DISCUSSION

Our study shows that accurate LS and CS measure-

ments can be obtained at optimal settings. CS was more
dependent on acquisition settings than LS. Both LS and
CS measurements show high reproducibility.

0 15
o
5 > —= 10+
=
c
g
10 P ad % 57
. =
. 9
£ ™ % o ..
15-] S o & e 5,
A s
" ®
w
o
20 5
25— -10-
T T T T T T T T T T T T
25 20 EC 10 5 0 25 20 15 10 5 0
SM strain (%) (STE strain+SM strain)/2 (%)
o 15
5 ;\? 10
c
3 g
101 o > 5
o H S.
.« o > . [ SRS L I oINS
s . £ o FOSOoEoRga o
o s
w
w
=
20 ® 5
25— -10
T T T T T T T T T T T
25 20 A5 E) 5 0 20 E 10 5 o
SM strain (%) (STE strain+SM strain)/2 (%)
0 15
5 g 10
£
<
s
10-{ & 57
=
9
£ L]
i . £ | D o« ® o o
= - . o
15 < g o L 5 i
"
P w
. =
20 . @ 5
L
.
25 10
T T T T T T T T T T T T
25 -20 -15 -10 5 0 25 20 15 10 5 0
SM strain (%) (STE strain + SM strain)/2 (%)
o 15
o * > =0
oo ° 10-{ .
5 5 © g 00 O
> Se o £ | o T ST
e o ° £ . o o
10 o "o . % 57 g
o =
. Ly
. 7} . ° o
s .
15 g o7
]
. w
o
20 57
251 10
T T T T T T T T T T T T
25 20 A5 10 5 0 25 20 5 10 5 0

(STE strain+SM strain)/2 (%)

Fig. 5. Scatter plots with line of unity (left column) and Bland-Altman plots (right column) displaying agreement be-

tween sonomicrometry strains and STE strains for selected series at stroke rate 120 strokes per min. Longitudinal strain

(LS) at frame rate 133 frames per second (FPS) (a); LS at frame rate 99.8 FPS (b); circumferential strain (CS) at frame rate
131.1 FPS (c); CS at frame rate 97 FPS (d). SM = sonimicrometry; STE = speckle tracking echocardiography.

Frame rate dependency

Our results show a strong frame rate dependency of
CS measurements at all three stroke rates. A possible
explanation for this is the in and out of plane motion in
short axis imaging. The phantom (or ventricle in an
in vivo setting) will shift in and out of the imaging plane
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Table 3. Optimal probe, probe settings and the resulting
accuracy for LS and CS measurements at different stroke

rates

Optimal settings 60 SPM 120 SPM 180 SPM
Longitudinal strain
Probe 6S 128 6S
Frequency 3.1/6.2 12 3.1/6.2
FR (FPS) 95.7 162.4 133.2
FR/SR (FPS/SPM) 1.6 14 0.7
Mean offset* —0.03 0.01 0.33
2 SD' 0.54 0.59 0.71
Correlation coefficient” 0.998 0.998 0.996
Circumferential strain
Probe 12S 128 128
Frequency 12 9 9
FR (FPS) 131.1 149.7 149.7
FR/SR (FPS/SPM) 2.2 1.2 0,8
Mean offset* 2.44 0.01 2.65
2 SD' ) 2.39 1.25 2.74
Correlation coefficient 0.996 0.997 0.978

CS = circumferential strain; FPS = frames per second; FR = frame
rate; FR/SR = frame rate/stroke rate ratio; LS = longitudinal strain;
SD = standard deviation; SPM = strokes per minute (stroke rate).

* Mean offset between STE and sonomicrometry derived strain in %.

T Standard deviation of mean offset in %.

¥ Pearson correlation coefficient between STE and sonomicrometry
strain.

during the contraction-relaxation cycle due to the elonga-
tion and contraction in the longitudinal direction. This
will lead to a more rapidly changing speckle pattern.
Since the basis for speckle tracking is the tracing of spec-
ular patterns (kernels) over successive frames (Leitman
et al. 2004), this would lead to uncertainty in the strain al-
gorithm. Based on this premise one would expect that a
high frame rate is more important in order to track the
kernels accurately during short axis imaging in compari-
son to long axis imaging, especially at a high stroke rate.

The optimal frame rate/stroke rate ratios for CS
measurements (Table 3) are higher than the minimum ra-
tio of 0.5 FPS/BPM that Rosner et al. (2015) recommen-
ded based on their combined in silico—adult study. It is
closer to the result from the reproducibility analysis by
Singh et al. (2010) in children, showing an optimal frame
rate of 60-90 FPS for both LS and CS measurements
when the average heart rate was 75 BPM. We were unable
to increase the frame rate beyond 149.7 FPS for CS mea-
surements due the necessary sector width and depth set-
tings. Most scanners have a limitation in frame rate at a
particular setting to avoid low beam density that will
reduce the lateral resolution and thus the image quality.
Given the high optimal frame rate/stroke rate ratio at
stroke rate 60 SPM, it seems likely that the optimal frame
rate/stroke rate ratio would be greater than what we found
for stroke rates 120 and 180 SPM if no limitation of the
frame rate due to beam density was present.

For LS measurements, Figure 4 indicates that
the optimal frame rate/stroke rate ratio is around 1

FPS/SPM, which corresponds well to a recent study by
Sanchez et al. (2015), showing an optimal frame rate/
heart rate ratio above 0.7 FPS/BPM in preterm infants.
At the same time, the robustness of LS measurements
with regards to frame rate (Fig. 4) also indicates that a
lower frame rate is acceptable. In fact, the most accurate
strain measurements at stroke rate 180 SPM were ob-
tained with the 6 S probe at frame rate 133.2 FPS
(Table 3), while the second most accurate measurements
were close and were obtained with the 12 S probe at
frame rate 182.9 FPS. This also corresponds well with a
previous reproducibility study in adults which found
that a frame rate as low as 30 FPS was acceptable when
measuring LS (but not CS) in adults (Risum et al.
2012). Furthermore, a meta-analysis of strain in adults
did not find a significant inter-study association between
frame rate and LS (Yingchoncharoen et al. 2013).

Frequency dependency

When examining frequency settings for the two pe-
diatric probes, the frequencies selected were the default
frequencies for the “neonate” application as described
under Methods and shown in Figure 2, as well as the
highest harmonic frequencies. These were selected
because we wanted to examine frequency settings that
would typically be used for infants. We found that neither
using harmonic imaging nor increasing in frequency from
9 MHz to 12 MHz affected the accuracy of strain mea-
surements. However, the 12 S probe offered higher frame
rates than the 6 S probe leading to more accurate strain
measurements.

While no previous study has been carried out on the
effect of frequency on STE accuracy in infants, a previous
study investigated the effect of probe frequency on tissue
Doppler imaging—derived strain in infants. It showed that
increasing the Doppler frequency and frame rate using
different probes led to nosier strain measurements. How-
ever, these results were only seen when comparing strain
time curves rather than comparing peak strain values
(Nestaas et al. 2008). When comparing peak strain values,
they found no correlation between frame rate or fre-
quency and the reproducibility of the strain measure-
ments, a result that is similar to this study. However, it
is important to note that tissue Doppler imaging and
STE are fundamentally different echocardiographic
deformation techniques, and the effect of probe fre-
quency is likely to be different.

Previous studies

Most studies in children and adults showed that LS
measurements were more reproducible than CS measure-
ments (Cho et al. 2006; Koopman et al. 2011; Risum et al.
2012; Singh et al. 2010). However, studies that assessed
the accuracy of LS and CS showed more discrepancy.
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A study in dogs using sonomicrometry as the reference
method found that LS measurements with an adult
probe were more accurate than CS measurements
(Amundsen et al. 2006). Later studies, using magnetic
resonance imaging as the reference method, have shown
more variable results regarding relative accuracy of CS
and LS, partly depending on ventricular geometry
(Bansal et al. 2008; Cho et al. 2006; Singh et al. 2010).
Our study shows a higher accuracy of LS compared to
CS, especially at lower frame rates. This can partially
be explained by the in and out of plane motion of the
phantom in the short axis view, as discussed in the
section on frame rate dependency above.

Angle and depth dependency

The segment we examined for CS was almost
perpendicular to the beam direction, whereas the segment
we examined for LS was almost parallel. Angle of inso-
nation plays a role in STE strain measurements, possibly
due to a lower lateral than axial resolution (Forsha et al.
2015). This should be kept in mind when comparing the
relative accuracy of LS and CS. An important distinction
between this study and several previous studies is that we
have examined regional strain in the segment with the
crystals, whereas previous studies present either global
LS or global CS. Global LS and global CS include seg-
ments that are both parallel and perpendicular to the ultra-
sound beam.

Another aspect that should be mentioned is depth.
Cardiac ultrasound probes are sector probes, and the ul-
trasound beams diverge from each other as they move
away from the probe and results in a decreased lateral res-
olution at depth. A recent study showed that there was a
systemic bias in strain measurements between myocar-
dial segments placed on the near-field and far-field of
the ultrasound beam (Forsha et al. 2015). Although it
would have been interesting to examine the effect of
strain from segments at different depths, this was not car-
ried out because a direct comparison with the reference
method was the key feature of this study and strain values
were only read from segments with sonomicrometer
crystals.

Vendor dependency

This study investigates the effect of acquisition set-
tings using equipment from only one vendor. One of the
challenges related to echocardiographic strain measure-
ments has been inter-vendor differences (Marwick
2010). Although inter-vendor difference in strain values
has been reduced in recent years (Yang et al. 2015), an
important follow-up of this study would be to examine
whether our findings are valid for different vendors.
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Experimental set-up

This experiment was conducted using a ventricular
phantom. In addition to using sonomicrometry as the
reference method, further advantages of using this set-
up are control and reproducibility. Strokes with different
stroke volumes can be produced with precision using a
pump attached to a stepping motor. On the other hand,
a ventricular phantom does not include the same electro-
physiological processes as an in vivo left ventricular
contraction. For instance, deformation of the phantom
is caused by passive elasticity rather than active contrac-
tion. However, strain measurement is a measure of defor-
mation, irrespective of the underlying mechanism.
In vitro set-ups are, therefore, suitable for the purpose
of this experiment, and have been utilized in other pre-
clinical investigations into the accuracy of strain mea-
surements (Hjertaas et al. 2013; Sivesgaard et al. 2009).
Nevertheless, there are some limitations that must be
taken into consideration. First of all, the phantom was
made from PVA. Despite the fact that it has been shown
to be a suitable tissue substitute for ultrasound imaging
(Culjat et al. 2010), it does not include the effect of
myocardial fiber orientation on ultrasound backscatter
(Aygen and Popp 1987).

In Figure 3b, the most posterior segment displays a
higher strain than the other segments. This is most likely
due to, in addition to uncertainty in the speckle tracking
software, the fact that the phantom is not completely ho-
mogenous with regards to composition and elastic prop-
erties. This illustrated the importance of acquiring
sonomicrometer-derived strain and speckle tracking—
derived strain from the same segment. Acquiring them
from different segments of the phantom could lead to in-
accuracies in strain comparison that is due to phantoms
heterogeneity. Furthermore, our set-up lacked a thoracic
wall, which is a source of attenuation and reverberations
in clinical imaging. This could have some influence on
our results regarding harmonic imaging since harmonic
imaging includes a reduction of reverberations.

The in vitro set-up introduced artifacts, most impor-
tant of which were reverberations. We placed the phan-
tom and crystals to avoid these reverberations. In
addition, we also wanted to make sure the phantom was
visible throughout the pump cycle. For this reason, the to-
tal image depth was 7 cm. This is a bit larger than the im-
age depth one could have when examining infants (in a
pilot study in infants we found this depth to be
4-5 cm). Although we do not consider this to be a large
error, one should bear in mind that some scanners reduce
the frame rate in response to increasing depth and that the
lateral resolution is decreasing with depth for a sector
probe. It is important to keep in mind that although the
image depth was 7 cm, the beam focus was at the segment
with crystals (approximately 4 cm from the probe in the
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long axis view and 2 cm from the probe in the short axis
view), which is not very different compared to a clinical
situation.

In this study, we used a higher pre-load than is nor-
mally found in infants. This was necessary in order to
create sufficient elastic recoil in the phantom and start
the filling at the correct geometry (Hjertaas et al. 2013).
Hence, a stroke volume of 25 mL in this experimental
setup would correspond to a lower stroke volume in in-
fants. A study of normal values for left ventricular strain
in infants has reported LS to be —16% in the middle
lateral segment and CS to be —25% in the anterior
septal segment (Marcus et al. 2011). Thus, we have ob-
tained and examined both normal and sub-normal strain
values in our experimental set-up.

While the use of adult sized left ventricular phan-
toms is well established (Heyde et al. 2012; Hjertaas
et al. 2013; Lesniak-Plewinska et al. 2010; Martensson
et al. 2011; Surry et al. 2004), to our knowledge, we are
the first to use an infant-sized PVA phantom for assessing
strain measurements using high frequency probes.

CONCLUSIONS

Accurate strain measurements can be obtained at
high heart rates when acquisition parameters are opti-
mized. We recommend using pediatric probes that allow
a frame rate/heart rate ratio above 1 FPS/BPM when
measuring ventricular strain in infants. This is especially
important for CS.
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