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Objective. We compared the potential effectiveness of echocardiography with electrocardiography
(ECQG) for the selection of phases within the cardiac cycle during which there is relatively little motion.
Determination of such phases may be important for triggering other modalities such as computed
tomography and magnetic resonance imaging. Methods. In a preliminary study in 2 volunteers, simul-
taneous ECG and cardiac echocardiographic data were obtained and analyzed. Various phases of the
echocardiographic data were cross-correlated from beat to beat. Time point pairs from different car-
diac cycles with correlation of 0.8 were selected. Results. Beat-to-beat correlation values peaked at
around 80% of the R-R' interval near the cardiac apex and around 30% of the R-R’ interval near the
cardiac base for 1 subject. For the other subject, the correlation values peaked at around 75% of the
R-R" interval near the cardiac apex. Conclusions. The cardiac cycle phase having maximum spatial
cross-correlation for the longest period varied from subject to subject and also on the portion of the
heart that was being imaged. Echocardiography may be superior to ECG in determining points in the
cardiac cycle when the heart is relatively stationary and can potentially provide more optimal trigger-
ing information for cardiac computed tomography or magnetic resonance imaging. Key words: car-

diac computed tomographic angiography; cardiac gating; cardiac imaging; sonographic gating.
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omputed tomography (CT) and magnetic reso-

nance imaging (MRI) are increasingly being con-

sidered as potential alternatives to more invasive

angiographic studies to evaluate the heart and,
in particular, the coronary arteries."? The fundamental
challenge with cross-sectional imaging of the heart is that
the heart is a moving target, and there is a need to acquire
image slices at the same point in the cardiac cycle from
beat to beat so that 3-dimensional (3D) volume recon-
structions are optimally registered. Electrocardiography
(ECQG) is widely used to trigger image acquisition in these
sophisticated imaging modalities.> Although ECG is
excellent at depicting the instantaneous electrical prop-
erties of the heart and is also very good at predicting the
average spatial location of the heart, it is not necessarily
capable of determining the instantaneous location of the
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heart from beat to beat. Echocardiography, a
real-time instrument just like ECG, is able to
determine the spatial properties of the heart
and can, therefore, potentially be used as a trig-
ger for slice acquisition in cardiac CT or MRI
applications.*

In this preliminary work, our goal was to show,
using 2-time cross-correlation of echocardio-
graphic data from various time points within
different cardiac cycles, that echocardiography
is able to determine when the heart is quasista-
tionary.

Materials and Methods

The human experiments for this research were
performed after the study was approved by the
Institutional Review Board for Medicine at
University of Michigan. Prior written informed
consent was obtained from the 2 subjects
recruited for this study. Both subjects were
healthy male volunteers (ages 57 and 38 years)
without any arrhythmias or prior history of heart
disease.

A System V/Vingmed sonographic scanner (GE
Healthcare, Milwaukee, WI) was used to obtain
the images. For each patient, M-mode images
were obtained in the subxiphoid and left
parasternal approaches with either a 2.5- or 5-
MHz phased array scan head. B-mode images
were also obtained by these 2 approaches. For all
the scanning sequences, simultaneous ECG data
were also obtained with 2 leads: 1 connected to
the right anterior chest at approximately the
fourth intercostal space in the midclavicular line
and the other connected to the left anterior chest
at approximately the sixth intercostal space
midaxillary line (lead II configuration). The
images were stored on a computer disk and
transferred to a workstation for later processing.
The image sequences were processed by soft-
ware routines written by us and by EchoMat (GE
Healthcare) software routines for MATLAB (The
MathWorks, Natick, MA).

We will describe our mathematical methods
with a representative data sample obtained from
1 volunteer. In Figure 1A, we show a representa-
tive left parasternal B-mode image obtained near
the apex from subject 1. The M-mode and corre-
sponding ECG signals are shown in Figure 1, B
and C, respectively. The heart rate for this sample
was 62 beats/min. The temporal resolution of the
M-mode data for these sample data was 4 mil-

liseconds; that is, nearly 250 M-mode lines were
obtained for each heartbeat. The M-mode signal
was range gated to the left ventricular wall for the
analysis not only to reduce the computational
complexity but also because of noise within the
ventricular chamber. For this particular example,
we choose the M-mode signal starting at a depth d,
(=7.7 cm in this case) and extending to a depth d,
(=15.4 cm in this case). The ECG R wave was used
to select the start of each cycle. Within each cycle,
the range-gated M-mode data corresponding to
the depth range that we selected were used, and a
correlation was performed between the M-mode
signal in each 4-millisecond interval of that cycle
and the M-mode signal in each 4-millisecond
interval of a subsequent cycle. The cross-correla-
tion was performed as follows:

d,

N (X t) = X)X (x,8,) = X(2,))
x=d,

C(t 1> t2) =
0,0,

where c(t,,,) was the 2-time spatial correlation
between the 2 vectors of M-mode data at times ¢,
(in the first cycle) and t, (in a subsequent cycle);
X(x,t) was the amplitude of the sonographic
M-mode data obtained at time ¢ and depth x; X(?)
and o, were the mean and SD, respectively, of the
M-mode data vector at time ; and d, and d, rep-
resented the lower and upper limits of the depth
range of the M-mode signal considered.

Once the cross-correlation values for all time
point pairs from each cycle and a subsequent
cycle were obtained, we could select those time
point pairs with correlation values above some
specified threshold.

Results

The correlation values obtained from the analysis
described in “Materials and Methods” are plotted
for the example case in Figure 1D. The x-axis in
this plot represents time along the first cardiac
cycle, and the y-axis represents time along a sub-
sequent cardiac cycle. The color scale mapping of
the correlation values is provided to the right of
the graph: red represents time point pairs that are
highly correlated, whereas dark blue represents
time point pairs that are uncorrelated.

Note that the correlation peaks that are greater
than 0.8 appear to be centered on the diagonal.
This is intuitively reassuring and shows that, in
the absence of an arrhythmia, ECG can be used,

J Ultrasound Med 2005; 24:1519-1526



00 H

B00

400 H

300 H

100 H
oH
100 f{

300

ECG Amplitude (Arbitrary Units)

1 1 1
0.8 16 2.4 32

140

120+

80 -

BOt

Tolerance (in milliseconds)

40+

20}

0 0 20 30 40 50 60
R-R" interval

J Ultrasound Med 2005; 24:1519-1526

4
Time (in seconds) HeartRate =62

?ID

3‘|‘1

%

3]

100

0.00038647 m

Depth Increment

Tridandapani et al

]}
=

[y}
=

200

250

350

400 8

0.8 1.6 2.4 32 4 4.8 5.6
Tirme {in seconds) HeartRate =62

ng

a00

m
[
=

=
[}
=

First Cycle {in milliseconds)

5]
s}
=

- 1 I
200 400 00 a00
Second Cycle (in milliseconds) HeartRate =62

Figure 1. Subject 1, data obtained in the long axis left parasternal
view near the apex. A, B-mode image. B, Corresponding M-mode
data. C, Corresponding ECG. D, Correlation plot of M-mode data
selected over the far left ventricle wall between a randomly selected
cycle and a subsequent cycle. The pixel color provides a measure of
the correlation between time point pairs from 2 different cycles. The
x-axis displays time along the second cycle, and the y-axis displays
time along the first cycle. The color scale on the right provides the
scale for the correlations. E, Tolerance values plotted as a percentage
of the R-R" interval obtained by averaging correlations over 9 cardiac
cycle pairs. Tolerance refers to the largest continuous block of time
around the diagonal for which the correlation values are greater than
0.8. Note that the correlation values have a broad peak in the latter
portion of the cardiac cycle. LV indicates left ventricle; and RV, right
ventricle.
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for example, to trigger acquisition of a CT slice
if CT scanners with infinitely fast gantry rota-
tion speeds are available; however, the width of
the correlation peak is not the same at every
point along the diagonal. For example, at
approximately 400 milliseconds, there is a cor-
relation peak of greater than 0.8 corresponding
also to 400 milliseconds on the y-axis. If a CT
slice is triggered at this point, the slice would
need to be completed in about 4 milliseconds
(maximum temporal resolution for the M-
mode) because there is rapid decorrelation in
the next few milliseconds. Later in the cycle,
from approximately 740 to 840 milliseconds,
we measured the correlation to be greater than
0.80. Thus, for approximately 100 msec, there is
very high correlation, which is enough time to
obtain approximately half of a CT slice on most
modern scanners.

An alternative method of looking at the corre-
lation values is to consider the period that the
correlation values remain above 0.8 for each R-
R' interval. We define this as the “tolerance” or
the quiescent period during which the heart is
relatively stationary. In Figure 1E, we have
plotted this tolerance as a percentage of the R-
R’ interval. The x-axis shows the percent R-R’
interval, and the y-axis shows the tolerance
(quiescent period) obtained as an average
from 9 cycles of correlation between each cycle
and a subsequent cycle. For Figure 1E, we
selected the largest segment of time points
where the correlation continuously remained
greater than 0.8 around the diagonal. Clearly,
from Figure 1, D and E, the 65% to 85% interval
is a good period to trigger the acquisition of a
CT slice.

We now look at data obtained from a second
subject, subject 2, in Figure 2. These data were
also obtained in the long axis left parasternal
view near the apex. Figure 2, A and B, shows the
B- and the M-mode images, respectively. In this
case, the mean heart rate was 58 beats/min; the
corresponding ECG signal is shown in Figure
2C. The M-mode data from the far left ventricle
wall were considered from a depth 0f 10.4 cm to
a depth of 14.3 cm, and correlations were per-
formed as with the previous case. The correla-
tion values are plotted in Figure 2D, and the
tolerance values are shown in Figure 2E. We
note here that the correlation peak is now
around 75% to 85%, and the peak is not as
broad as it was with subject 1.

Next, we look at data obtained again from sub-
ject 2, in Figure 3. These data were also obtained
in the long axis left parasternal view but near the
base. Figure 3, A and B, shows the B- and M-
mode images, respectively. In this case, the mean
heart rate was 56 beats/min; the corresponding
ECG signal is shown in Figure 3C. The M-mode
data from the left ventricle wall from a depth of
10.8 cm to a depth of 13.9 cm were considered,
and correlations were performed. The correla-
tion values are plotted in Figure 3D, and the tol-
erance values are shown in Figure 3E. We can see
here that the correlation peaks appear earlier in
the cardiac cycle between 20% and 40%.

Finally, in Figure 4, we consolidate the toler-
ance (quiescent period) curves for the 3 cases.
From this figure we conclude that the best time
to trigger a CT scan would be slightly different
between subjects 1 and 2 if the scan is to be
obtained near the apex, although there is an
overlapping time that would be satisfactory for
both. We also conclude that the tolerance period
varies considerably within a subject (in this case,
subject 2) depending on the portion of the heart
being evaluated.

Discussion

These preliminary results show that our tech-
nique can provide a noninvasive method of
quantifying and tracking relative cardiac motion
within a cardiac cycle; it can potentially be used
to determine the optimal trigger time and, fur-
thermore, the duration of the quiescent period in
the cardiac cycle when CT slices could be
obtained. Thus, even if ECG is to be used as a
prospective trigger for technical reasons, infor-
mation provided by our technique can be used to
optimize this ECG trigger. Further development
and refinement of this technique could obviate
the need for radiation-intensive retrospective CT
approaches for evaluating coronary arteries. (Of
course, retrospective approaches can also pro-
vide functional information, such as ejection
fraction, and can also be used to evaluate wall
motion abnormalities.) It is clear that gating
defined by cardiac position would be beneficial.
In recent work using retrospective CT data,’ it
was shown that Agatston scores® and volumetric
scores both proved to be highly dependent on
the reconstruction interval used even with the
most advanced CT scanners. It was also shown
that the variable Agatston scores® of diastolic
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Figure 2. Subject 2, data obtained in the long axis left parasternal
view near the apex. A, B-mode image. B, Corresponding M-mode
data. C, Corresponding ECG. D, Correlation plot between a random-
ly selected cycle and a subsequent cycle. E, Tolerance values plotted
as a percentage of the R-R’ interval obtained as an average from 9 car-
diac cycle pairs. Note that the correlation values have a narrower peak
than the corresponding graph from subject 1 shown in Figure 1E. LV
indicates left ventricle.
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Figure 3. Subject 2, data obtained in the long axis left parasternal
view near the base. A, B-mode image. B, Corresponding M-mode
data. C, Corresponding ECG. D, Correlation plot between a ran-
domly selected cycle and a subsequent cycle. E, Tolerance values
plotted as a percentage of the R-R" interval obtained as an average
from 9 cardiac cycle pairs. Note that the correlation values have a
broad peak that appears earlier in the cardiac cycle than the corre-
sponding graph from subject 2 obtained in the long axis left paraster-
nal view near the apex (shown in Figure 2E). LV indicates left ventricle;
MV, mitral valve; and RV, right ventricle.
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reconstructions from different phases of the car-
diac cycle in the same patient can result in com-
pletely different estimations of coronary risk,
which range between low risk and increased risk;
even more surprisingly, nearly 63% of patients
could be assigned to more than 1 risk group, and
10% could be assigned to 3 risk groups. When
examining the width of the tolerance peaks in
Figure 4, one can see the potential effect of
selecting slices from different points in the car-
diac cycle for reconstructions.

In addition, using our method, one could theo-
retically gate during any portion of the heart
cycle. One would only need to estimate the cor-
relation matches of the ultrasonic signals for sets
of projections. For instance, if one wanted to
reconstruct during midsystole, it would just
require more heartbeats to acquire the data. That
is, if the heart is only sufficiently correlated dur-
ing 4 milliseconds of each beat, it would take 50
heartbeats to acquire sufficient data if a 200-mil-
lisecond total time is required for a minimum
reconstruction.

Ultimately, we think that, given the current
state of the art in digital signal- and array-pro-
cessing technologies, it should be possible to
implement the cross-correlation sequence in
real time, thus obtaining a real-time triggering
mechanism that would be independent of ECG.
Thus, a sonographically based gating method
could potentially be applied prospectively.
Finally, sonographic gating could be used to
improve retrospective gating by saving the
time-dependent sonographic images along
with the associated projection data. The corre-
lations would then determine which projec-
tions would be used together to produce the
best reconstructions.

Of course, the presence of an ultrasound trans-
ducer could cause a streak artifact within a CT
scanner or a susceptibility artifact in an MR
scanner. Interference effects may also occur with
MRI requiring shielding of the ultrasound probe
wires, although it has already been shown by
Rubin et al* that Doppler ultrasound scanning
can be used to gate cardiac MRI scans. The tech-
nique we have described, however, could be
used with a very simple, single-element trans-
ducer, which presumably could be designed so
that it has very little effect on the CT or MR
images, similar to ECG electrodes. It is not incon-
ceivable that such a simple probe can be affixed
to the chest wall with tape or adhesive, much like
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Figure 4. Tolerance or quiescent period versus the R-R' interval (percent). These
are curves consolidated from Figures 1E, 2E, and 3E. The tolerance at the apex
is shown for both subjects 1 and 2 and at the base for subject 2. The base has
a quiescent period at around 30%, and the apex has a quiescent period later
in the cycle; this period starts slightly earlier for subject 1 and also lasts longer
than for subject 2.

ECG electrodes, and thus not require an operator
to hold the probe while the patient is being
scanned. Furthermore, we take advantage of the
fact that correlation processing is very resistant
to random noise in data, making “poor image
quality” less of an issue. In fact, it is conceivable
that one could gate off unfocused 3D sonograph-
ic samplings of the beating heart. Any repetitive
time signature in the backscattered echoes
would suffice for gating, even if no image were
produced. These issues will need to be investi-
gated before the implementation of a real-time
approach.

There are some limitations to our study. The
chief limitation is that, in this preliminary study,
we did not evaluate the final CT or MR images
that would result from an implementation of our
approach. Directly combining our gating
scheme with CT data will require access to raw
projection data for retrospective reconstructions
or a direct interface with the CT gantry for
prospective gating. This will require an arrange-
ment with a CT manufacturer, which we do not
as yet have but are in the process of trying to
arrange. A second issue is that we performed
analysis on M-mode data only because of the
preliminary nature of this study. However, the
same type of analysis could be performed with
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2D sonographic scans or unfocused 3D time-
dependent data as mentioned above, although
2D and 3D methods have the problem of
reduced temporal resolution and may or may not
be useful. A further criticism is that we have pre-
sented data from only 2 patients. This is not real-
ly a limitation because our goal was not to show
that a particular R-R' interval can be used to trig-
ger CT optimally across the population. Instead,
our goal was to show that there are variations
between subjects and the portions of the heart
being imaged. Because our goal was to prove
inconsistencies, we needed only 1 counterexam-
ple. Furthermore, the 2 subjects who participat-
ed in this study were healthy subjects; the
variations are likely to be even higher in patients
with arrhythmias. We also arbitrarily chose corre-
lation coefficients of greater than 0.8 as our
threshold. If higher correlations are necessary for
better reconstructions, the threshold would be
adjusted to accommodate them. If lower correla-
tion thresholds are sufficient for certain purpos-
es, they could be used, thus decreasing the
duration of the examination.

In conclusion, we have presented preliminary
data suggesting that cardiac CT or MRI could be
gated with real-time sonography to monitor car-
diac wall motion. The method has the potential to
overcome some of the limitations of ECG and
thus improve the quality and consistency of car-
diac and coronary artery cross-sectional imaging.
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