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ARTICLE INFO ABSTRACT

Background: Vasodilator stress computed tomography perfusion (sCTP) imaging is complementary to coronary
CT angiography (CCTA), used to determine the hemodynamic significance of coronary artery disease. However,
it requires a separate image acquisition due to motion artifacts caused by higher heart rates during stress,
resulting in increased iodine contrast dose and radiation. We sought to determine whether a novel motion
correction algorithm applied to stress images would improve the visualization of the coronary arteries to po-
tentially allow CCTA + sCTP evaluation in a single scan.

Methods: 28 patients referred for clinically indicated CCTA (iCT, Philips) underwent sCTP imaging (retro-
spective-gating with dose modulation; 100 kVp and 250mA; 5.2 = 4.3 mSv) after regadenoson (0.4 mg,
Astellas). Stress images were reconstructed using standard filtered back-projection (FBP) and also processed to
generate interaction-free coronary motion-compensated back-projection reconstructions (MCR). Each coronary
artery from standard FBP and MCR images was viewed side-by-side by a reader blinded to the reconstruction
technique, who graded severity of motion artifact by segment (scale 0-5, with 3 as the threshold for diagnostic
quality) and to measure signal-to-noise and contrast-to-noise ratios (SNR, CNR).

Results: Visualization scores were higher with MCR for all coronary segments, including 14/86 (16%) segments
deemed as non-diagnostic on FBP images. SNR (7 + 2) and CNR (15 * 8) were unchanged by motion-cor-
rection (7 * 3, p =0.88 and 15 * 5, p = 0.94, respectively).

Conclusions: MCR improves the visualization of coronary anatomy on sCTP images without degrading image
characteristics. This algorithm is an important step towards the combined assessment of coronary anatomy and
myocardial perfusion in a single scan, which will reduce study time, radiation exposure and contrast dose.
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1. Introduction

Cardiac computed tomography (CT) is a versatile imaging modality
that can be used to evaluate coronary artery stenosis, left ventricular
(LV) size and function, and myocardial perfusion. Nevertheless, cardiac
CT imaging is predominantly used as an alternative to invasive cor-
onary angiography, which can accurately assess the presence and se-
verity of coronary artery stenosis [1,2], while the hemodynamic sig-
nificance of the detected stenosis is usually determined separately using
other techniques, such as myocardial perfusion imaging or invasive
angiography with fractional flow-reserve measurements.

Although computed tomography perfusion (CTP) imaging has been
shown to be a useful diagnostic tool [3-5], this technique requires an

additional scan at peak vasodilator stress, which results in increased
radiation and iodine contrast dose, compared to the typical protocol of
computed tomography angiography (CTA) of the coronary arteries
alone. This is because imaging only once during stress, rather than
using two consecutive scans, would hinder the assessment of coronary
anatomy due to increased motion artifacts with higher heart rates in-
duced by vasodilators. In clinical practice, coronary motion during
resting imaging is mitigated by the use of beta-blockers. However, at
peak vasodilator stress, this is not possible.

Despite considerable efforts to prevent motion artifacts by in-
creasing the temporal resolution of the scanners and refining re-
construction algorithms, this remains a major limitation of CTA, espe-
cially in coronary segments that are subject to considerable motion
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even during relatively quiescent phases of the cardiac cycle, such as
diastasis, when CTA images are usually acquired. Further technological
improvements are needed to effectively solve this problem [6-12]. If
found, such a solution could theoretically allow comprehensive eva-
luation of both the presence and severity of coronary stenosis, as re-
flected by the degree of luminal narrowing and the extent of the re-
sultant perfusion defect, from images obtained in a single scan during
peak stress. In this study, we sought to test a novel motion correction
algorithm designed to improve the quality of stress CTP images, as a
step towards achieving this goal.

2. Methods
2.1. Population and study design

We prospectively enrolled 34 patients with symptoms suggesting of
coronary artery disease referred to undergo CTP imaging during vaso-
dilator stress (regadenoson 0.4 mg IV bolus; Astellas, Northbrook, IL).
We excluded patients with prior coronary artery bypass grafting, pa-
cemaker and contraindications to coronary CTA, including known al-
lergies to iodine, renal dysfunction (creatinine > 1.6 mg/dL), inability
to perform a 10-second breath-hold, and contraindications to beta-
blockers or regadenoson, such as chronic obstructive pulmonary dis-
ease, advanced heart block, or systolic blood pressure < 90 mm Hg. The
study was approved by the Institutional Review Board, and each patient
provided written, informed consent before participation.

The quality of visualization of the coronary arteries was compared
between images reconstructed using conventional methodology against
those reconstructed using the novel motion-compensated reconstruc-
tion (MCR). In addition, signal to noise ratio (SNR) and contrast to
noise ratio (CNR) were measured for both types of images to assess the
effects of motion correction on these images and evaluate for image
degradation.

2.2. Image acquisition and reconstruction

After standard resting clinical CT angiography imaging was com-
pleted, CTP imaging was performed with a 256-slice multidetector CT
scanner (Brilliance iCT, Philips Healthcare, Cleveland OH, USA) with a
detector configuration of 128x0.625mm and 0.27 s rotation time.
Images were acquired 1 min after the administration of regadenoson
(Astellas) (0.4 mg, intravenously) which was used to induce hyperemia.
Stress scans were performed using a retrospectively-gated helical pro-
tocol. A tube voltage of 100 kVp and an effective tube current-time
product of 250 mAs was used. To reduce radiation dose, ECG tube
current modulation was used with maximum tube output at the end-
systolic phase (corresponding to 40% of the cardiac cycle), because at
higher heart rates coronary motion is expected to be lowest during this
part of the cardiac cycle. Contrast enhancement was achieved by a
50-70 mL bolus of iodinated contrast (adjusted for body weight) at a
rate of 4mL/s. Image acquisition was triggered by the appearance of
contrast in the descending thoracic aorta (5s after attenuation in-
crease > 50 Hounsfield units [HU] over baseline was detected). The
resulting effective radiation dose for stress imaging was 5.2 *+ 4.3 mSv,
including both the resting CT angiography and stress perfusion ima-
ging.

Images obtained during stress were reconstructed targeting the end-
systolic phase. After standard FBP reconstructions were generated, the
raw projection data were processed off-line to generate coronary MCR
datasets [13]. First, an image volume (i.e., a region of interest) com-
prising of cardiac phases + 5%, + 10% on either side of the targeted
physiologic phase was generated [14], to which vessel enhancement
filtering was applied to enhance dense tubular structures, such as cor-
onary vessels [15]. Following this, an elastic registration was performed
between the targeted and all neighboring phases within the cardiac
volume, resulting in a motion vector field on a per voxel basis that
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describes voxel displacement from the target to all neighboring phases.
Finally, motion-corrected images were generated by applying the mo-
tion vector field during the back-projection process [16]. Motion was
corrected during the weighting steps and in the back-projection process
itself. Additional technical details are described elsewhere [17,18].
Slices were reconstructed with a thickness of 0.8 mm at an increment of
0.4 mm for both FBP and MCR datasets.

2.3. Image analysis

Image analysis was performed by a board-certified cardiologist with
level III certification in cardiac CT. FBP and MCR images were viewed
side-by-side and windowed simultaneously, and the thinnest re-
construction without maximum intensity projection was evaluated. The
reader, who was blinded to the reconstruction technique, graded the
severity of motion artifact for every one of 10 coronary artery segments.
These included: left main (LM), proximal left anterior descending (LAD)
(up to the takeoff of the first diagonal branch), mid LAD (from first
diagonal to second diagonal branch), distal LAD (beyond takeoff of the
second diagonal branch), proximal left circumflex (LCx), distal LCx, the
major obtuse marginal branch or ramus intermedius (OM), proximal
right coronary artery (RCA), mid RCA, and distal RCA.

Each segment was graded on a scale from 0 to 5 to describe severity
of motion artifact and suitability for interpretation as follows: O - vessel
too small to measure (< 2mm); 1 - barely visible; 2 - visible with poor
image quality; 3 - visible with fair image quality; 4 - visible with good
image quality; 5 - visible with excellent image quality. Threshold of 3
was noted to be adequate for diagnosis and interpretation. The score of
each of the 10 evaluated coronary segments was summed to derive a
total image quality score for each patient for both the FBP and MCR
images.

To calculate the SNR and CNR, mean values and standard deviations
of x-ray attenuation in Hounsfeld units (HU) were measured in two
regions of interest drawn in the proximal RCA and the epicardial fat
next to the proximal RCA. CNR was calculated as a ratio between the
mean HU in the proximal RCA and the epicardial fat [19]. In addition, a
region of interest with an area of 100mm? was drawn in the ascending
aorta near the takeoff of the LM coronary artery to assess degree of
contrast opacification. SNR was calculated as a ratio between the mean
HU value (representing the signal intensity) and the standard deviation
(reflecting the noise level).

2.4. Statistical analysis

Continuous variables are presented as mean + SD, and categorical
variables as numbers and percentages. Visualization quality scores for
each of the 10 coronary segments were compared between the FBP and
MCR images, as well as the overall score for each patient, using paired t-
tests, after having ascertained the normal distribution of the data.
Linear regression was used to evaluate the relationships between con-
trast opacification of the aorta, SNR, CNR, and the visualization scores.

3. Results

After excluding 6 patients with poor contrast opacification, a total of
28 patients who were ultimately included in the analysis. Their baseline
characteristics were: age 54 * 9; 56% males; BSA 2.0 = 0.5 m?% 21
with hypertension, 13 with dyslipidemia, 7 with diabetes mellitus, 3
with known coronary artery disease, 10 with smoking history. The
mean heart rate during peak vasodilator stress was 86 * 11 bpm
(range 68-114 bpm) and the systolic blood pressure was
112 + 15 mmHg (range 84-139 mmHg).

Fig. 1 shows examples of perfusion images reconstructed using the
standard FBP technique, which were obtained in 5 different study pa-
tients that received coronary visualization scores from 1 to 5. Of all 28
patients’ coronary artery segments, there were 86,/280 segments (31%)
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Fig. 1. Examples of stress perfusion images reconstructed using standard FBP technique obtained in 5 different study patients that received coronary visualization

scores from 1 to 5.

Fig. 2. Example of stress perfusion images reconstructed using standard FBP technique (left) and the corresponding MCR images (right) obtained in two study
patients, depicting the improvement in the visualization of the right coronary artery with motion correction (see text for details).

that were graded as non-diagnostic (score of < 3). The summed vi-
sualization score for all 10 coronary artery segments was 28.1 = 6.7
(range 16 to 43; median value 27.5), out of a maximum possible 50 in
each patient.

Fig. 2 shows examples of perfusion images reconstructed using the
standard FBP technique and the corresponding MCR images obtained in
two patients. While the proximal and mid segments of the RCA look
blurred on the FBP images, the arteries appear better defined with
sharper boundaries after motion correction. With MCR, the total
summed visualization score improved to 30.3 *= 6.9 (range 18-44;
median value 30.5); this improvement was highly statistically sig-
nificant ( = 0.00003). Importantly, of the 86 segments with non-diag-
nostic image quality (score < 3) on FBP images, 14 segments (16%)
improved by at least one grade by using the MCR approach. Also im-
portant is the fact that no segments deemed as diagnostic on FBP
images (score 3 or above) became non-diagnostic with MCR.

Coronary artery segmental visualization scores and the number of

patients with non-diagnostic segments for both the FBP and MCR
images are shown in Table 1. With the FBP reconstruction, of the 10
segments, the LM was non-diagnostic in the smallest number of patients
(2/28 or 7%), and the mean visualization score was the highest. In
contrast, the largest number of non-diagnostic images was noted for the
distal LAD and OM coronary segments (16/28 or 57%), and these two
segments received the lowest visualization scores. Importantly, with
MCR, the number of non-diagnostic images was reduced in the majority
of segments (6/10). The mean segmental visualization scores increased
in all 10 segments, with the difference being statistically significant in 7
out of 10, approaching significance in 2 out of 10 (proximal LAD and
OM) and not being significant in one segment (LM), which was already
well visualized with the standard FBP reconstruction in 26/28 patients
(93%). MCR did not help in the remaining 2/28 cases.

The average SNR was 7 *+ 2 in the FBP images and 7 * 3 in the
MCR images (p = 0.88). Similarly, CNR did not change significantly
from FBP to MCR in CNR: 15 + 8 versus 15 = 5 (p = 0.94). Average
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Table 1

Coronary artery segmental visualization scores and the number of patients with
non-diagnostic segments for the standard filtered back-projection (FBP) and
motion corrected reconstruction (MCR) images.

Coronary Number of Patients with Visualization Score by p-value
Segment Non-Diagnostic Segments  Segment (paired t-
test)

Standard Motion Standard FBP  Motion

FBP Corrected Corrected
LM 2 2 3.6 = 0.7 3.7 £07 033
pLAD 3 3 3.4 =07 3.5+ 0.7 0.08
mLAD 6 6 3.1 =09 33 =09 0.02
dLAD 16 14 1.8 £ 15 20 =17 0.01
pLCx 9 7 29 += 1.0 3.1 = 09 0.01
dLCx 14 12 23 =13 25 * 14 0.02
OM 16 14 21 =15 23 *+16 0.06
PRCA 5 3 3.1 =*038 3.5 = 0.7 < 0.01
mRCA 9 5 2.7 =+ 1.0 31 1.0 < 0.01
dRCA 6 6 3.0 = 1.0 32 1.1 0.03

Abbreviations: LM - left main, LAD - left anterior descending, LCx — left cir-
cumflex, RCA - right coronary artery; prefixes: pproximal, m — mid, d — distal.

x-ray attenuation in the aortic root was 318 + 96 HU (range 124 to
509). There was no notable correlation between the degree of contrast
opacification and improvement in coronary visualization score (r=-
0.10). Similarly, there was no significant correlation between SNR (r=-
0.10) or CNR (r = 0.17) and the contrast opacification. Finally, the
change in either SNR or CNR from FBP to MCR images did not correlate
with contrast opacification.

4. Discussion

This study was designed to test the ability of the new MCR algo-
rithm that compensates for cardiac motion to improve the visualization
of the coronary arteries by alleviating motion artifacts on end-systolic
images acquired during vasodilator stress. This was motivated by the
idea that these images could potentially be used to assess both coronary
anatomy for detection of coronary stenosis severity simultaneously with
myocardial perfusion for detection of stress-induced ischemia, all in a
single test. We found that the MCR algorithm significantly improved
coronary visualization scores assigned by a reader blinded to the re-
construction technique used. This improvement was noted in many
segments that were suboptimally visualized on FBP images.

One might claim that the level of improvement in coronary visua-
lization we found is only modest, as reflected by the small 2-unit in-
crease in total summed score that spans a scale of 50 units. However, it
is important to remember that segments that were sufficiently well
visualized to allow confident diagnosis are not the target of this tech-
nological development, aimed specifically at reducing motion artifacts.
Thus, one should mostly focus on the improvement in the visualization
of the segments that are deemed non-diagnostic because of motion ar-
tifacts on FBP images. Importantly, in our study, improvement was
noted in 16% of these segments. This included coronary artery seg-
ments that were deemed to be too small to assess. Thus, while addi-
tional refinements of this reconstruction technique would be needed,
even using this first version of the MCR algorithm would allow one in
six patients to potentially avoid further testing.

Of note, our study was not designed to answer the question whether
this level of improvement is sufficient to allow the use of MCR images
obtained during peak vasodilator stress instead of resting images, and
whether their quality is good enough to provide a similar level of di-
agnostic confidence. As stated above, it is likely that further refine-
ments of the reconstruction technique would be needed to achieve this
goal. While the outcome of such technological developments remains to
be determined in future studies that would involve testing of improved
version of the MCR algorithm in larger groups of patients, this pilot
study provides a signal that this approach is indeed effective in
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reducing motion artifacts and is thus a promising step towards the ul-
timate goal of simultaneous evaluation of coronary anatomy and its
downstream hemodynamic effects in a single imaging test.

One noteworthy detail of our study design is that the MCR algorithm
was tested on end-systolic images, rather than on images reflecting the
diastolic rest period (diastasis), as is routinely done to minimize the
same motion artifacts that the MCR algorithm aims to handle. This
detail stemmed from the fact that our ultimate goal is to minimize
motion artifacts on images acquired during peak vasodilator stress,
when heart rates are elevated (typically 80 bpm or higher), and, as a
result, the duration of the diastasis is too short to obtain motion free
images, thus effectively eliminating the theoretical advantage of this
phase of the cardiac cycle in terms of reduced motion [20]. In contrast,
the composite end-systolic motion-free period including the duration of
the isovolumetric relaxation time, although subject to a minor linear
shortening, is relatively constant at these heart rates and thus may be
more suitable for imaging [21-23].

It is not unlikely that data manipulations such as those involved in
the MCR algorithm could theoretically alter the basic characteristics of
the image and thus result in image degradation despite effective cor-
rection of motion artifacts. To rule out this possibility, we measured
SNR and CNR in both FBP and MCR images, and also studied the re-
lationships between these characteristics and the coronary visualization
scores. We found that the differences in reconstruction algorithms did
not result in significant differences in the above image characteristics,
and that they were not related to visualization scores, supporting the
notion that the MCR algorithm does not cause image degradation.
Additional evidence to this effect is the finding that no coronary seg-
ments that were well visualized with FBP reconstruction became non-
diagnostic with MCR processing.

5. Limitations

One limitation of this study is the relatively small sample, which
was a result of the pilot nature of the study and the need to transfer very
large amounts of raw CT data to the manufacturer, since the current
version of the algorithm is not available at this time to users other than
the developers. Another limitation is that under hyperemic conditions,
contrast levels in the aortic root are typically lower than those seen in
resting scans, and low enhancement could potentially impact the per-
formance of the MCR algorithm, especially of the vessel enhancement
filter. Finally, one might view the fact that image quality was graded by
a single reader as a limitation. However, this was done for the sake of
simplicity by avoiding the need to assess the level of inter-reader
agreement, which was not the focus of this study. Importantly, to
minimize the impact of the subjective nature of the assessment of image
quality on the study, the reader was blinded to the reconstruction
technique.

6. Conclusions

In summary, this pilot study tested the ability of a novel re-
construction algorithm that compensates for cardiac motion to improve
the visualization of the coronary arteries by alleviating motion artifacts
on end-systolic images acquired during vasodilator stress. We found
that this novel approach can minimize motion artifacts resulting in
improved visualization of the coronary arteries on images acquired
during peak vasodilator stress by effectively salvaging some of the
segments deemed non-diagnostic on FBP images. Further algorithmic
improvements are needed to increase the success rates of this im-
provement. Additional studies are needed to determine whether this
methodology could potentially lead to the development of a single CT-
based test for combined evaluation of coronary stenosis and its hemo-
dynamic significance.
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