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Abstract

Purpose—To investigate the impact of end-systolic imaging on quality of right coronary
magnetic resonance angiography (MRA) in comparison to diastolic and to study the effect of RR
interval variability on image quality.

Materials and Methods—The right coronary artery (RCA) of 10 normal volunteers was
imaged at 3T using parallel imaging (sensitivity encoding [SENSE]). Navigator-gated three-
dimensional (3D) gradient echo was used three times: 1) end-systolic short acquisition (SS): 35-
msec window; 2) diastolic short (DS): middiastolic acquisition using 35-msec window; and 3)
diastolic long (DL): 75-msec diastolic acquisition window. Vectorcardiogram (VCG) data was
used to analyze RR variability. Vessel sharpness, length, and diameter were compared to each
other and correlated with RR variability. Blinded qualitative image scores of the images were
compared.

Results—Quantitative and qualitative parameters were not significantly different and showed no
significant correlation with RR variability.

Conclusion—Imaging the RCA at 3T during the end-systolic rest period using SENSE is
possible without significant detrimental effect on image quality. Breaking away from the standard
of imaging only during diastole can potentially improve image quality in tachycardic patients or
used for simultaneous imaging during both periods in a single scan.
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A major technical challenge for coronary magnetic resonance angiography (MRA) is cardiac
motion (1). Adverse effects of this motion on image quality can be minimized by acquiring
images during the most quiescent mid-diastolic period of the cardiac cycle (2— 4) which is
typically found in middiastole. This relative motion-free period occurs after relaxation of the
ventricles at approximately 75% of the cardiac cycle, and depending on the heart rate, lasts
for an average of 187 msec (range 66 —330 msec) (1). Both coronary MRA (2— 4) and
computed tomography angiography (CTA) dose modulation (5) protocols are usually set to
acquire images or reconstruct images during this period of the cardiac cycle. However, at the
end of ventricular systole, (approximately 34% of the cardiac cycle) there is another
relatively quiescent period that lasts for approximately 118 msec (range 0 —223 msec) (1).

Though both of these periods’ lengths have an inverse relationship with the heart rate (1), the
duration of systole is less affected by heart rate variability than that of diastole (6). For
example, an increase of 10% in heart rate from 70 to 77 beats per minute (BPM) should
shorten diastasis, on average, from 458 msec to 395 msec (63 msec or 14%) but only change
systole from 399 msec to 384 msec (15 msec or 4%) (7). Hence, for subjects with high beat-
to-beat variability in their RR interval lengths, the temporal position of the middiastolic
period may be more variable than that of the end-systolic period.

For these reasons, end-systolic imaging may be an alternative to more conventional diastolic
imaging as a way to minimize the adverse effects of RR variability. However, the
abbreviated systolic rest period necessitates image data collection in a very short acquisition
window, which typically prolongs scanning time. In the present study, we used parallel
imaging (sensitivity encoding [SENSE]) at 3T to abbreviate the systolic image data
acquisition window to 35 msec. The purpose of this study was to investigate the impact of
end-systolic imaging on the quality of right coronary MRA in comparison to more
conventional diastolic imaging. Simultaneously, the effect of RR variability on image quality
was studied for both end-systolic and late diastolic data acquisitions.

MATERIALS AND METHODS

The right coronary artery (RCA) of 10 healthy adult subjects (three males, 23-45 years old)
was imaged on a 3T Intera scanner (Philips Medical System, Best, The Netherlands) using a
six element cardiac coil for signal reception. All subjects provided informed consent to be
included in the study, which was approved by the Institutional Review Board. Initial scout
scans were performed as previously described by Stuber et al (8). An axial midventricular
vector electrocardiographic (VCG)-gated (9) cine-balanced steady-state free precession
(SSFP) sequence was used to determine the most quiescent periods at end systole and end
diastole (TR = 3.6 msec, TE = 1.8 msec, a = 45°, 50 frames per second). The cine images
were analyzed using the “FREEZE” tool (research software, (10)) to automatically identify
optimum end-systolic and diastolic quiescent periods with a duration of 35 msec.
Additionally, a 75-msec quiescent period during diastole was identified. The values
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produced by the FREEZE tool were entered in the scan parameters as the trigger delay for
coronary acquisitions. These values were used to acquire two sets of 3D segmented k-space
gradient-echo low resolution, navigator, and VCG-gated whole-heart scans for localization
of the RCA at end-systole and in middiastole. For volume targeting of the RCA, a previously
reported three-point planscan tool was used (11). A 3D navigator-gated and vector
electrocardiographic (VCG) R-wave triggered sequence with adiabatic T2-Prep (12) and fat
saturation was then used to image the RCA of each subject in three different scans, applied
in random order using the following parameters:

1 End-systolic short acquisition (SS): ~35 msec acquisition window at end-
systole. TR = 7.6 msec, TE = 2.2 msec, a = 20°, turbo factor or lines per
heartbeat = 5, SENSE factor = 2, field of view (FOV) of 270 x 270 mm,
scan matrix of 380 x 245, in-plane resolution of 1.1 x 0.7 mm and slice
thickness of 3 mm. The images were reconstructed to a matrix size of 512
x 512 (interpolation) with a resultant voxel size of 0.53 x 0.53 x 1.5 mms3.

2. Diastolic short acquisition (DS): middiastolic acquisition with the same
imaging parameters as SS.

3. Diastolic long acquisition (DL): ~75 msec acquisition window with the
same imaging parameters except using a doubled turbo factor of 10 and
half the scan time.

Since the targeted vessel had to be imaged three times in the same volunteer; to shorten the
total scan time, only the RCA was imaged since it encounters the most displacement during
the cardiac cycle (1). Based on a prior publication by Johnson et al (1), the mean end-
systolic rest period minus one standard deviation (SD) was 40 msec by biplanar X-ray
angiography. Hence our choice of 35 msec for both the SS and DS acquisition windows. By
simply doubling the turbo factor used for these acquisitions, we achieve an acquisition
window of approximately 75 msec, which is well within the range of that commonly used
for coronary MRA in general (8,13,14).

To assess the subjects’ RR interval length variability, the VCG and other physiological traces
were recorded in nine of the 10 subjects. In the one subject VCG data was not collected due
to a software malfunction. In the current study, arrhythmia rejection was not used since a
further prolongation of the total scanning time (15) may not easily have been tolerated by
the study subjects. The scanner-labeled R-peaks found in the traces were used to calculate
RR interval lengths throughout the various coronary acquisitions. The RR variability was
measured as the SD of the RR interval length (in msec and as a percent). For each of the
three coronary acquisitions on each patient an RR variability value was calculated and all the
values were averaged together to generate one final estimate of RR variability per volunteer.
To verify the appropriateness of the SD as a measure of the variability, i.e., that the
underlying distribution of interval lengths is normal, a quantile-quantile plot was used.
Briefly, the mean and SD of the RR intervals was calculated and used to generate a
simulated Gaussian distribution. The plot of the actual data versus the simulated distribution
in quantiles (fraction of points above a given value, ranging from 0 to 100 %) and a linear
regression were used to judge the quality of the fit. Only scans R2 > 0.98 were utilized for
calculating the RR-interval variability for each volunteer. All coronary scans met this
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criterion. The Soapbubble tool (16) was then used to quantify vessel sharpness, entire visible
vessel length, and vessel diameter of the reformatted RCA images. The signal-to-noise
(SNR) and contrast-to-noise (CNR) ratios were not determined on purpose since noise
statistics are not easily obtained on SENSE images. The reformatted images were also
randomized and evaluated by two blinded readers for assessment of image quality. A
previously described score of 1-4 (17) was assigned to each image by each reader
individually and as a consensus read. A score of 1, indicated poor image were the coronary
artery is visible, however, with markedly blurred borders or edges; 2, good image were the
coronary artery is visible with moderately blurred borders or edges; 3, very good image were
the coronary artery is visible with mildly blurred borders or edges; and 4, excellent image
were the coronary artery is visible with sharply defined borders or edges. A paired student’s
ttest with Bonferroni correction was used to compare vessel sharpness, and vessel length,
while a Wilcoxon test was used for statistical comparison of the image quality scores. A
linear regression analysis was used to correlate RR variability in msec to these three
parameters. A Pvalue of less than 0.05 was considered statistically significant.

The RCA was imaged successfully in all 10 subjects using a short acquisition window
during diastole and systole, and a prolonged acquisition window during diastole. An
example that shows an RCA obtained with all three techniques is shown in Fig. 1. The scan
time was approximately six minutes and three minutes for the short (DS, SS) and long (DL)
window acquisitions, respectively. The mean trigger delay determined by the FREEZE tool
for acquiring SS images was 305 msec (60 msec), for DS images it was 668 msec (£85
msec), and for DL images it was 642 msec (£106 msec). The average vessel length,
diameter, vessel sharpness, and consensus score for each technique is shown in Table 1. No
statistically significant difference was found when comparing these three approaches (P =
not significant [NS]). Bland Altman analysis plots (Fig. 2) demonstrate the close agreement
between the techniques.

The subjects’ heart rates ranged from 55 to 100 (average 75.5 + 13.8) BPM with a mean RR
variability ranging from 42 to 91 msec with an average of 59 + 16 msec. Of particular note,
none of the qualitative parameters showed a statistically significant correlation with RR
variability. The regression lines in Fig. 3 do appear to suggest a trend for reduced vessel
length as a function of RR variability for diastolic RCA imaging compared to the systolic
images (Fig. 3). However, if the points at RR variability of 0.08 second are removed (where
the vessel lengths are the shortest) the regression lines will be essentially flat. Thus a
significant relationship between RCA length and imaging at the diastolic vs. systolic phases
was not established.

DISCUSSION

3D coronary MRA with free-breathing is a valuable non-invasive tool for the evaluation of
coronary artery disease (18,19), without the use of radiation and potentially nephrotoxic
contrast agents. However, the sensitivity and specificity of these techniques at 1.5T has not
reached that of coronary CTA which has been reported to be as high as 95% and 98%,
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respectively (20). This is probably attributable to the lower SNR resulting in inferior spatial
and temporal resolution compared to CT. With the advent of commercial 3T scanners, it was
anticipated that these coronary MRA shortcomings might be at least partially overcome.
This is due to the improved SNR that results from increased strength of the static magnetic
field at 3T (8,14). However, this improved SNR did not have a significant positive effect on
coronary image quality or accuracy for the detection of coronary artery disease (14).
Therefore, it might be more useful to exploit this higher SNR at 3T for the improvement of
temporal resolution and/or shorten overall scan time, thereby, improving image quality of
the coronary arteries. This approach requires utilization of parallel imaging in the form of
SENSE (21), which effectively reduces SNR. However at 3T such a reduction might be
tolerated due to the SNR reserve. This concept has been demonstrated by Huber et al (22)
where coronary image quality was preserved despite the two-fold reduction of scan time
achieved by using SENSE at 3T. Utilizing SENSE at 3T has also been shown to be a
valuable combination to shorten acquisition widows allowing for simultaneous acquisition
of the right and left coronary arteries using two different 3D slabs during diastole without
compromising image quality (23).

This study extends the utility of such a combination by demonstrating the feasibility of
imaging the RCA at 3T during the end-systolic rest period. To date, this has never been
demonstrated at 3T or 1.5T using the free-breathing technique utilized in this study.
Duerinckx and Atkinson (24) did, however, demonstrate the feasibility of coronary MRA
imaging during peak systole at 1.5T. In their study, Duerinckx and Atkinson (24) utilized
breath-holding techniques and acquired images during peak systole using a fixed trigger
delay of 150 msec irrespective of heart rate which is a different approach compared to our
study were we employed free-breathing techniques and a trigger delay of approximately 305
msec (£60 msec) for end-systolic imaging; which was determined by the subjects’ heart rate
and cardiac motion analysis (using the FREEZE tool). More importantly, we used a shorter
acquisition window of 35 msec only for end-systolic imaging as apposed to the 117 msec
window employed by Duerinckx and Atkinson (24). The use of a shortened acquisition
window was made possible by taking simultaneous advantage of SENSE and the increased
SNR available at 3T. By using such a short acquisition window, imaging during the
abbreviated quiescent end-systolic period does not have a significant detrimental effect on
image quality as demonstrated by vessel sharpness, length and diameter and subjective
scoring of image quality. Utilizing such a short acquisition window comes at the expense of
an increase in scan time which may carry the risk of patient bulk motion and/or
diaphragmatic drift. A resultant decrease in navigator efficiency and a reduced image quality
may therefore be expected. However, by also including DS acquisitions with imaging time
equivalent to that of the SS acquisitions, we have demonstrated that shortening the
acquisition window does not significantly affect image quality. The lack of SNR
measurement is a relative limitation of this study. However, this may have been a misleading
measurement because of the use of SENSE, which results in a high variability of noise
across the FOV. Since the same parameters and SENSE were used for all the acquisitions, it
was felt that changing the turbo factor should not significantly affect SNR and that vessel
sharpness, length, diameter, and subjective image quality score would be good indicators of
any deleterious impact of imaging at end-systole. Another limitation is that we did not test
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the effects of RR variability rejection algorithms on image quality. This would have required
scanning the subjects’ RCA six times in one setting which would have doubled the overall
scan time and may have added motion artifacts due to subjects’ discomfort.

Although, there is no statistically significant effect of RR variability on all three techniques,
imaging during end-systole appears to be least affected by such variability as suggested by
the vessel length comparisons shown in Fig. 3. This is probably because the variability
affects the longer diastolic aspect of the cardiac cycle more than the shorter systolic aspect
which would have less room for change from one heart beat to the next. However, we do
acknowledge that this trend is nonsignificant and may be attributable to only a few outlying
data points. Nonetheless, we have demonstrated that end-systolic imaging using a short
acquisition window is a valuable alternative, which has to be considered in individuals with
RR variabilities or in patients with short or nonexistent middiastolic rest periods. Further
studies in tachycardic patients will be needed to define these advantages more clearly.

In conclusion imaging during the middiastolic period has been successful enough that it is
an integral part of both MR and CT angiography strategies. This study demonstrates that it is
possible to break away from the standard of imaging during diastole only. This is made
possible by exploiting the higher SNR at 3T, which allows for the implementation of SENSE
to utilize shorter acquisition windows without any detrimental effect on image quality.
Acquisition at end-systole can potentially improve image quality in tachycardic patients with
short RR intervals or in patients with high heart rate variability. Another potential
application is simultaneous imaging during both periods in a single scan to acquire, for
example, the slab targeting the left coronary artery during end-systole and the RCA during
diastole. Further studies using the coronary artery disease population would be beneficial to
further identify any potential advantages of imaging during end-systole.
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DL 70ms

SS 35ms

DS 35ms

Figurel.

Coronary MRA of the RCA obtained in the same subject in diastole using a long (blue

Page 8

frame) and short (green frame) acquisition window. Image acquired using a short acquisition
window at end-systole (red frame). Same color scheme is used on the electrocardiogram

tracing to indicate position of acquisition in the RR interval. DL = diastolic and long

acquisition window, DS = diastolic and short acquisition window, SS = systolic and short

acquisition window.
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Figure 2.

DL vs. DS Length

DL vs. DS Sharpness

Bland Altman analysis plots demonstrating agreement between the three different techniques
when comparing vessel length (mm), diameter (mm), and sharpness (%). The Y axis is the
difference between the techniques and X axis is their average. The blue line is the mean
difference and red dotted line is 1.96 SD. DL = diastolic and long acquisition window; DS =
diastolic and short acquisition window, SS = systolic and short acquisition window.

J Magn Reson Imaging. Author manuscript; available in PMC 2016 July 29.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gharib et al.

Variability vs Vessel Length

Page 10

-
(o]
o

b
s
o

e
n
o

ki
(=3
o

b ¢

[+2]
o

# Diastolic Long

B Diastolic Short

A Systolic Short
=== inear (Systolic Short)

Vessel Length (mm)
<]
o

'y
o

ly = -543.79x + 140.75

R?=0.179

y =-599.05x + 147.62

R? =0.2547

20 — i i
L!near (Dfastol,c Long) y = -175.00% + 120,00
~==Linear (Diastolic Short) R?=0.0171
0 T T T T u -
0.0300 0.0400 0.0500 0.0600 0.0700 0.0800 0.0900

RR Variabilty (sec)

Figure 3.

0.1000

Linear regression fits for vessel length compared to RR variability. There is an apparent
trend for end-systolic short window (SS) acquisitions to be more robust in the face of RR
interval variability than diastolic acquisitions. However, this trend is nonsignificant and
probably results from outlying data points where the vessel length is shortest corresponding

to 0.08-sec RR variability on the X-axis.
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Mean and standard deviation of vessel length, sharpness and average image quality score for the three different

acquisitions.

DL DS SS

Vessel Length

Vessel Diameter

Vessel Sharpness

109mm = 20mm  112mm £ 18mm  111mm = 21mm
2.7mm+02mm 2.7mm+0.3mm  2.6mm £ 0.4mm

39% + 5% 39% * 5% 35% + 8%

Consensus Image Quality Score 2.4 2.4 2.7

DL=diastolic & long acquisition window; DS=diastolic & short acquisition window, SS=systolic & short acquisition window. All p=none

significant
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