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PURPOSE

The aim of this study was to assess the usefulness of denoising deep-learning-based
reconstruction (dDLR) to improve image quality and vessel delineation in noncontrast 3-T whole-
heart coronary magnetic resonance angiography (WHCMRA) with sub-millimeter isotropic
resolution (Sub-mm) compared with a standard resolution without dDLR (Standard).

METHODS

For 10 healthy volunteers, we acquired the WHCMRA with Sub-mm with and without dDLR
and Standard to quantify signal- (SNR) and contrast-to-noise ratio (CNR) and vessel edge signal
response (VESR) in all the 3 image types. Two independent readers subjectively graded vessel
sharpness and signal homogeneity of 8 coronary segments in each patient. We used Kruskal—
Wallis test with Bonferroni correction to compare SNR, CNR, VESR, and the subjective evaluation
scores among the 3 image types and weighted kappa test to evaluate inter-reader agreement
on the scores.

RESULTS

SNR was significantly higher with Sub-mm with dDLR (P <.001) and Standard (P=.005) than with
Sub-mm without dDLR and was comparable between Sub-mm with dDLR and Standard (P=.511).
CNR was significantly higher with Sub-mm with dDLR (P < .001) and Standard (P=.005) than
with Sub-mm without dDLR and was comparable between Sub-mm with dDLR and Standard
(P=.560). VESR was significantly greater with Sub-mm with (P=.001) and without dDLR (P=.017)
than with Standard and was comparable between Sub-mm with and without dDLR (P= 1.000). In
the proximal, middle, distal, and all the coronary segments, the subjective vessel sharpness was
significantly better with Sub-mm with dDLR than Sub-mm without dDLR and Standard (P < .001,
for all) and was comparable between Sub-mm without dDLR and Standard (P > .05); the subjec-
tive signal homogeneity was significantly improved from Sub-mm without dDLR to Standard to
Sub-mm with dDLR (P < .001). The inter-reader agreement was excellent (kappa=0.84).

CONCLUSION
Application of dDLR is useful for improving image quality and vessel delineation in the WHCMRA
with Sub-mm compared with Standard.

hree-dimensional (3D) whole-heart coronary magnetic resonance angiography

(WHCMRA) is a noninvasive imaging method for assessing coronary artery steno-

sis and is advantageous over coronary computed tomography angiography (CCTA)
because it does not require radiation exposure or contrast media administration and is
only slightly susceptible to calcium-related artifacts.’> Because WHCMRA is commonly lim-
ited in delineation of distal coronary segments and quantification of vessel lumen stenosis
due to its insufficient spatial resolution and anisotropy, some investigators have used vari-
ous techniques to acquire WHCMRA with sub-millimeter isotropic resolution (Sub-mm)
whose image quality is not necessarily satisfactory at 1.5 T, within an acceptable acqui-
sition time.*® While a steady-state free precession (SSFP) sequence has been commonly
applied in noncontrast WHCMRA at 1.5 T, increased B1 field inhomogeneity, frequency
offset from tissue susceptibility variation, and specific absorption rate limit consistency of
SSFP at 3 T. As such, the spoiled gradient-echo sequence, which decreases the signal-to-
noise ratio (SNR) of the coronary arteries, has often been used at 3 T.-"°
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Table 1. Acquisition and reconstruction parameters

are designed to reduce high-frequency
noise at the cost of image blurring, we

SHSAIEY I SNt Gl standard hypothesized that dDLR should only reduce
Matrix size 336 x 336 192x 272 image noise without any negative influence
In-plane resolution 0.9 X 0.9 mm? 1.6 X 1.1 mm? on the delineation of the coronary vessels
Slice thickness 0.9 mm 1.5 mm in WHCMRA. Thus, we performed volun-
Number of slices 120 72 teer studies to assess usefulness of dDLR to
TR Bie improve image quality and coronary vessel
TE p— delineation in noncontrast WHCMRA with
i Sub-mm compared with a standard resolu-
Flip angle 12° . . . .
tion without dDLR (Standard) using this 3-T
Bandwidth 326 Hz/pixel scanner.
FOV 30 x 30 cm?
Acceleration factor 2 Methods
Fast 3D mode (k-sampling ratio) Wheel (80%) Off (100%)
Subjects

7 :47 +0:46 min
Reconstructed voxel size 0.45 x 0.45 x 0.45 mm?
dDLR On

Acquisition time

3:37 +0:30 min
0.8 x 0.55 x 0.75 mm?
Off

The present study was approved by
the institutional review board (approval
number: 620), and informed consent was

Sub-mm, sub-millimeter isotropic resolution; dDLR, a denoising method with deep-learning-based reconstruction;
Standard, a standard resolution without dDLR; TR, repetition time; TE, echo time; FOV, field of view.

A 3-T clinical MR scanner with a maxi-
mum gradient magnetic field of 100 mT/m
(the slew rate: 200 mT/m/ms) has been
recently introduced and can offer thinner
slice images at the same bandwidth (i.e.,
the same sampling interval/time). With this
scanner, a denoising method with deep-
learning-based reconstruction (dDLR) has
been newly developed using a convolu-
tion neural network (CNN) to improve SNR
in high-resolution MR images without
additional scan time."" Currently, this dDLR
algorithm (Advanced intelligent Clear-IQ
Engine [AICE], Canon Medical Systems
Corporation) is clinically available only from
the single vendor. While some smoothing
filters frequently applied in clinical settings

- A denoising method with deep-learning-
based reconstruction (dDLR) uses a deep
convolution neural network to reduce
image noise in magnetic resonance
images without additional scan time.

Low-! [uency component

- dDLR can be applied to improve signal-
(SNR) and contrast-noise ratio in noncon-
trast 3-T whole-heart coronary magnetic
resonance angiography (WHCMRA) using
a spoiled gradient-echo sequence, which
offers lower SNR than a steady-state free
precession sequence commonly applied
at1.5T.

- Combined application of dDLR and sub-
millimeter isotropic resolution is useful for
improving vessel sharpness, signal homo-
geneity, and delineation of the coronary
arteries in the WHCMRA.

Noisy input image

A zero-frequency component path

Denoised output image

obtained from each volunteer. Ten healthy
volunteers (10 men; mean age, 40.9 + 124

Feature extraction layer (49-ch)
7x7 discrete cosine transform (DCT) convolution
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A path with 48 high-freq 'y comp for d

/

N

High-frequency components

3 Feature extraction layer
-9 3x3 DCT convolution
Deep L) Soft shrinkage 22 feature

learning ~ conversion

denoising d%ﬁ.
yoy Feature extraction layer

¥ ’
. Denoised high-frequency components

layers

Inversed DCT |

Figure 1. Schematic diagram of the dDLR processing. First, the noisy input image is divided into the
0-frequency component and the other 48 high-frequency components with a fixed 7 x 7 DCT basis.
Next, the 48 high-frequency components go through denoising path, and the 0-frequency
component is bypassed. The denoising path consists of multiple convolution layers with an activation
function. Finally, all the components are transformed into a denoised output image. DCT, discrete

cosine transform; dDLR, deep-learning-based reconstruction.
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Figure 2. Axial images of WHCMRA for a 57-year-old man with Sub-mm w/ (a, b, e, f) and w/o dDLR (c, g) and Standard (d, h) at the levels of the root of
the ascending aorta (a-d) and the interventricular septum (e-h). Circular ROIs are placed in the root of the ascending aorta (a) and the interventricular
septum (e) to quantify SNR and CNR as shown in this WHCMRA with Sub-mm w/ dDLR. Both SNR and CNR decreased from Sub-mm w/ dDLR (SNR, 40.0;
CNR, 27.7) (b, f) to Standard (SNR, 37.9; CNR, 26.1) (d, h) to Sub-mm w/o dDLR (SNR, 17.5; CNR, 12.0) (c, g), as represented by subjective image noise
increasing in this order. SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio; WHCMRA, whole-heart coronary magnetic resonance angiography; ROI,

region of interest.

years; range, 26-57 years; mean body mass
index, 23.8 + 2.2 kg/m? range, 22.6-27.2
kg/m? mean heart rate, 66.7 + 12.9 bpm,
range, 44-90 bpm) were recruited for the
present study. All the subjects had no prior
medical problems, such as cardiac diseases

or respiratory diseases, that would inter-
fere with the examinations. No p-blocker or
nitroglycerine was administered to any of
the subjects.

Signal value in
/ the vessel lumen

Signal value

Signal value in
the perivessel fat

/ ot

Perivessel fat

20%

1 20-80% edge
: signal rise distance
P
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Location (mm)

Figure 3. Graph illustrating definition of ESRD,,, 4, Graph shows signal value in relation to pixel
location along a profile curve drawn from fat surrounding the coronary vessel to the vessel lumen
over the vessel edge. ESRD,,, 4., 20%-80% edge signal rise distance, is defined as distance for pixel
signal value to rise from 20% to 80% of difference between signal values in the perivessel fat and the
vessel lumen. Shorter ESRD,,, 4, represents sharper edge.
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Image acquisition

All these volunteers underwent non-
contrast 3D WHCMRA with a 3-T clinical
MR scanner with a highest gradient mag-
netic field of 100 mT/m (Vantage Galan 3T/
ZGO, Canon) equipped with 16-channel
phased-array body and spine coils (Atlas
SPEEDER Body & Spine Coil, Canon) using
a respiration motion correction (Real-time
Motion Correction, Canon), electrocardiogr
aphy-triggered 3D-spoiled gradient-echo
sequence (T1WI fast field echo 3D, Canon)
with the spectral attenuated inversion
recovery (SPAIR) method for fat suppres-
sion. The order of applied pulses was as
follows: inversion pulse for SPAIR, T2 prepa-
ration pulse, the respiration motion cor-
rection pulse, and dummy pulse. Here, we
time-efficiently applied the T2 preparation
pulse, the respiration motion correction
pulse, and the dummy pulse during wait-
ing time for the null point of the longitu-
dinal magnetization of fat signal in SPAIR
technique without elongating acquisition
time. The matrix size was 336 x 336 for
Sub-mm and 192 x 272 for Standard; the
in-plane resolution was 0.9 x 0.9 mm? and
1.6 X 1.1 mm? slice thickness was 0.9 mm
and 1.5 mm; the number of slices was 120
and 72. Other scan parameters were the
same for both resolutions: repetition time,
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5 ms; echo time, 1.9 ms; flip angle, 12°;
bandwidth, 326 Hz/pixel; field of view, 30 x
30 cm?. Parallel imaging (SPEEDER, Canon)
was applied in the phase-encoding direc-
tion with an acceleration factor of 2. Only
for Sub-mm, we employed a novel k-space
filling technique for fast image acquisi-
tion, a “wheel” technique (k-sampling ratio:
80%) in Fast 3D mode (Canon) for acquir-
ing signals at the center of the k-space in
a deformed wheel pattern in the phase
encode (y-axis)-slice encode (z-axis) plane.
These acquisition parameters are summa-
rized in Table 1.

Image reconstruction

Image reconstruction was completed
within a couple of minutes in each WHCMRA
examination even with Sub-mm with dDLR
(w/ dDLR). Two radiology technologists
with 11-year experience reconstructed
WHCMRA axial images with a slice thickness
of 0.9 mm (i.e., reconstructed voxel size:
0.45 x 0.45 x 0.45 mm?) w/ dDLR and with-
out dDLR (w/o dDLR) for Sub-mm and 1.5
mm (i.e., reconstructed voxel size: 0.8 X 0.55
X 0.75 mm?) for Standard and used these
images to reconstruct curved multiplanar
reformation images of the 3 major coronary
vessels: right coronary artery (RCA), left
anterior descending artery (LAD), and left
circumflex artery (LCX) (Table 1).

The dDLR method used in this study
was a denoising technique based on deep
CNN (DCNN). The technique is currently
commercially available as AiCE for clinical

use in WHCMRA'™ as well as in MR imag-
ing of other regions, such as brain, urinary
bladder, and women'’s pelvis.""'¢ The algo-
rithm has been described in detail in the
previous study." Figure 1 illustrates an
outline of the dDLR algorithm. The algo-
rithm divides the noisy input image data
into the O-frequency component and the
remaining high-frequency components.
Specifically, a 7 x 7 discrete cosine trans-
form (DCT) convolution is used to separate
one O-frequency component and the other
48 high-frequency components in the dDLR
algorithm.” One 0-frequency basis of the
7 x 7 DCT convolution is used to gener-
ate the O-frequency component, and the
other 48 bases are used to generate the
48 high-frequency components. Next, the
high-frequency components go through
denoising path which consists of multiple
convolution layers to reduce noise, and
the O-frequency component is bypassed.
Finally, all the components are transformed
into a denoised output image. Separation
of this zero-frequency component from
the denoising path enables to preserve the
image contrast.

This technique requires 2 steps: training
and inference. The training step is a process
of building the DCNN model using a lot
of pairs of high SNR images and low SNR
images. The inference step is the process
of removing noise using the built model.
In this study, the same trained model was
used as in the previous study." Specifically,
a total of 32 400 image patch pairs were
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generated from 8 head and knee MR
images (the maximal spatial resolution:
0.22 mm) using T1, T2, T2*, and proton den-
sity-weighted and fluid-attenuated inver-
sion recovery protocols. All images were
acquired 10 times at the same slice position
with the 3-T MR scanner. The high SNR tar-
get images were generated by rigid image
registration followed by averaging of the 10
acquired images.

Quantitative image quality assessment

The radiology technologists placed 4
regions of interest in both the root of the
ascending aorta and the interventricular
septum to measure the mean value and
standard deviation (SD) of their signal
intensities in WHCMRA axial images of
Sub-mm w/ and w/o dDLR and Standard in
each subject using a copy-and-paste func-
tion (Figure 2). The background noise was
defined as the mean SD of the signal inten-
sity in the interventricular septum; SNR,
the mean signal intensity in the ascending
aorta divided by the background noise;
and CNR, the difference of the mean sig-
nal intensity between the ascending aorta
and interventricular septum divided by
the background noise. We calculated the
mean values of the SNR and CNR in all the
subjects.

One of the radiology technologists
drew a profile curve on the cross-section
of proximal RCA and left main trunk (LMT)
to proximal LAD as proximal left coronary
artery (LCA) in WHCMRA of Sub-mm w/

Sub-mm w/o DLR

Sub-mm w/ DLR Sub-mm w/o DLR

Figure 4. Violin plots with box-and-whisker plots representing SNR (a) and CNR (b) in WHCMRA with Sub-mm w/ and w/o dDLR and Standard. SNR (a) is
significantly higher with Sub-mm w/ dDLR (P < .001) and Standard (P=.005) than with Sub-mm w/o dDLR and was comparable between Sub-mm w/
dDLR and Standard (P=.511). CNR (b) is significantly higher with Sub-mm w/ dDLR (P < .001) and Standard (P=.005) than with Sub-mm w/o dDLR and
was comparable between Sub-mm w/ dDLR and Standard (P=.560). The asterisks represent statistical significance (P < .05). SNR, signal-to-noise ratio;
CNR, contrast-to-noise ratio; WHCMRA, whole-heart coronary magnetic resonance angiography.
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and w/o dDLR and Standard in each sub-
ject. We assessed sharpness of the coronary
vessel edge to quantify edge response as
the distance for edge signal rise of 20%-
80% (ESRD,q,, 44,)r distance for pixel signal
value to rise from 20% to 80% of difference
between signal values in fat surrounding
the vessel and the vessel lumen, for the both
proximal coronary arteries in the 3 imag-
ing types in each subject (Figure 3)."” Here,
shorter ESRD,, 44, represents sharper edge.
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Qualitative image auality assessment

All the WHCMRA images were randomly
arranged and reviewed on a workstation
(Ziostation2, Ziosoft, Inc). Based on coro-
nary segments, visual evaluation scores
regarding sharpness and signal homoge-
neity of the major coronary vessels were
independently graded by a board-certified
radiologist with 13-year experience (reader
1) and the one of the radiology technolo-
gists with 11-year experience (reader 2) who

—Sub-mm w dDLR
—Sub-mm w/o dDLR
Standard

7 8 9 10 11 12 13

b Location (mm)

4.0

3.0

g
=

ESRDg.gpe;, (mm)

—
(=]

g Standard

Sub-mm w/ dDLR

Sub-mm w/o dDLR

Figure 5. Representative profile curves on the cross-section of the proximal coronary artery (a) and
violin plots with box-and-whisker plots representing ESRD,y, g0, (b) in WHCMRA with Sub-mm w/ and
w/o dDLR and Standard. The both slopes of the profile curves (a) are steeper with Sub-mm w/ and
w/o dDLR than with Standard and are comparable between Sub-mm w/ and w/o dDLR. ESRD,, 44,
(b) is significantly shorter with Sub-mm w/ (P=.001) and w/o dDLR (P=.017) than with Standard and
is comparable between Sub-mm w/ and w/o dDLR (P=1.000). The asterisks represent statistical
significance (P < .05). ESRD,,, 44 distance for edge signal rise of 20%-80%.
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were blinded to the types of the images.The
coronary segments were defined according
to the American Heart Association 15-seg-
ment model as follows: #1, proximal RCA;
#2, middle RCA; #3, distal RCA; #5, LMT; #6,
proximal LAD; #7, middle LAD; #8, distal
LAD; #11, proximal LCX; and #13, distal LCX.
#4AV was used as an alternative to #13 in
3 subjects where distribution of the coro-
nary artery showed RCA-dominant pattern.
Segments #1, #5-6, and #11 were defined
as proximal; segments #2 and #7 as middle;
and #3, #8, and #13 (or #4AV) as distal. The
sharpness of the vessels was graded based
on a 4-point scale with respect to their bor-
der definition as follows: 1, severely blurred
and uninterpretable; 2, moderately blurred
but interpretable; 3, mildly blurred; and 4,
sharply defined. The signal homogene-
ity of the vessels was graded as follows: 1,
very inhomogeneous and uninterpretable;
2, inhomogeneous but interpretable; 3,
almost homogeneous; and 4, completely
homogeneous.

Statistical analysis

All continuous variables were expressed
as mean + SD. We analyzed statistics using
commercially available software (IBM SPSS
Statistics, version 27 IBM SPSS). We used
Wilcoxon signed-rank test to compare the
mean acquisition time between Sub-mm
and Standard. Kruskal-Wallis test with
Bonferroni correction was used to compare
the SNR, CNR, ESRD,,, 44, fOr the both proxi-
mal coronary arteries, and the visual evalu-
ation scores in the proximal, middle, distal,
and all coronary segments among Sub-mm
w/ and w/o dDLR and Standard. Weighted
kappa (x) test was used to evaluate the
inter-reader agreement on the visual evalu-
ation scores. Values of k were interpreted as
follows: poor, 0.00-0.20; fair, 0.21-0.40; mod-
erate, 0.41-0.60; good, 0.61-0.80; and excel-
lent, 0.81-1.00. Here, P-values lower than .05
were considered statistically significant.

Results

The mean acquisition time was signifi-
cantly longer with Sub-mm (7 : 47 + 0: 46
min) than with Standard (3:37 + 0:30 min)
(P=.005), as shown in Table 1. The SNR was
significantly higher with Sub-mm w/ dDLR
(29.1 + 10.9) (P < .001) and Standard (24.6
+ 9.2) (P=.005) than with Sub-mm w/o
dDLR (13.3 + 5.0) and was comparable
between Sub-mm w/ dDLR and Standard
(P=.511) (Figures 2 and 4a). The CNR was
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significantly higher with Sub-mm w/ dDLR
(19.5 £ 7.5) (P < .001) and Standard (16.1 +
6.3) (P=.005) than with Sub-mm w/o dDLR
(8.9 + 3.4) and was comparable between
Sub-mm w/ dDLR and Standard (P=.560)
(Figures 2 and 4b). ESRD,, 40, for proximal
RCA and LCA was significantly shorter with
Sub-mm w/ dDLR (1.3 + 0.5 mm) (P=.001)
and Sub-mm w/o dDLR (1.4 + 0.4 mm)
(P=.017) than with Standard (1.8 + 0.4 mm)
and was comparable between Sub-mm w/
and w/o dDLR (P=1.000) (Figure 5).

All the coronary segments could be quali-
tatively assessed except only 1 hypoplastic

a 1

Vessel sharpness

Proximal Middle

® Sub-mm w/ dDLR

Signal homogeneity

Middle

Proximal

B Sub-mm w/ dDLR

M Sub-mm w/o dDLR

B Sub-mm w/o dDLR

segment (#3) in the single subject. In total,
the subjective vessel sharpness was signifi-
cantly better with Sub-mm w/ dDLR (3.9 +
0.3) than Sub-mm w/o dDLR (2.4 + 0.7) and
Standard (2.5 + 0.7) (P < .001, for both) and
was comparable between Sub-mm w/o
dDLR and Standard (P=.569) (Figures 6a
and 7). The subjective vessel signal homo-
geneity was significantly improved from
Sub-mm w/o dDLR (2.1 + 0.5) to Standard
(2.7 + 0.6) to Sub-mm w/ dDLR (3.9 + 0.3)
(P < .001, for all) (Figures 6b and 7). Even if
divided into the proximal, middle, and dis-
tal coronary segments, the similar results

Distal Total

m Standard

Distal Total

m Standard

Figure 6. Bar graphs representing subjective image quality scores regarding vessel sharpness (a) and
signal homogeneity (b) for the proximal, middle, distal, and all coronary segments in WHCMRA with
Sub-mm w/ (blue) and w/o dDLR (orange) and Standard (gray). For the proximal, middle, distal, and all
coronary segments, the subjective vessel sharpness (a) is significantly better with Sub-mm w/ dDLR
than Sub-mm w/o dDLR and Standard (P < .001, for both) and is comparable between Sub-mm w/o
dDLR and Standard (P > .05). The subjective vessel signal homogeneity (b) is significantly improved
from Sub-mm w/o dDLR to Standard to Sub-mm w/ dDLR (P < .001, for all). The asterisks represent

statistical significance (P < .05).

regarding the sharpness and signal homo-
geneity were obtained (Figure 6a and b).
Particularly, both the sharpness and signal
homogeneity were graded 3 or 4 in all the
segments with Sub-mm w/ dDLR, whereas
the sharpness was graded uninterpretable
in 9 segments (11%) by reader 1 and 8 seg-
ments (10%) by reader 2, and the signal
homogeneity was graded uninterpretable
in 4 segments (5%) by Readers 1 and 2
with Standard. Inter-reader agreement was
excellent (x=0.84).

WHCMRA using Sub-mm w/ dDLR well
delineated all 3 vessels, even in the distal
segments, as shown in Figure 8.

Discussion

The diameter in the proximal segments
of the major coronary vessels is typically
2-4 mm and is smaller in the distal seg-
ments. Thus, WHCMRA is commonly lim-
ited in the delineation of distal coronary
segments and the quantification of vessel
lumen stenosis due to its insufficient spa-
tial resolution and anisotropy. The state-
of-the-art 3-T MR scanner with the high
gradient magnetic field used in the present
study can offer thinner slice images with-
out increasing sampling interval or time in
clinical settings. The latest dDLR based on
DCNN using soft shrinkage as an activation
function has been introduced using our MR
scanner in order to reduce image noise."
The soft shrinkage aims to provide noise
level adaptive denoising with a single CNN
without the need to train a unique CNN for
each noise level."" Unlike some smoothing
filter designed to reduce high-frequency
noise at the cost of image blurring, dDLR
was confirmed to only reduce image noise
on coronary vessel delineation. Its potential
application to different frameworks may
be valuable when combined with image
acquisition acceleration techniques.™ With
adequate setting of the targeted noise
level, the quality of dDLR may be improved
to further reduce image noise, improve
image quality, and reduce acquisition time
in WHCMRA.

As our study results, both the SNR and
CNR were significantly greater and both
the subjective vessel sharpness and signal
homogeneity were significantly better in
noncontrast WHCMRA with Sub-mm  w/
dDLR than with Sub-mm w/o dDLR. Thus,
use of the dDLR was beneficial for not only
reducing image noise but also improving
definition of the vessel border in WHCMRA.

dDLR in 3T WHCMRA with Sub-mm Resolution - 475



Figure 7. Axial images of WHCMRA showing #8 (arrow) for 50- (a-c), #11 (arrow) for 57- (d-f), and #13
(arrow) for 54-year-old men (g-i) with Sub-mm w/ (a, d, g) and w/o dDLR (b, e, h) and Standard (c, f; i).
For the first subject (a-c), subjective image quality scores regarding vessel sharpness with Sub-mm
w/ (a) and w/o dDLR (b) and Standard (c) were 4, 3, and 3 by both the readers, respectively, and those
regarding signal homogeneity, 4, 2, and 3. For the second subject (d-f), subjective image quality
scores regarding vessel sharpness with Sub-mm w/ (d) and w/o dDLR (e) and Standard (f) were 4, 2,
and 3 by both the readers, respectively, and those regarding signal homogeneity, 4, 2, and 3. For the
third subject (g-i), subjective image quality scores regarding vessel sharpness with Sub-mm w/

(g) and w/o dDLR (h) and Standard (i) were 4, 3, and 2 by both the readers, respectively and those

regarding signal homogeneity, 4, 2, and 3.

On the other hand, ESRD,,, 4., Was compa-
rable between Sub-mm w/ and w/o dDLR,
demonstrating no cost of image blurring
by dDLR. While both the SNR and CNR were
comparable, ESRD,,, 4., and the subjective

vessel sharpness and signal homogeneity
were significantly improved with Sub-mm
w/dDLR compared with Standard. These
positive results regarding the subjective
image quality by Sub-mm w/ dDLR were

similarly obtained in the proximal, middle,
and distal coronary segments. Our 3-T MR
scanner with the high gradient magnetic
field in combination with dDLR successfully
offered Sub-mm at the same bandwidth
with preserving noise properties compared
with Standard. Particularly, the subjec-
tive image quality was almost perfect with
Sub-mm w/ dDLR, whereas image inter-
pretability was occasionally limited with
Standard. Usefulness of this combination of
this MR scanner and dDLR has never been
described to improve image quality and
interpretability in WHCMRA with Sub-mm,
whereas Yokota et al.'? reported that dDLR
significantly improved CNR of coronary
arteries in high-resolution but non-Sub-
mm WHCMRA (voxel size: 1.8 X 0.6 X 1.0
mm?®) resulting in both higher visual image
quality and better vessel traceability com-
pared with standard-resolution WHCMRA
(voxel size: 1.8 X 1.1 X 1.7 mm?) using the
same MR scanner.

Because of the difference in the scan
sequence, the acquisition time with Sub-mm
was longer than that with Standard in the
present study but was shorter than that
with typical clinical protocols at 1.5 T."*°The
shorter acquisition time has the potential
to improve spatial resolution and reduce
image artifacts caused by motion instability
during the long acquisition time. We used
parallel imaging and the wheel technique
in Fast 3D mode but could further reduce
the acquisition time by applying com-
pressed sensing or other advanced tech-
niques, in near future, with the assistance of
an improved version of dDLR.*%'°

The proposed study was limited because
it included only a small number of healthy
adult subjects from a single institution. We
assessed image quality only in the major
coronary vessels and not in their branches.

Figure 8. Data for a 37-year-old man. (a) Volume-rendered, (b) maximum intensity projection, and (c and d) curved MPR WHCMRA for RCA and (e) its
stretched and (f) short-axis views using Sub-mm with dDLR, which show excellent delineation of all the major coronary vessels with little image noise,
even in the distal segments. MPR, multiplanar reformation; RCA, right coronary artery.
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Further studies of the clinical usefulness
of noncontrast WHCMRA using Sub-mm
w/dDLR are needed in order to improve
diagnostic accuracy in a larger cohort with
coronary artery disease at multiple institu-
tions. The navigator gating efficiency of
most patient populations is approximately
30%-50%, which is lower than that of a
healthy cohort, and this leads to a longer
acquisition time.* The voxel size in the stan-
dard WHMRCA may be slightly larger than
that in most clinical protocols (range: 1.1-
1.3 mm)."?* Because we used parallel imag-
ing, the noise quantification might depend
on the g-factor maps and thus differ across
the field of view. Our findings may also have
been influenced by the smaller body phy-
sique of our Japanese volunteers, as com-
pared to that of average-sized patients in
Western countries.

In conclusion, application of dDLR is use-
ful for reducing image noise and improving
vessel sharpness, signal homogeneity, and
delineation of the coronary arteries and
thus image interpretability in noncon-
trast WHCMRA of Sub-mm compared with
Standard WHCMRA using the 3-T MR scan-
ner with the highest gradient magnetic field.
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