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Background: Coronary artery disease (CAD) is one of the most common diseases seriously harmful to
human health caused by atherosclerosis. Besides coronary computed tomography angiography (CCTA) and
invasive coronary angiography (ICA), coronary magnetic resonance angiography (CMRA) has become an
alternative examination. The purpose of this study was to prospectively evaluate the feasibility of 3.0 T free-
breathing whole-heart non-contrast-enhanced coronary magnetic resonance angiography (NCE-CMRA).
Methods: After Institutional Review Board approval, the NCE-CMRA data sets of 29 patients acquired
successfully at 3.0 T were evaluated independently by two blinded readers for visualization and image quality
of coronary arteries using the subjective quality grade. The acquisition times were recorded in the meantime.
A part of the patients had undergone CCTA, we represented stenosis by scores and used the Kappa to
evaluate the consistency between CCTA and NCE-CMRA.

Results: Six patients did not get diagnostic image quality because of severe artifacts. The image quality
score assessed by both radiologists is 3.2+0.7, which means the NCE-CMRA can show the coronary
arteries excellently. The main vessels of the coronary artery on NCE-CMRA images are considered reliably
assessable. The acquisition time of NCE-CMRA, is 8.8+1.2 min. The Kappa of CCTA and NCE-CMRA on
detecting stenosis is 0.842 (P<0.001).

Conclusions: The NCE-CMRA results in reliable image quality and visualization parameters of coronary
arteries within a short scan time. The NCE-CMRA and CCTA have a good agreement for detecting

Stenosis.
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Introduction the incidence of coronary atherosclerotic heart disease is

Coronary artery disease (CAD) is one of the leading increasing and becoming younger (1). Coronary artery

causes of death in middle-aged and older adults. With stenosis is an important basis for imaging diagnosis of
the development of the economy and the improvement coronary heart disease. The gOld criteria examination for
of living standard in various countries around the world, detecting coronary stenosis is conventional X-ray coronary
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angiography (2). However, it is limited for screening CAD
due to its invasiveness and costs. Coronary computed
tomography angiography (CCTA) has disadvantages such as
radiation and invasiveness, which may limit its use in some
people because of the risk of allergic reactions caused by
contrast agents, although it is the most common method
for the diagnosis of CAD (1,3,4). Magnetic resonance
imaging (MRI) is a promising non-invasive and non-
radiative examination for assessing the coronary arteries, so
the non-contrast-enhanced coronary magnetic resonance
angiography (NCE-CMRA) is expected to detect coronary
stenosis though its precise visualization remains a challenge
compared with CCTA (5).

By applying the 3D free-breathing method to whole-
heart coronary magnetic resonance angiography (CMRA),
several studies have attempted to improve the assessment of
coronary artery stenosis and provide an accurate diagnosis
of clinically significant lesions (6). Previous studies had
confirmed that both 1.5 T NCE-CMRA and 3.0 T
contrast-enhanced coronary magnetic resonance (CE-
CMRA) can detect coronary artery stenosis (7-9). 1.5 T
NCE-CMRA has a lower signal-to-noise ratio (SNR) and
resolution compared with 3.0 T'CMRA (7,10). The 3.0 T
NCE-CMRA needs the Gadolinium contrast agent (11).
Therefore, we aimed to get high SNR and resolution
without the agent. The contrast weight of the conventional
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* The 3.0 T non-contrast-enhanced coronary magnetic resonance
angiography using balanced turbo-field-echo sequence can
get good image quality, visualization, short acquisition time,
and consistency of detecting stenosis with coronary computed
tomography angiography.

What is known and what is new?

* The 3.0 T non-contrast-enhanced magnetic resonance
angiography can be used to assessment the coronary artery.

* We demonstrated the feasibility of 3.0 T non-contrast-enhanced
magnetic resonance angiography using balanced turbo-field-echo

sequence at to observe the coronary artery.

What is the implication, and what should change now?

* The 3.0 T non-contrast-enhanced coronary magnetic resonance
angiography using balanced turbo-field-echo sequence may
become an optional clinical examination to observe the coronary
artery in the future. The better technique or sequence should be
used to improve the image quality, visualization, and reduce the
acquisition time.
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sequence is T or T,, however, the balanced turbo-field-
echo (B-TFE) sequence use T,/T as contrast weight which
can highlight blood signal brightness by combined with the
fat suppression technique (12). Therefore, the objective of
this study was to verify the feasibility of the free-breathing
whole-heart NCE-CMRA at 3.0 T using the B-TFE
sequence and its consistency with CCTA for detecting
stenosis.

Methods
Study population

Thirty-five patients underwent NCE-CMRA from January
2021 to March 2022, of whom 29 had previously undergone
CCTA. Besides, there are 9 patients who did not perform
the scanning successfully. We recruited 44 patients from
Yantai Yuhuangding hospital randomly in total. The study
was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). This research was approved
by the Ethics Committee of Yantai Yuhuangding Hospital
(No. 2021-453). All patients signed informed consent
forms. The exclusion criteria were heart rates >75 bpm,
orthopnea, history of previous cardiac surgery or coronary
revascularization, presence of coronary artery stent,
contraindications to MRI (pacemaker, claustrophobia),
thyroid disorder, and impaired renal function (creatinine
>1.4 mg/dL). Table 1 shows the characteristics of all patients.

Patients rested for 5 minutes after arriving in the MRI
waiting area to prevent rapid heart rate due to exercise
before NCE-CMRA. In addition, 0.5 mg nitroglycerin was
prepared in case of a cardiovascular incident. To reduce
abdominal motion during deep inspiration, a medical
abdominal belt was wrapped tightly along the side of the
ribs. No patient was taken nitroglycerin or B-blocker before
the NCE-CMRA scan.

NCE-CMRA scan

NCE-CMRA was performed by a 3.0 T system (PHILIP
INGENIA; Philips Healthcare, Erlangen) equipped
with the 32-channel dStream Torso coil covering the
entire heart. The scan protocol includes retrospective
electrocardiography (ECG)-triggered cine sequence
and two-dimensional single-shot B-TFE sequence. An
abdominal band was used to reduce the effect of respiratory
motion artifacts during scanning. We triggered the
data acquisition by the R-wave acquired from a three-
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Table 1 Characteristics of study population

Number Number (n=29)
Age (y) 54+15.5
Height (cm) 165.7+8.2
Weight (kg) 67.2+10.6
BMI (kg/m?) 24.5+3.3
Sex (male/female) 16/13
Smoking, n (%) 8 (27.6)
Hypertension, n (%) 11 (37.9)
Dyslipidemia, n (%) 10 (34.5)
Diabetes mellitus, n (%) 2 (6.9)
Ischemia/non-ischemia 15/14

The data were presented as the mean + standard deviation or
as the number (%) of subjects. BMI, body mass index.

Table 2 Parameters gotten during the scanning

Parameter Value

Shot duration (msec) 88.3+13.1
Average gating efficiency (%) 57.3+23.8
Heart rate (omp) 63.5+5.9

Numbers are mean values + standard deviations for 29 patients.

lead wireless vector cardiogram. The NCE-CMRA
scanning location was performed in left ventricular short
axis, 2-chamber, and 4-chamber heart plane views. The
retrospective ECG-triggered cine sequence was performed
in the 4-chamber heart plane to determine the quiescent
period window by the minimal motion of the right coronary
artery (RCA) (13). The visual evaluation was used to
determine the trigger delay time and acquisition duration
of every patient, freezing respiratory movement by using
diaphragmatic navigation. Place the navigation bar on the
right diaphragm with lung tissue in the upper 1/3 and liver
tissue in the lower 2/3. For whole-heart NCE-CMRA,
an ECG-triggered, prospective diaphragm navigator-
gated, B-TFE sequence was employed. The scanning
was performed using the following parameters: 2.0/4.0
(echo time msec/repetition time msec), a 12° flip angle,
300x252x128 (field of view mm), a reconstruction matrix
of 232x179x160, an acquired voxel size of 1.3x1.4x1.6 mm,
a reconstruction voxel size of 0.62x0.62x0.80 mm, a scale
factor of 0.6, and a gating window of 4. Table 2 summarized
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the parameters which were gotten during the scanning.
Figure 1 shows the original axial images of NCE-CMRA.
NCE-CMRA images were transferred to the Philips
workstation (IntelliSpace Portal, Philips Healthcare,
Netherlands) and reconstructed at the end of the acquisition
on the workstation. The senior radiologist blinded to
original images processed curved planar reconstruction
(CPR) of left circumflex (LCX), left anterior descending
(LAD), and RCA of axial images, and then measured
the length of the vessels using the workstation. One
representative image of the NCE-CMRA is shown in Figure
2. The volume reconstruction (VR) images of NCE-CMRA
were processed by the cardiac MR analysis tool. The
representative VR images are shown in Figure 3.

Qualitative image quality and visual analysis

"Two senior radiologists with cardiovascular MRI experience
independently evaluated image quality for each segment
based on a 4-point scale according to the border definition
and artifact of vessels, as follows: 4= excellent (no artifact
and sharply defined); 3= good (slight artifact and mildly
blurred); 2= fair (moderate artifact and markedly blurred);
1= poor (severe artifact and nondiagnostic). Only segments
with the score of 3 or 4 assessed by two radiologists
consistently were included in the final stenosis assessment
compared with CCTA. We incorporated 8 coronary
segments into the analysis refer to the classification of the
American Heart Association (14), as follows: (segment 1)
RCA proximal, (segment 2) RCA middle, (segment 3) RCA
distal, (segment 6) LAD proximal, (segment 7) LAD middle,
(segment 8) LAD distal, (segment 11) LCX proximal, and
(segment 13) LCX distal. The third radiologist evaluated
the image quality when two observers assessed differently
in the axial orientation. Radiologist 1 assessed the image
quality, and we computed the inter-observer agreement
with radiologist 2 for subsequent analysis.

Quantitative visual analysis of vessel

The parameters included visible vessel length, diameter, and
sharpness. The diameter and sharpness of the vessels were
evaluated in segments 1, 6, and 11. The vessel diameter
was computed as the full width at half between background
and maximum (15). To assess the sharpness of the vessel,
the 80% and 20% points between the background signal
and maximal intensities were computed for each side of
the signal intensity profile at first. The vessel sharpness
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Figure 1 The cine sequence and B-TFE sequence of whole-heart free-breathing NCE-CMRA at 3.0 T from a 70-year-old woman. (A) The
axial image of NCE-CMRA scanned by cine sequence. The arrow points to the RCA. (B) The axial image of NCE-CMRA scanned by B-TFE
sequence. The arrow points to the RCA. B-TFE, balanced turbo-field-echo; NCE-CMRA, non-contrast-enhanced coronary magnetic

resonance angiography; RCA, right coronary artery.

Figure 2 The CPR of 3.0 T whole-heart free-breathing NCE-
CMRA based on B-TFE sequence from a 40-year-old man. The
arrow points to the LAD. CPR, curve planar reformation; NCE-
CMRA, non-contrast-enhanced coronary magnetic resonance
angiography; B-TFE, balanced turbo-field-echo; LAD, left

anterior descending; FA, feet anterior.

was defined as the inverse of the averaged distance in
millimeters determined for each side between the two
points (16).

Evaluation of consistency between CCTA and NCE-CMRA
for detecting stenosis

We did not apply invasive coronary angiography (ICA)
as the standard examination because of slight clinical
symptoms, high expense, and stent implantation. The
stenosis of each segment in both examinations were counted

© Cardiovascular Diagnosis and Therapy. All rights reserved.

as scores in all patients (2= significant stenosis; 1= mild
stenosis; 0= no stenosis). The significant stenosis performed
as stenosis >50% (17).

Statistical analysis

In all statistical analyses using SPSS version 26.0 (SPSS Inc.,
Chicago, Illinois, USA), the quadratic-weighted Kappa test
was used to evaluate the consistency of NCE-CMRA and
dual source coronary computed tomography angiography
(DS-CCTA) for detecting stenosis. The Kappa coefficient
<0.4 indicates poor agreement, and >0.75 indicates good
agreement.

Results

These patients underwent B-TFE NCE-CMRA, the
respiratory acceptance rate and acquisition time are shown
in Table 2, and no segment was excluded from the image
quality and visualization analysis. The acquisition time of
the NCE-CMRA is 8.8+1.2 min. Except for these patients,
2 patients were excluded for sudden discomfort before the
NCE-CMRA scan, 7 patients canceled the examination
after signing the informed consent. In total, 87 vessels
and 232 coronary artery segments from 29 patients were
evaluated. The image quality score assessed by both
radiologists is 3.2+0.7. There are 210 (90.5%) and 209
(90.1%) segments of 232 segments with the score of 3 or 4
assessed by radiologist 1 and radiologist 2. This means the
images we obtained can be used to observe the anatomical
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Figure 3 The VR of 3.0 T whole-heart free-breathing NCE-CMRA based on B-TFE sequence from a 47-year-old woman. (A) The axial
image of RCA, LAD, and LCX. (B) The arrow points to the RCA. (C) The arrow points to the LAD. (D) The arrow points to the LCX.

VR, volume reconstruction; NCE-CMRA, non-contrast-enhanced coronary magnetic resonance angiography; B-TFE, balanced turbo-field-

echo; RCA, right coronary artery; LAD, left anterior descending; LCX, left circumflex; LHP, left head posterior; FPL, feet posterior left;

AF, anterior feet; FL, feet left; AL, anterior left; A, anterior; R, right; H, head; F, feet; L, left; P, posterior; pt, point.

details of the major branches of the coronary arteries.
Table 3 summarizes the image quality scores of each
coronary artery segment. The two radiologists make good
agreement in subjective image quality scores (Kappa =0.82,
P<0.001). The data demonstrated that the image quality of
proximal segments was higher than distal segments. Table 4
shows the visual parameters of each vessel. The length,
diameter, and sharpness of RCA are apparently higher than
the other two vessels.

Twenty-three patients underwent CCTA, 21 (11.4%)
segments have significant stenosis, and 43 (23.4%) segments
have mild stenosis. Twenty-four segments were excluded
because the image quality score of NCE-CMRA <3,
160 segments were evaluated for stenosis at last. Table 5
shows the stenosis scores of two examinations. For NCE-
CMRA, 21 (13.1%) segments had significant stenosis, and
34 (21.2%) segments have mild stenosis. For CCTA, 20
(12.5%) segments have significant stenosis, and 38 (23.8%)
segments had mild stenosis. 7zble 5 summarizes the stenosis
scores of each segment in NCE-CMRA and CCTA.
Representative images of coronary stenosis detected by
NCE-CMRA and CCTA are shown in Figure 4. Overall,
there is good agreement between NCE-CMRA and CCTA

© Cardiovascular Diagnosis and Therapy. All rights reserved.

in the detection of stenosis (Kappa coefficient =0.84,

P<0.001).

Discussion

From this single-center, prospective study, we made the
first report on the feasibility of free-breathing 3.0 T whole-
heart B-TFE NCE-CMRA and its consistency with CCTA
for detecting stenosis in a clinical protocol. NCE-CMRA
enabled an acceptable shorter acquisition time with good
image quality. Our study included some cases of obesity
and obtained good image quality, which may be affected
by excess fat. We used the abdominal belt technique to
suppress the breathing-related motion of the diaphragm,
which improved image quality and shortened acquisition
time during all examinations (18). Besides, this study not only
counted significant stenosis but also included segments with
stenosis <50%, so our analysis covered all degrees of stenosis.

The visual parameters of 3.0 T NCE-CMRA were
better than 1.5 T NCE-CMRA, this was probably because
of the higher SNR and resolution (19). There were some
differences between our data and 3.0 T NCE-CMRA
although the two examinations had generally similar results,
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Table 3 Radiologist assessment of image quality for segments of
coronary arteries
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Table 5 Radiologist assessment of NCE-CMRA compared with
CCTA for detection of significant stenosis in 160 segments

Image quality scores

Stenosis score

Segment Radiologist 1 Radiologist 2 Segment NCE-CMRA CCTA

1 2 3 4 1 2 3 4 0 1 2 0 1 2
RCA proximal 0 1 7 21 0 1 5 23 RCA proximal 11 8 3 11 8 3
RCA middle 1 1 11 16 0 2 13 14 RCA middle 14 4 3 14 5 2
RCA distal 2 0 17 10 0 2 18 9 RCA distal 16 4 1 15 5 1
LAD proximal 1 0 8 20 0 1 19 9 LAD proximal 9 7 6 9 6 7
LAD middle 0 2 15 12 0 2 16 11 LAD middle 12 5 4 13 5 3
LAD distal 2 3 22 2 1 3 23 2 LAD distal 17 0 1 17 0 1
LCX proximal 0 2 13 14 0 3 12 14 LCX proximal 13 5 2 11 7 2
LCX distal 3 4 20 2 4 4 19 2 LCX distal 13 1 1 12 2 1

Data are numbers of segments, in a total of 29 patients. Image
quality for each segment based on a 4-point scale according
to the border definition and artifact of vessels, as follows: 4=
excellent (no artifact and sharply defined); 3= good (slight
artifact and mildly blurred); 2= fair (moderate artifact and
markedly blurred); 1= poor (severe artifact and nondiagnostic).
RCA, right coronary artery; LAD, left anterior descending; LCX,
left circumflex.

Table 4 Visual measurement

Variables  Length (mm) Diameter (mm) Sharpness (1/mm)
RCA 148.8+7.9 4.0+0.6 0.94+0.03
LAD 129.8+12.0 3.7+0.5 0.92+0.03
LCX 90.7+8.1 3.2+0.6 0.88+0.03

The data were presented as the mean + standard deviation.
RCA, right coronary artery; LAD, left anterior descending; LCX,
left circumflex.

we thought the main reasons were different sequences and
whether nitroglycerin was used before the scan (20,21). For
the stenosis score of each segment, we thought the artifact
caused by calcification on CCTA could make difference
between the two examinations.

NCE-CMRA does not require the use of contrast agent,
so it can be applied to special groups such as pregnant
women and patients with renal insufficiency (1). Another
advantage is that it is compatible with film acquisition
which provides a smaller amplitude of motion of coronary
arteries (22). In addition, the characteristics of multi-
sequence and multi-parameter scanning can make MRI

© Cardiovascular Diagnosis and Therapy. All rights reserved.

Data are stenosis scores of 160 segments. 2= significant
stenosis; 1= mild stenosis; 0= no stenosis. NCE-CMRA, non-
contrast-enhanced coronary magnetic resonance angiography;
CCTA, coronary computed tomography angiography; RCA,
right coronary artery; LAD, left anterior descending; LCX, left
circumflex.

be combined with functional imaging (23). Moreover,
9 patients have an intramural coronary artery which was
detected by NCE-CMRA.

The NCE-CMRA scan and subsequent lumen stenosis
assessment were time-consuming and labor-intensive
processes and the acquisition time of most of the studies
was not short enough. Still, there are techniques that might
make our results even better, and we think it is likely that
those techniques will be used in the future studies. For
improving image quality, the modified Dixon fat suppression
technique enables obtaining a better fat suppression
effect, simultaneously overcomes the susceptibility
artifact of the B-TFE sequence and makes up for the
deficiency of 3.0 T bright blood (10,12). The 5D whole-
heart sparse MRI framework enables respiratory motion-
resolved and easy-to-use free-breathing cardiac whole-
heart MRI at temporal resolution and high spatial by the
multidimensional compressed sensing (CS) technique. This
framework reconstructed 5D whole-heart images including
respiratory motion dimensions and separated cardiac
without motion correction, which may simplify the MRI
workflow and reduce acquisition time (24). For reducing
the acquisition time, CS could effectively process high-
dimensional images and accelerate image acquisition (2).
Prospective gating usually results in low imaging efficiency,
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Figure 4 The CPR of 3.0 T whole-heart free-breathing NCE-CMRA based on B-TFE sequence (A) and CCTA (B) from a 40-year-old
man. (A) The arrow points to the stenosis of the proximal LAD. (B) The arrow points to the same stenosis of the proximal LAD. CPR, curve

planar reformation; NCE-CMRA, non-contrast-enhanced coronary magnetic resonance angiography; B-TFE, balanced turbo-field-echo;

CCTA, coronary computed tomography angiography; LAD, left anterior descending; AH, anterior head.

and the imaging time often exceeds 10 minutes, especially
in the case of regular respiratory (25). The acquisition time
of autonomous breathing navigation with a high acceptance
rate could shorten a lot compared with CMRA acquisition of
navigation devices. Self-navigating CMRA has been gradually
applied in clinical examinations due to its predictable
collection time and independence of respiratory patterns (26).

In addition, deep learning reconstruction (DLR) is a
forefront topic in recent studies, it has been reported that
some techniques such as DLR could improve the contrast
noise ratio (CNR) of NCE-CMRA vessels with higher
vessel traceability and image quality than traditional CMRA
(27-29). DLR technique combined with small golden
angle radial sampling could reconstruct short-axis film
images more than 5 times faster than traditional methods
with higher image quality (30). The deep learning model
could rapidly reconstruct undersampling 3D image-based
navigators (iNA-VS) for non-rigid motion correction
of CMRA, which obviously reduced the reconstruction
time compared with traditional reconstruction methods.
Meanwhile, the accuracy of non-rigid motion information
provided by it was retained (31).

For better visualization, 4D phase-contrast magnetic
resonance cardioangiography (4D PC-MRCA) could also
improve the visualization of coronary arteries by raising the
collection rate of available information during the cardiac
impulse (32). In absence of contraindications, sublingual
nitroglycerin administration could significantly increase the
observable coronary artery diameter and visible vascular
length (21). The multi-scale variational neural network
(MS-VNN) enabled to quantitative analyze the vessel

© Cardiovascular Diagnosis and Therapy. All rights reserved.

sharpness of coronary arteries (33).

The clinical application of CCTA to detect significant
coronary stenosis and high-risk stratification power
with accuracy as high as 95% in patients with low and
intermediate-risk factors over the years (34-36). NCE-CMRA
can provide an important complement to CCTA without
radiation and invasion. As samples with poor image quality
had been excluded, there were no significant differences of
detecting stenosis among the three vessels in CCTA and
NCE-CMRA. This provides an important basis for future
clinical applications of NCE-CMRA to detect stenosis.

Limitations

This study was a single-center experiment, all patients had
geographical concentration and the relatively small sample
population limited generalizability. Due to the need to hold
their breath for a long time during the scanning process,
some of the patients could not do it, especially the older
patients.

The NCE-CMRA data we collected were only relative
to CCTA, and the diagnostic difference of coronary artery
stenosis between NCE-CMRA and CCTA still needs to be
confirmed by ICA. Future prospective studies will address
these limitations and will be able to assess the application
value of NCE-CMRA in a more comprehensive manner
based on clinical results.

Conclusions

The 3.0 T free-breathing whole-heart B-TFE NCE-
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CMRA can show the main branches of the coronary arteries
with well image quality and reliable visualization during a
short acquisition time. It has a good agreement with CCTA
for the detection of coronary artery stenosis, which suggests
it is expected to be used as a non-invasive and radiation-free
option in clinics.
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