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Abstract

Coronary flow velocity reserve (CFVR) can be noninvasively measured by phase-contrast cine magnetic resonance imaging
(PC-MRI). Heavy coronary calcification degrades the diagnostic accuracy for the detection of coronary arterial stenosis
on computed tomography (CT). The aim of this study was to evaluate the value of CFVR measurement with PC-MRI for
detecting significant coronary stenoses in patients with heavy coronary calcification. Sixteen patients (71 + 8 years) with
coronary calcium score above 400 who had suspected moderate coronary stenosis (50-69% diameter stenosis) on CT angi-
ography were prospectively studied. The CFVR values, calculated as the ratio of peak flow velocity during hyperemia to the
peak flow velocity at rest, were measured using breath-hold PC-MRI with 3 T system, and were compared with the results
of quantitative coronary angiography (QCA). The mean coronary calcium score was 985 +378. CFVR was successfully
determined with PC-MRI in 17/18 (94%) vessels. Using a threshold of 1.4 for CFVR, the sensitivity, specificity, and positive
and negative predictive value for detecting > 50% stenosis on QCA was 88% (7/8), 89% (8/9), 88% (7/8), 89% (8/9), respec-
tively. When MRI CFVR measurements was added to CT angiography for the evaluation of coronary stenosis, the positive
predictive value was 88% (7/8), while the positive predictive value of CT angiography alone was 44% (8/18). PC-MRI can
provide noninvasive detection of altered CFVR caused by significant stenosis in patient. CFVR measurement by PC-MRI is
useful for diagnosing physiologically significant coronary stenosis in patients with high calcium score on CT.
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Introduction
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is a noninvasive method to quantify blood volume flow and
velocity. Shibata et al. demonstrated that flow quantification
in the coronary artery with PC-MRI is feasible and coronary
flow velocity reserve (CFVR) determined by PC-MRI is sig-
nificantly correlated with that by intracoronary Doppler echo
technique [1]. CFVR assessment with PC-MRI has a poten-
tial to detect in-stent restenosis in the coronary arteries [2,
3]. PC-MRI may allow for noninvasive quantitative assess-

Yasutaka Ichikawa
yasutaka@clin.medic.mie-u.ac.jp

Masaki Ishida
mishida@clin.medic.mie-u.ac.jp

Kakuya Kitagawa
kakuya@clin.medic.mie-u.ac.jp

Tadanori Hirano

t-hirano@clin.medic.mie-u.ac.jp

Hajime Sakuma

sakuma.mie @gmail.com

Department of Radiology, Mie University Hospital, 2-174
Edobashi, Tsu, Mie 514-8507, Japan

Department of Radiology, Matsusaka Central Hospital, 102
Kobou, Kawai, Matsusaka, Mie 515-8566, Japan

ment of functional significance of coronary arterial stenosis.

Coronary computed tomography (CT) angiography has
proven to be useful for noninvasive detection of coronary
arterial stenosis. However, heavy coronary calcification
degrades the diagnostic accuracy, especially in specific-
ity, for detecting obstructive coronary artery disease by CT
angiography. In a previous meta-analysis, the specificity of
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CT angiography for the detection of significant coronary
stenosis was 42% (28-56%) in patients with coronary cal-
cium score above 400 [4]. Arbab-Zadeh et al. reported that
CT angiography is less effective in patient with coronary
calcium score above 600 [5].

Since flow measurement with PC-MRI is hardly affected
by calcification, PC-MRI might be useful to assess coronary
arterial stenosis in patients with heavy coronary calcifica-
tion. We conducted this study to evaluate the usefulness of
CFVR measurement with PC-MRI for detecting coronary
arterial stenosis in a cohort of patients with severe coronary
arterial calcification detected on CT.

Materials and methods
Patients

Patients who underwent coronary CT examinations for sus-
pected ischemic heart disease, had coronary calcium score
of >400 [6], suspected of having moderate coronary steno-
sis (50-70% diameter stenosis) with reference diameter of
>?2.5 mm on CT angiography performed between May and
December 2013, and scheduled invasive coronary angiog-
raphy, were prospectively recruited to undergo the coronary
flow measurement with PC-MRI. Patient who had myocar-
dial infarction, unstable angina, previous coronary artery
bypass grafting, irregular heart rhythm (arterial fibrillation,
frequent premature arterial complexes, etc.), pacemaker,
claustrophobia, or contraindication to receiving adenosine
triphosphate were excluded from this study. All patients pro-
vided informed consent to participate in this study, which
was approved by the local institutional review board. Coro-
nary CT examinations, comprising pre-contrast CT for coro-
nary calcium scoring and coronary CT angiography, were
obtained with 64-slice CT (Lightspeed VCT, GE Health-
care, Milwaukee, WI). Pre-contrast CT was performed with
aretrospective electrocardiographic-gated helical scan with
low-tube current (150 mA), gantry rotation time of 350 ms,
pitch of 0.18, tube voltageof 120 kV, and scan field of view
of 250 mm. For post-contrast cardiac CT, 65 to 85 mL of
iohexol (350 mg/mL) was into the antecubital vein at an
injection speed of 4 mL/s, followed by a 20-mL saline
bolus (injection rate, 4 mL/s). Post-contrast cardiac CT was
obtained with retrospective gating and scan parameters as
follows: gantry rotation time, 350 ms; pitch, 0.24; tube volt-
age, 120 kV; tube current 680 to 750 mA; scanning field of
view, 180 mm. Oral-beta blocker medication was given if
the heart rate was > 65 beats/min (metoprolol, 20-60 mg,
one hour before examination). Isosorbide dinitrate (5 mg)
was sublingually administered before CT acquisition in all
subjects. Coronary calcium scoring was performed using
the Agatston scoring method which has been previously
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descried®. Two experienced radiologists evaluated the pres-
ence or absence, and stenotic severity in the coronary arter-
ies on CT angiography by consensus, based on Coronary
Artery Disease Reporting and Data System (CAD-RADS)
[7].

Acquisition of MR data

MR images were acquired on a 3 T (T) scanner (Ingenia,
Philips Healthcare, Best, Netherlands). Subjects were asked
to abstain from caffeine-containing products for at least 12 h
prior to the magnetic resonance examinations. Following
scout imaging, high temporal resolution transaxial cine MR
images were firstly acquired with a steady-state free pre-
cession sequence during a single breath holding at shallow
expiration (cardiac phases of 50, repetition time of 2.6 ms,
echo time of 1.3 ms, flip angle of 45 degree, field of view
of 350% 350 mm, SENSE factor of 3, acquisition matrix of
128 x 128, reconstruction matrix of 256 X 256, slice thick-
ness of 8§ mm) to determine the rest period of the right coro-
nary artery during the diastolic phase. Then, 3-dimensional
respiratory-gated whole heart coronary MR angiography
were performed to determine the imaging plane for PC-MRI.
The coronary MR angiography was obtained with a fast field
echo sequence with radial k-space sampling, repetition time
of 3.6 ms, echo time of 1.7 ms, flip angle of 15 degree, field
of view of 330 x280 mm, SENSE factor of 2.2, acquisition
matrix of 256 X 256, reconstruction matrix of 512x 512,
slice thickness of 1.5 mm, T2 preparation, and spectral pre-
saturation with inversion recovery. The coronary MR angi-
ography was used to determine the site of coronary arter-
ies for flow measurement. The MR flow measurement was
aimed at the site distal to the coronary arterial stenosis sus-
pected on CT angiography. In order to determine the site of
MR flow measurement, firstly, the coronary stenotic site was
identified on MR angiography by referring the coronary CT
angiography. Then, the coronary site for flow measurement
was determined so as to be approximated to the respective
coronary stenotic site as much as possible on MR angiogra-
phy. Multiplanar reformation of whole heart coronary MR
angiography was used to determine double oblique imaging
plane that is perpendicular to the coronary artery (Fig. 1).
PC-MRI was acquired on the imaging plane that was per-
pendicular to the coronary artery at rest and during hyper-
emia status induced by adenosine triphosphate (160 ug/kg/
min). PC-MRI was performed during a single breath holding
at shallow expiration, with a section thickness of 6 mm, a
repetition time of 5.0 ms and an echo time of 3.2 ms, a field
of view of 180x 156 mm, phase per cardiac cycle of 25,
an acquisition matrix of 192 X 168, acquisition pixel size of
1.2% 1.9 mm, and reconstructed pixel size of 0.9 X 0.9 mm.
Velocity encoding gradients were applied in the slice-selec-
tive direction with velocity window of + 80 cm/s at rest and
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Fig. 1 Multiplanar reformation of whole heart coronary MR angiography was used to determine double oblique imaging plane that is perpen-
dicular to the target vessel. PC-MRI was obtained at a site distal to the stenosis

+ 120 cm/s during vasodilator stress because peak velocity
in the coronary artery can exceed 80 cm/sec after pharma-
cologic stress according to a previous study [8].

Image analysis of coronary PC-MRI

Assessing flow velocity with PC-MRI was performed in
random order by a dedicated software (CVi 42; Circle Car-
diovascular Imaging Inc, Calgary, Canada). Coronary arter-
ies were manually traced on the magnitude images and the
regions of interest (ROI) were automatically reflected on
the phase difference images. The flow velocity (cm/s) in the
ROI was measured on each magnitude image throughout
cardiac cycle by two independent observers blinded to clini-
cal information of the subjects. The highest value was used
for the determination of peak coronary flow velocity. To
compensate for the through-plane motion and phase offset
error, a second ROI was placed on adjacent adipose tissue
and the velocity of the adjacent tissue through plane motion
was determined and subtracted from the intracoronary flow
values [1]. CFVR was calculated as the ratio of the peak flow
velocity during hyperemia to the peak flow velocity at rest.
The CFVR measurement was performed by two radiologists,
independently.

X-ray coronary angiography

In all subjects, selective coronary angiography were per-
formed on the next day of the PC-MRI examinations.
Quantitative assessment was performed using quantitative
coronary angiography (QCA) (QAngioXA7.1, Medis medi-
cal imaging system, The Netherlands) by an experienced
observer. The coronary arteries were divided into two lesion

groups based on the results of QCA (non-stenotic vessel
group, <50% diameter stenosis on QCA; stenotic vessel
group, >50% diameter lesion stenosis on QCA) for the
analysis.

Statistical analysis

Continuous values are described as means and standard devi-
ation. Differences in coronary peak flow velocity and CFVR
between the non-stenotic coronary lesions and the stenotic
lesions on QCA were analyzed by Mann—Whitney U test.
Differences in peak flow velocity between at rest and during
vasodilator stress were analyzed by Wilcoxon matched-pairs
signed rank test. Comparison between results from QCA and
PC-MRI was performed using a linear regression analysis.
Inter- -observer reproducibility were analyzed with the intra-
class correlation coefficient (ICC). The ICC was derived as
a measurement of agreement between observers. The ICC
of >0.9, 0.75-0.9 and 0.4-0.75 was defined as excellent,
good and fair agreement, respectively. A two-sided p value
of <0.05 was considered to indicate statistical significance.
All statistical analyses were performed with SPSS software,
version 17.0 (SPSS, Inc., Chicago, IL, USA).

Results

Of 256 patients who underwent coronary CT angiography
performed between May and December 2013 at the insti-
tute, 12 patients were excluded from this study because of
coronary artery bypass grafting, 13 were excluded by a his-
tory of myocardial infarction, 5 were excluded by irregular
heart rhythm and one patient was excluded by pacemaker
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replacement. Eventually, 16 patients (11 men and 5 women;
mean age, 71 +£8 years; mean coronary calcium score,
985 +378) met the inclusion criteria and were recruited to

Table 1 Patient characteristics

Total number of patient, n 16
Men, n (%) 11 (69)
Women, n (%) 51
Age(years) 71+8
Heart rate(beats/min) 65.7+15.7
Body mass index (kg/m?) 23.9+4.1
Clinical diagnosis
Smoking, n (%) 5@31)
Hypertension, n (%) 12 (75)
Hypercholesterinemia, n (%) 12 (75)
Diabetes mellitus, n (%) 9 (56)
Medication
Aspirin, n (%) 11 (69)
Statin, n (%) 11 (69)
B-blocker, n (%) 4(25)
Nitrate, n (%) 1(6)
ACE inhibitor, n (%) 9 (56)
Calcium antagonist, n (%) 6 (38)
Coronary calcium score 986 +366

Table 2 Summary of the measurements of QCA and coronary PC-MRI

this study. Patient characteristics are listed in Table 1. The
mean interval between the coronary CT and the PC-MRI
examinations was 39 +22 days, ranging from 13 to 89 days.
No significant medical event was documented during the
intervals between CT and PC-MRI examinations. Eighteen
coronary arteries, including 5 right coronary artery (RCA),
11 left anterior descending (LAD) artery, and 2 left circum-
flex (LCX) artery, were evaluated by PC-MRI. The details
of the coronary segments in which PC-MRI assessment was
performed in this study are shown in Table 2. The mean
distance between the stenotic sites and the flow measure-
ment sites was 34 + 19 mm. CFVR values were successfully
determined in 17/18 (94%) vessels. Representative cases are
presented in Figs. 2, 3 and 4. In one LAD artery in a subject,
the determination of CFVR with PC-MRI was failed, since
the LAD artery was extremely tortuous and we could not
determine the adequate imaging plane perpendicular to the
coronary artery.

Coronary stenoses with 50% or greater on QCA were
detected 8 of 18 (44%) vessels. The mean CFVR in the coro-
nary artery with <50% stenosis on QCA was significantly
higher than that with >50% stenosis on QCA (1.9 +0.4 vs.
1.3+0.4, p=0.0055) (Table 3). The peak flow velocity dur-
ing vasodilator stress was significantly higher than that at
rest (17.6+5.0 cm/s vs. 9.6 +2.9 cm/s, p=0.0039) in the
coronary arteries with <50% stenosis, while the peak flow

coronary Coronary segment sus- QCA meas- Reference diam- Coronary segment Peak flow Peak flow velocity dur- CFVR
artery pected of having moder- urements eter on QCA assessed by PC- velocity at rest  ing vasodilator stress

No. ate stenosis on CT (%) (mm) MRI (cm/s) (cm/s)

1 #4AV 69.6 2.6 #4AV 8.9 10.3 1.2
2 #11 525 1.8 #11 12.1 27.5 23
3 #7 39 2.0 #7 12.4 18.8 1.5
4 #7 74.9 22 #7 6.2 8.3 1.4
5 #6 66.4 35 #7 11.2 14.0 1.3
6 #4AV 73.2 29 #4AV 6.0 6.0 1

7 #3 59.1 2.0 #8 5.7 7.1 1.2
8 #7 31.8 3.0 #8 15.3 259 1.7
9 #7 n/a n/a #3 n/a* n/a* n/a*
10 #6 323 2.7 #7 8.8 21.4 24
11 #3 48.6 2.8 #3 6.5 15.4 24
12 #7 47.3 23 #7 9.3 20.4 2.2
13 #11 29.7 2.8 #11 74 133 1.8
14 #7 43 24 #8 10.5 14.2 1.4
15 #3 24 2.9 #3 9.9 19.7 2.0
16 #2 59.4 2.7 #4 7.7 7.0 0.9
17 #7 51.3 33 #8 7.5 8.7 1.2
18 #6 30.6 2.6 #7 6.4 94 1.5

CTA computed tomography, QCA quantitative coronary angiography, PC-MRI phase-contrast cine magnetic resonance imaging, CFVR coronary

flow velocity reserve
The acquisition of PC-MRI was failed
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Fig.2 (vessel case 17) In a 77-year old man with Agastston score of
1549, moderate stenosis was suspected in the proximal LAD artery
on CT angiography (a, arrow). MR angiography shows stenosis at
the corresponding site of LAD artery (b, arrow). Magnitude image
(c) and phase difference image (d) of the LAD artery distal to the
stenosis are presented. e Time-velocity curves at rest and during

velocity during stress was not statistically different from that
atrest (11.0+7.1 cm/s vs. 8.4+2.4 cm/s, p=0.56) in the
coronary arteries with >50% stenosis on QCA. The peak
timing of coronary flow velocity was observed at diastolic
phase for both rest and stress in the all coronary arteries
examined.

The correlation between luminal narrowing determined
by QCA and CFVR by MRI is shown in Fig. 5. Significant
moderate inverse correlation was found between the percent
luminal stenosis determined by QCA and the CFVR deter-
mined by PC-MRI (r = —0.53). The area under receiver
operating characteristics (ROC) curve was 0.89 for CFVR
in the detection of luminal narrowing of >50% by inva-
sive angiography. With a threshold value of 1.4 that was
determined by ROC analysis, the sensitivity, specificity, and
positive and negative predictive value for detecting >50%
stenosis on QCA was 88% (7/8), 89% (8/9), 88% (7/8),
89% (8/9), respectively. Intra-class correlation coefficient
between CFVR measurements by two observers was 0.82.

The positive predictive value of CT angiography for
detecting > 50% stenosis on QCA was 44% (8/18) in vessel-
base. False positive was found in 10 vessels (56%, 10/18)
on CT angiography alone. When MRI CFVR measurements
was added to CT angiography for the evaluation of coronary

vasodilator stress in this patient are determined. Peak flow velocity
was 7.5 cm/sec at rest and 8.7 during hyperemia, indicating CFVR
of 1.2. On X-ray coronary angiography, moderate to severe stenosis
was detected in the LAD artery (diameter stenosis on QCA, 51%) (F,
arrow)

stenosis, the positive predictive value of CT angiography for
detecting > 50% stenosis on QCA was improved to 88% (7/8)
and the false positive was decreased to 1 vessel.

Discussion

The current study demonstrated that PC-MRI can provide
noninvasive detection of altered CFVR caused by significant
stenosis in patients with severe coronary calcification. CFVR
measurement by PC-MRI has a potential to rule out physi-
ologically significant coronary stenosis in patients who have
high calcium score and suspected coronary artery disease on
CT angiography.

It is known that CFVR is an excellent marker of the
functional significance of coronary arterial stenosis [9],
and abnormal CFVR is associated with adverse clinical
outcomes [10]. Accordingly, CFVR can provide important
implications for the clinical management in patients with
coronary arterial disease. Doppler guide wire has been
used for evaluating coronary blood flow and blood veloc-
ity [11-13]. However, the assessment with Doppler guide
wire is invasive method and has potential risks and compli-
cations. To date, transthoracic Doppler echocardiography
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Fig.3 (vessel case 10) In a 75-year old man with Agastston score
of 1177, moderate stenosis was suspected in the proximal LAD on
CT angiography and MR angiography (a, b). Magnitude image (c)
and phase contrast image (d) of the LAD artery distal to the lesion.

and PC-MRI have been reported as noninvasive methods of
choice for evaluating CFVR [1-3, 14, 15]. Previous studies
demonstrated that the CFVR assessment by Doppler echo-
cardiography is useful for detecting flow-limiting stenosis in
LAD artery [14, 15]. However, Doppler echocardiography is
of limited use in RCA and LCX artery. PC-MRI has poten-
tial to evaluate coronary stenosis not only in LAD artery but
also RCA and LCX artery [2, 3].

Blood flow measurements with PC-MRI in large ves-
sels, such as the aorta, pulmonary and carotid artery, have
been well validated [16—18]. PC-MRI has also been applied
to the smaller vessels such as coronary sinus [19-21] and
coronary artery bypass graft [22] for the flow quantification.
Previous studies demonstrated the feasibility of coronary
arterial flow quantification with PC-MRI [1-3]. Shibata
et al. reported that the CFVR determined by PC-MRI in the
LAD arteries in 19 patients was 2.00 +0.87, showing no sig-
nificant differences with that determined by Doppler guide
wire (2.41+1.38) [1]. Hundley et al. reported that PC-MRI
CFVR value <2.0 was 100% and 82% sensitive and 89% and
100% specific for detecting a luminal diameter narrowing of
>75% and 50%, respectively [2]. Another study reported that
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e Peak flow velocity was 8.8 cm/sec at rest and 21.4 during hypere-
mia, indicating CFVR of 2.4. On coronary angiography, mild stenosis
was depicted at the proximal LAD artery (diameter stenosis on QCA,
32%) ()

regression analysis for CFVR determined with PC-MRI and
Doppler resulted in a slope of 1.04 (»=0.89) in 29 patients
with coronary artery diseases [3]. They reported that, with
a threshold value of 1.2 of PC-MRI CFVR, the sensitivity,
specificity, and positive and negative predictive value for
detecting > 50% in-stent restenosis on QCA was 85%, 89%,
94%, and 73%, respectively [3]. To date, CEVR assessment
with PC-MRI has been generally of limited use in the LAD
artery. The current study included RCA and LCX artery as
well as LAD artery for the CFVR measurement.

To date, 1.5 T (T) system has been used for the study of
coronary arterial flow quantification with PC-MRI. Recently,
3T system is available for the cardiac MR study in many
institutions. When compared with 1.5T MR system, 3T
system can provide better signal-to-noise ratio on PC-MRI.
Higher signal-to-noise ratio might be useful for reliable flow
quantification with PC-MRI in small vessels such as coro-
nary arteries. To our knowledge, this study is the first to
apply 3T system for the CFVR assessment in patients who
were suspected coronary artery disease.

In patients with high coronary artery calcium score, cal-
cified plaques may obscure luminal changes and can often
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Fig.4 (vessel case 11) In the same patient as Fig. 3, moderate ste-
nosis was suspected in the RCA on CT angiography (a, arrow). b,
MR angiography of the distal RCA is presented. Magnitude image (c)
and phase contrast image (d) of the RCA distal to the suspected sten-

Table 3 Peak flow velocity and flow velocity reserve determined by
PC-MRI in the coronary arteries

QCA<50% QCA>50% p value
Peak flow velocity (cm/s)
At rest 9.6+2.9 8.4+2.4 0.36
During vasolida-  17.6+5.0 11.0£7.1 0.02
tor stress
CFVR 1.9+0.4 1.3+0.4 0.0055

PC-MRI Phase-contrast cine magnetic resonance imaging, CFVR cor-
onary flow velocity reserve, QCA quantitative coronary angiography

lead to blooming artifact, which may subsequently result in
overestimation of the degree of coronary stenosis. Previous
studies demonstrated that increased coronary calcifications
lowered the specificity and positive predictive value of coro-
nary CT angiography due to increased likelihood of false
positive stenosis [4, 23]. On the other hand, the likelihood of
coronary arterial disease increases with increasing coronary
calcifications. In case of severe calcified coronary arteries,
it will be crucial to decide whether to proceed to invasive
X-ray angiography or choose an alternative diagnostic pro-
cedure. The current study is the first to demonstrate the value
of PC-MRI to identify hemodynamically significant coro-
nary stenosis in the cohort with heavy coronary calcification.

otic site. e Peak flow velocity was 6.5 cm/sec at rest and 15.4 during
hyperemia, indicating CFVR of 2.4. On coronary angiography, mild
to moderate stenosis was detected in the RCA (diameter stenosis on
QCA, 48%) ()

¢ y = -0.0165x + 2.4194
r=0.53
25 —
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Fig.5 The relationship between percent coronary stenosis on QCA
and CFVR determined by PC-MRI. Significant moderate inverse cor-
relation was found between percent coronary stenosis and CFVR

This study demonstrated that PC-MRI can provide incre-
mental value for detecting significant coronary stenosis in
patients with heavy coronary calcification. In this study,
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the positive predictive value of CT angiography for detect-
ing > 50% stenosis on QCA in patients with heavy coronary
calcification was quite limited. When MRI CFVR measure-
ments was added to CT angiography for the evaluation of
coronary stenosis, false positive rates were substantially
decreased (50% (8/16) vs. 13% (2/16)). In addition, high
negative predictive value (89%) was observed for the evalu-
ation of coronary stenosis by PC-MRI. These results indicate
that physician may omit unnecessary coronary angiography
by using PC-MRI.

The measurement of coronary blood flow with MR has
been challenging because the coronary arteries are small
and tortuous, and demonstrate cardiac and respiratory
motion. Coronary flow velocity determined by PC-MRI can
be underestimated due to the limited spatial and temporal
averaging [1]. However, a previous study demonstrated that
there was a good linear correlation between the coronary
flow velocity measured by PC-MRI and Doppler guide wire
technique [1]. Besides, our results show high agreement
rates of readers for measuring CFVR (Intra-class correlation
coefficient between CFVR measurements by two observers
was 0.82).

High spatial resolution is necessary to accurately measure
blood flow velocity in the coronary artery with PC-MRI. In
the current study, the acquisition pixel size of 1.2 1.9 mm
was employed for coronary PC-MRI. This seems to be not
sufficient for accurate measurement of coronary blood flow,
considering the size of coronary artery. The insufficiency
in pixel size may lead to underestimate the coronary flow
velocity. CFVR is determined as the ratio of rest to stress
coronary flow velocity. Therefore, the influence of underes-
timation might be compensated to some extent.

Several limitations need to be acknowledged in this study.
First, the number of subjects was limited and a larger num-
ber of subjects might be necessary to concrete our findings.
However, an impaired CFVR in the stenotic coronary arter-
ies was clearly demonstrated by the PC-MRI with sufficient
inter-observer variability in the current study. Second, we
did not compare the CFVR measurements by PC-MRI with
other alternative functional assessment, such as CFVR deter-
mined by Doppler guide wire or fractional flow reserve. Fur-
ther study is necessary to determine the diagnostic accu-
racy of PC-MRI for detecting hemodynamically significant
coronary stenosis. Third, the test-retest reproducibility of
coronary PC-MRI was not evaluated in the current study.

Conclusion
PC-MRI can provide noninvasive detection of altered CFVR

caused by significant stenosis in patient with severe coronary
calcification. CFVR measurement by PC-MRI is useful for

@ Springer

diagnosing physiologically significant coronary stenosis in
patients with high calcium score on CT.
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