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ABSTRACT

Purpose: Serial change of the coronary flow velocity reserve was evaluated with
fast velocity-encoded cine magnetic resonance imaging (MRI) for noninvasive detec-
tion of restenosis after coronary stent implantation. Method: In total, 60 MRI flow
studies were performed in 10 patients with coronary artery disease who underwent
elective successful stent implantation to the lesion in the proximal left anterior de-
scending artery. Flow velocities in the segment that was distal to the stent were
measured before and after intravenous injection of dipyridamole. MRI measure-
ments of coronary flow velocity reserve were repeated every 4 weeks for 6 months,
and follow-up angiography was performed 6 months after the procedure. Results:
In patients without restenosis (n � 7, % diameter stenosis: 27.8% � 7.1) at follow-
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up angiography, the coronary flow velocity reserve remained normal during the 6-
month follow-up time. The flow velocity reserve was 2.31 � 0.30 at 1 month and
2.52 � 0.25 at 6 months after stent implantation (p � NS). In contrast, the coronary
flow velocity reserve showed a significant decrease after 4 months in patients with
restenosis (n � 3, % diameter stenosis: 66.3% � 8.1) at follow-up angiography.
The flow velocity reserve was 2.26 � 0.49 at 1 month and 1.52 � 0.09 at 6 months
after stent implantation (p � 0.05). Conclusion: Fast velocity-encoded cine MRI
is a technique that shows promise in providing non-invasive detection of restenosis
of coronary stent implantation.
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INTRODUCTION

The long-term benefit of coronary balloon angioplasty
has been limited by the possibility of restenosis of the
treated segment (1–4). Although placement of intracoro-
nary stent has reduced the rate of restenosis, incidence
of restenosis after stent implantation is not negligible (5–
6). Early identification of patients who develop coronary
arterial restenosis has important diagnostic and therapeu-
tic implications. Restenosis of the coronary artery has
been evaluated mostly with X-ray coronary angiography.
However, this technique is invasive and is not suited for
screening patients without clinical evidence of angina
after coronary interventions. A noninvasive method that
can detect restenosis would be highly useful in managing
patients after balloon angioplasty and stent implantation.
The functional significance of coronary arterial stenosis
can be evaluated by measuring coronary flow reserve,
that is the ratio of maximal hyperemic to the baseline
coronary flow (7). Recently, several studies have demon-
strated the feasibility of measuring coronary flow reserve
in patients by using fast velocity-encoded cine MRI (8–
9). The purposes of these studies were to investigate se-
rial changes of the coronary flow velocity reserve using
fast velocity-encoded cine MRI in patients after stent im-
plantation and to determine whether this MRI method can
provide a noninvasive detection of coronary arterial re-
stenosis.

Methods

Ten consecutive patients (7 men and 3 women; ages
44 to 72 years, mean � 59) underwent successful stent
implantation in the proximal left anterior descending
(LAD) coronary artery were enrolled. This study was ap-
proved by the Institutional Ethics Committee and all pa-
tients gave informed consent. All subjects had a history
of stable angina, and a single, significant coronary arterial

stenosis in the proximal LAD artery documented in coro-
nary angiography. The patients with myocardial in-
farction, coronary artery bypass grafting, or prior balloon
angioplasty were excluded. Coronary angioplasty was
performed from the femoral artery approach. After predi-
latation, the stents were deployed by inflating the stent
delivery balloon at nominal pressure (Palmaz-Schatz
stent: 8 cases, GFX stent: 1 case, Wiktor stent: 1 case),
and adjunct high-pressure balloon dilatation was per-
formed to achieve angiographic optimization. Procedural
success (defined as successful stenting at the desired po-
sition with �30% residual stenosis on visual estimation)
was obtained in all patients. All patients were asymptom-
atic for at least 6 months after coronary stent implanta-
tions. Selective coronary angiography was performed at
6 months (195 � 32 days) in all patients in order to evalu-
ate restenosis in the LAD artery.

The initial MRI measurements of the coronary flow
velocity reserve were obtained at one month after stent
implantation and were repeated every 4 weeks for 6
months. MRI images were acquired with a 1.5 � Tesla
MR imager (Signa, GE Medical Systems, Milwaukee,
gradient strength � 23 mT/m, slew rate � 120 mT/m/
ms). Subjects were imaged in supine position with elec-
trocardiogram (ECG) leads for cardiac gating and 5-inch
circular surface coil on the chest. After acquiring coronal
and axial fast cine MRI images, vertical long-axis images
of the left ventricle were obtained. On these scout MRI
images, a coronary arterial stent produces an area of sig-
nal attenuation (Fig. 1). Fast velocity-encoded cine MRI
images were acquired in a double oblique imaging plane
that was perpendicular to the LAD artery, with a slice
thickness of 5 mm, a repetition time of 15 ms and an
echo time of 5 ms, a field of view of 24 � 18 cm, a
reconstructed image matrix of 256 � 128, a velocity win-
dow of �100 cm/s, phase encoding steps of 96, views
per segment of 4, and a sequential sampling in k-space.
The two corresponding velocity encoding gradients were
acquired within a cardiac cycle. The true temporal resolu-
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Figure 1. Definition of slice location for MRI blood flow measurements in the LAD artery on double oblique scout MRI images
(A), magnitude and phase-difference images acquired with fast velocity-encoded cine MRI acquisition (B), and MRI blood flow
velocity curves in the LAD artery before and after intravenous injection of dipyridamole (C).

tion of velocity-encoded cine MRI image acquisition was
120 ms. Magnitude and phase-difference velocity-en-
coded cine MRI images with 9 to 16 temporal phases
were obtained with a view sharing reconstruction (9–10).
Fat saturation pulse was not used in this study. Blood
flow velocity at 1.5 cm distal to the stent was measured
during a single breath-hold time for approximately 25 s.
After measuring the baseline flow velocity, 0.56 mg/kg
of dipyridamole was injected into the antecubital vein
over 4 min. Stress velocity-encoded cine MRI images
were obtained 2 min after finishing the dipyridamole in-
jection. The total MRI procedure required approximately
45 min. MRI images were analyzed by placing a small
region of interest (ROI) consisting of 2 � 2 pixels in
LAD arterial lumen, and large ROI (30–50 pixels) on
myocardium adjacent to LAD artery. Corrected blood
flow velocity in the LAD artery in comparison to the ad-

jacent myocardium was calculated. The coronary flow
velocity reserve ratio was defined as a ratio of hyperemic
to the baseline diastolic peak velocities (10).

All values are expressed as mean � standard devia-
tion. An unpaired 2-tailed t-test was used to compare dif-
ferences in the flow velocity reserve ratios between two
groups; a paired 2-tailed t-test was used to compare the
serial changes in the flow velocity reserve ratios within
the same group. A p value of �0.05 was considered sta-
tistically significant.

RESULTS

At follow-up angiography after 6 months, three pa-
tients showed significant (�50% luminal diameter) coro-
nary restenosis (group 1) and the remaining seven pa-
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Table 1

Clinical Characteristics and Angiographic Findings of the Study Population

Group 1 Group 2
(n � 3) (n � 7) p value

Age (year) 63 � 7 59 � 10 NS
Men, Women 2, 1 4, 3 NS
Cardiac catheter

LV systolic pressure (mm Hg) 139 � 3 123 � 22 NS
LV end diastolic pressure (mm Hg) 12.7 � 4.9 10.3 � 4.9 NS
LV ejection fraction (%) 63 � 13 62 � 9 NS

Stent size (mm) 3.5 � 0.0 3.1 � 0.5 NS
Angiographic result

Stenosis (%) before procedure 86 � 6 84 � 10 NS
Stenosis (%) after stenting 5.0 � 8.7 14.2 � 11.8 NS
Stenosis (%) at follow-up 66 � 8 28 � 7 �0.001

tients had no significant stenosis (group 2). Clinical
characteristics and results at angiography in the two
groups are summarized in Table 1. Figure 1 shows fast
velocity-encoded cine MRI images and blood flow veloc-
ity curves in the baseline state and after dipyridamole
administration in a patient without restenosis. MRI stud-
ies were successful before and after pharmacological
stress in all patients. Serial change of MRI flow velocity
reserve in the coronary artery distal to the stent is pre-
sented in Figure 2. In group 2, without restenosis, the
coronary flow velocity reserve ratio remained normal
during the 6-month follow-up time. The flow velocity re-
serve ratio was 2.31 � 0.30 at 1 month and 2.52 � 0.25

Figure 2. Serial changes of the coronary flow velocity reserve
assessed with MRI in patients with restenosis and those without
restenosis. * � p � 0.05 when compared with the coronary
flow velocity reserve at 1 month.

at 6 months after stent implantation (p � NS). In con-
trast, the flow velocity reserve ratio in group 1 showed
a significant decrease after 4 months. The flow velocity
reserve ratio was 2.26 � 0.49 at 1 month and 1.52 �
0.09 at 6 months after stent implantation (p � 0.05).

DISCUSSION

In the current study, we demonstrated potential clini-
cal usefulness of MRI for noninvasive prediction of re-
stenosis after coronary interventions. Coronary flow re-
serve measurements have been used to assess the
physiological significance of epicardial coronary stenosis
and to evaluate the adequacy of revascularization follow-
ing angioplasty and coronary artery bypass grafting (11–
13). Wilson et al. (11) measured coronary flow reserve
before, immediately after, and late after (7.5 months)
balloon angioplasty using an intracoronary Doppler
method. They found that coronary flow reserve immedi-
ately after dilatation may not reflect residual stenosis or
eventual success of the angioplasty. However, late after
angioplasty, all patients who developed restenosis had
low coronary flow reserve, while all vessels without sig-
nificant stenosis showed normal coronary flow reserve.
The results of the current study are in agreement with
this report.

While flow measurement with an intracoronary Dopp-
ler guide wire has already been established as a useful
technique (14–15), it is invasive and is available only
during cardiac catheterization. This has limited the wide-
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spread clinical use of intracoronary Doppler for func-
tional assessment of the coronary artery after balloon
angioplasty or stent implantation. MRI has a unique
potential for noninvasive measurement of coronary blood
flow and flow reserve. There are several potential sources
of error in MRI assessment of coronary blood flow, such
as partial volume averaging and motion blurring due to
cardiac contraction. However, previous studies in animal
models (16–17) and in humans (8–9) have documented
an accurate quantification of blood flow and flow reserve
using this technique. A recent study by Hundley et al.
(18) also showed that noninvasive MRI measures of coro-
nary flow reserve correlated well with similar measures
obtained with the use of intracoronary Doppler flow
wires, and that MRI measurement of coronary flow re-
serve had high sensitivity (100%) and specificity (83%)
for identifying a stenosis �70% in the distal left main or
proximal/middle LAD arteries.

The current study calculated the coronary flow re-
serve as the ratio of resting-to-stress coronary blood
flow velocity instead of the ratio of actual flow volume.
It is possible that the use of peak velocity and flow vol-
ume may give different values for coronary flow re-
serve, if the shape of the flow versus time curve and the
diameter of the coronary artery are altered with stress.
Flow volume measurement could be obtained by inte-
grating the flow velocity and cross sectional area of the
coronary artery over the cardiac cycle. However, for
small vessels, the influence of partial volume averaging
along the endothelial border of the coronary artery can
be significant. Further improvements in the spatial reso-
lution and temporal resolution of velocity-encoded cine
MRI would be required to obtain an accurate assessment
of coronary blood flow volume in the three major coro-
nary arteries.

MRI assessment of coronary flow reserve does not
eliminate the need for X-ray angiography when anginal
symptoms or other noninvasive evidence of restenosis is
encountered and coronary re-intervention is under con-
sideration. However, this technique would be useful for
detecting patients with silent ischemia in the coronary
arterial territory after interventional procedures (19). In
addition, when mild or intermediate restenosis is ob-
served on X-ray angiography, MRI measurement of coro-
nary flow reserve can be used to determine functional
significance of the stenosis, and serial MRI studies can
detect a gradual increase of the restenosis before onset
of a severe or total occlusion.

In conclusion, significant reduction in coronary flow
velocity reserve was documented with fast velocity-

encoded cine MRI in patients with restenosis after stent
implantation in the coronary arteries. The current study
in a small number of patients shows the feasibility of this
noninvasive method in demonstrating coronary resteno-
sis after interventional procedure.
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