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Feasibility of Integrating
High-Spatial-Resolution 3D
Breath-hold Coronary MR
Angiography with
Myocardial Perfusion and
Viability Examinations1

The study was institutional review
board approved and Health Insur-
ance Portability and Accountability
Act compliant. All subjects provided
informed consent. Three-dimensional
breath-hold coronary magnetic reso-
nance (MR) angiography with use of
steady-state free precession was per-
formed in 12 patients up to 20 min-
utes after 0.2 mmol gadolinium-based
contrast material per kilogram of body
weight was administered. Within 24
heartbeats, a spatial resolution of up to
1.0 � 1.2 � 2.0 mm was achieved.
Sixty-five (82%) of the 79 visualized
coronary artery segments had a grade
of 3 or 4 on a four-point scale of de-
piction in which grade 4 indicated ex-
cellent depiction. Twenty-seven per-
cent (n � 21) of the 79 segments were
assigned a grade of 4; 56% (n � 44), a
grade of 3; 16% (n � 13), a grade of 2;
and 1% (n � 1), a grade of 1. Coro-
nary MR angiography performed as
part of a first-pass myocardial perfu-
sion and viability assessment MR imag-
ing examination is feasible and does
not involve additional imaging time.
© RSNA, 2005

Three-dimensional (3D) breath-hold cor-
onary magnetic resonance (MR) angiog-
raphy (1–5) has substantial advantages in
terms of time efficiency compared with
free-breathing navigator MR imaging of
coronary arteries (5–8). With current 3D-
volume coronary MR angiography tech-

niques, short imaging times for breath-
hold acquisitions can be achieved but at
the expense of spatial resolution. To re-
duce imaging time requirements, these
techniques typically involve segmenta-
tion of the linear k-space trajectory by
dividing the number of phase-encoding
steps per segment such that three heart-
beats (or cardiac R-R intervals) per section
are required to yield temporal acquisition
windows of 120–150 msec per section.
Consequently, the section thickness is
fairly thick (3.0 mm) for a typical coronary
MR angiographic acquisition because ade-
quate spatial coverage (20–30-mm thick-
ness) during a single breath hold limits the
number of sections to six to eight (3,9).

An increasingly important cardiac MR
imaging examination is that performed
to assess myocardial viability (10–12). To
maximize the information derived from
this examination, first-pass myocardial
perfusion MR imaging is typically per-
formed during the gadolinium chelate
contrast material delivery. Subsequently,
there is an interval of 10–20 minutes be-
tween the administration of the contrast
material and the delayed-enhancement
(ie, viability) examination. It would be
useful to conduct a coronary artery ex-
amination during this interval to maxi-
mize the use of the imaging time.

A coronary MR angiography examina-
tion could yield knowledge about the
diseased vessel to complement the infor-
mation derived from the myocardial per-
fusion and delayed-enhancement (viabil-
ity) MR imaging studies. For example, on
coronary MR angiograms, one could de-
lineate the approximate location of the
culprit lesion in an ischemic myocardial
territory or construct a suitable preproce-
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dural planning “road map.” Coronary
MR angiography findings could also pro-
vide advance warning of the presence of
an aberrant coronary anatomy before fur-
ther interventional procedures are per-
formed.

Thus, the objective of this study was to
determine the feasibility of integrating a
coronary MR angiography examination
with first-pass myocardial perfusion and
viability MR imaging examinations.

Materials and Methods

For this pilot evaluation, 12 consecu-
tive patients (11 men, one woman; mean
age, 60 years � 19 [standard deviation];
age range, 22–80 years; mean weight, 72
kg � 15) who were already scheduled to
undergo myocardial viability MR imag-
ing were enrolled. Participation in this
study was voluntary, and all subjects pro-
vided informed consent. The study was
performed in accordance with the hu-
man-use guidelines of the participating
institutions: It was approved by the insti-
tutional review boards of Uniformed Ser-
vices University of the Health Sciences
and Johns Hopkins University or per-
formed according to the local ethics
guidelines of Chinese PLA General Hos-
pital and Mie University. The study was
also Health Insurance Portability and Ac-
countability Act compliant. D.A.B. is a
paid consultant for GE Healthcare Bio-
sciences.

Acquisition Strategy

We used an acquisition strategy that
allows imaging of a moderately thick
slab—between 24 and 28 mm—with sec-
tion thicknesses of between 2.0 and 2.4
mm. This strategy involves the use of a
3D, electrocardiographically gated, breath-
hold acquisition with steady-state free pre-
cession (by using steady-state free preces-
sion or fast imaging employing steady-state
acquisition techniques) with fat suppres-
sion. No additional magnetization prep-
aration (eg, T2 preparation or IR prepa-
ration) was used. Unlike conventional
gradient-recalled-echo MR angiography,
which requires image acquisition during
the first pass of contrast material for max-
imal contrast enhancement, this acqui-
sition technique enables us to exploit the
persistent gadolinium chelate–induced
contrast enhancement achieved with fast
imaging employing steady-state acquisi-
tion pulse sequences for an improved
vessel image signal-to-noise ratio (SNR)
several minutes after the first pass of the
contrast material bolus (13).

To complete the acquisition within a
short breath hold, a variable temporal
sampling scheme (14) was used to divide
the acquisition into two R-R intervals per
section-encoding partition. This scheme
has already been successfully used for the
assessment of myocardial viability with a
3D sequence (14,15). Hence, for a 12-
section acquisition volume, 24 heart-
beats were needed to complete the data
acquisition. With such a small acquisi-
tion slab thickness, targeted volume ac-
quisitions (1,2) were made for each coro-
nary artery vessel.

The pulse sequence that we used is il-
lustrated in Figure 1, which shows the
relative position of the spectrally selec-
tive inversion radiofrequency pulse (16)
with respect to the MR imaging sequence
for fat suppression. A half �–half repeti-
tion time prepulse followed by 20
dummy radiofrequency excitations was
also used to accelerate the approach to
the steady state (17). Because the acqui-
sitions were contrast material enhanced,
no additional magnetization preparation
schemes were used (18). To further re-
duce the total imaging time, a partial-
Fourier (with 0.5 signal acquired) acqui-
sition with 20 overscans were used. The
overscan region was defined as the num-
ber of additional k-space views in the
conjugate k-space region that was ac-
quired to provide an estimate of the low-
spatial-frequency phase for partial-Fou-
rier (ie, homodyne) image reconstruction
(19).

Imaging Protocol

All MR imaging experiments were con-
ducted by using 1.5-T CV/i or TwinSpeed
imaging units (GE Medical Systems,

Waukesha, Wis) equipped with high-per-
formance gradient systems (40–50 mT/m
and 150 T/m/sec). For the patient exam-
inations, an initial first-pass myocardial
perfusion MR imaging examination, with
six to nine sections acquired every two
R-R intervals (20), was performed by us-
ing 0.1 mmol gadolinium chelate
contrast material per kilogram of body
weight followed by a second 0.1 mmol/kg
dose of the agent. This protocol yielded a
cumulative 0.2 mmol/kg dose of gadolin-
ium chelate contrast material that was
administered as part of the myocardial
viability assessment. No imaging was
conducted during the second contrast
material injection. The time between the
two injections was the time required for
myocardial perfusion MR imaging, which
lasted approximately 1–2 minutes.

After myocardial perfusion MR imag-
ing, targeted-volume 3D coronary artery
examinations of as many coronary artery
vessels (right coronary artery [RCA] and
left main [LM], left anterior descending
[LAD], and left circumflex [LCX] arteries)
as possible were performed before the
start of the delayed-enhancement (viabil-
ity) study. Imaging planes were opti-
mized for visualization of the longest
proximal length of each vessel. Because
all subjects had initially been referred for
the clinical assessment of myocardial vi-
ability, the initiation of viability MR im-
aging limited the time that was available
for coronary artery imaging to 15–20
minutes, and in some patients, this
amount of time did not allow the imag-
ing of all coronary arteries. In nine of the
12 patients examined, a precontrast 3D
breath-hold acquisition of the RCA also
was performed. This enabled us to mea-

Figure 1. Diagram of pulse sequence illustrates the relative positions
of the spectrally selective inversion radiofrequency (rf) pulse phase,
the dummy excitation and half � (�/2)-half repetition time (TR/2)
phases, and the data acquisition phase. Two imaging segments per
section-encoding view are carried out, with the central k-space views
acquired in a smaller temporal window than the higher k-space views.
The preparation segment was used to accelerate the approach to
steady state and minimize signal intensity variations during data
acquisition. kr � spatial frequency encoding views.
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sure the vessel SNR and the vessel con-
trast-to-noise ratio (CNR) before and after
contrast material administration so that
we could assess the advantages of imag-
ing the coronary arteries after the first-
pass perfusion examination. The RCA
was chosen for these measurements be-
cause it was the most consistently visual-
ized vessel.

Imaging parameters were as follows:
3.9–4.7/1.5–1.9 (repetition time msec/
echo time msec), a 24–28-cm field of
view, a 2.0–2.4-mm section thickness in-
terpolated to 1.0–1.2 mm, 10–12 ac-
quired sections, a 256 � 192 to 256 � 224
acquisition matrix, and a 65° flip angle.
This protocol yielded acquired voxel spa-
tial resolutions of 0.9–1.0 � 1.1–1.3 �
2.0–2.4 mm. The imaging time was 20 or
24 heartbeats (two heartbeats per ac-
quired section), respectively, depending
on whether 10 or 12 sections were se-
lected. The mean breath-hold duration
for the acquisition of 12 sections was 22
seconds � 5 (standard deviation), with
the imaging time varying according to
patient heart rate.

Image Evaluation and Statistical
Analyses

The acquired images were indepen-
dently assessed by two radiologists expe-
rienced in cardiac MR imaging (D.A.B.
and V.B.H., with 9 and 11 years experi-
ence, respectively). The radiologists graded
each depicted coronary artery segment
(proximal, middle, and distal) by using a
four-point depiction scale: Grade 1 indi-

cated poor depiction—that is, the coronary
vessel was barely seen or was obscured by
noise; grade 2, marginal depiction—that is,
the vessel was visible, but confidence in the
diagnosis was low; grade 3, good depic-
tion—that is, the vessel was adequately vi-
sualized, with confidence in the diagnosis;
and grade 4, excellent depiction—that is,
the vessel was well visualized. The readers
were blinded to the patients’ medical his-
tories, other MR image data (ie, perfusion
and delayed-enhancement examination
results), and conventional coronary an-
giography results. Each coronary artery
segment was defined as a 3-cm vessel seg-
ment. Qualitative vessel grades of 3 and 4
were deemed to be diagnostic.

Although each set of vessel segments
was from the same coronary artery, the
individual segments were in different
spatial locations and had different orien-
tations and flow-gradient interactions.
Thus, we considered the segments to be
separate vessels and did not deem that
there was any clustering of data that ne-
cessitated different statistical analysis.
Vessel SNRs and CNRs were also mea-
sured in the proximal RCAs before and
after contrast material administration.
Paired t test analysis (two-tailed, with two
samples for means) of the vessel SNR and
CNR data was performed by using com-
puter software (Excel 2000; Microsoft,
Redmond, Wash). Vessel SNR was de-
fined as follows: SNR � SIm/SDa, as mea-
sured in a small region of interest, where
SIm is the mean vessel signal intensity
and SDa is the standard deviation in a

region of interest measured in air. Vessel
CNR was defined as follows: CNR �
100 � [(SIm � SIb)/(SIm� SDa)], where SIb

is the signal intensity of the adjacent
background tissue. Assessment of inter-
reader correlations was performed by us-
ing the Cohen � test (MEDCALC 7.4;
MedCalc Software, Mariakerke, Belgium).
Coronary artery vessel lengths were mea-
sured in each subject, and the mean
lengths were calculated (by T.K.F.F.).

Results

Images of 11 RCAs and 10 LAD, 10 LM,
and 10 LCX arteries were acquired. With
each major coronary artery divided into
three segments (proximal, middle, and
distal), with the exception that the LM
coronary artery was evaluated as a single
vessel segment, a total of 103 segments
possibly could have been visualized.

Of the 103 vessel segments that could
be visualized, 79 were visualized, and the
mean grade was 3 or 4 for 29 of 33 “pos-
sible” RCA segments, for 15 of 30 possi-
ble LAD artery segments (with 10 of 30
segments not seen), for nine of 10 possi-
ble LM artery segments, and for 12 of 30
possible LCX artery segments (with 14 of
30 segments not seen). Thus, the major-
ity (65 of 79 [82%]) of all vessel segments
observed were noted to have a qualitative
grade of 3 or 4: 29 (88%) of 33 visible
RCA segments, nine (90%) of 10 visible
LM artery segments, 15 (75%) of 20 visi-
ble LAD artery segments, and 12 (75%) of
16 visible LCX artery segments. The over-
all results, with the grades averaged for
the two observers, are summarized in the
Table. Of all 79 visualized segments, 21
(27%) were assigned a grade of 4; 44
(56%), a grade of 3; 13 (16%), a grade of
2; and 1 (1%), a grade of 1. When the
data were evaluated by using � statistics,
the � value for the correlation of findings
between the two readers was 0.60, indi-
cating moderate agreement.

As noted in the Table, all RCA seg-
ments and the LM coronary artery were
assigned a mean grade of 3 or higher. In
addition, the proximal segments of the
LAD and LCX arteries were also deemed
to be evaluable and of good image qual-
ity. The middle and distal segments of
the LAD and LCX arteries were not as
well visualized and had mean depiction
grades of between 2 and 3. Of all 103
possible segments, 24 (mostly distal LAD
and LCX segments) were not visualized.

Image SNRs were compared between
the pre- and postcontrast MR images ob-
tained in nine subjects. The postcontrast
coronary artery images exhibited a mean

Qualitative Vessel Segment Depiction Grades

Vessel Segment
No. of Visualized

Segments* Mean Grade†
Visualized Segments with Diagnostic

and Good Image Quality (%)‡

RCA
Proximal 11/11 3.7 � 0.5 91 (10/11)
Middle 11/11 3.5 � 0.4 100 (11/11)
Distal 11/11 3.0 � 0.9 73 (8/11)

LM artery 10/10 3.4 � 0.5 90 (9/10)
LAD artery

Proximal 10/10 3.2 � 0.4 90 (9/10)
Middle 8/10 2.9 � 0.7 63 (5/8)
Distal 2/10 2.5 � 0.7 50 (1/2)

LCX artery
Proximal 10/10 3.1 � 0.6 80 (8/10)
Middle 5/10 2.7 � 0.7 60 (3/5)
Distal 1/10 3.0 (100) (1/1)

* Number of vessel segments visualized/total number of segments.
† Mean qualitative vessel depiction grades (� standard deviation) assigned by two independent

observers and tabulated as a function of specific coronary artery vessel segments. Grades were
assigned by using a scale of 1–4.

‡ Vessels assigned a score of 3 or higher were considered to be diagnostic and of good image
quality. The RCAs and the LM arteries were well depicted in all cases, whereas only the proximal
LAD and proximal LCX arteries were consistently well visualized with an acceptable qualitative
grade. Numbers in parentheses are the numbers of segments used to calculate the percentages.
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improvement in SNR of 150% � 29 (P �
.002), despite being obtained at a sub-
stantial delay after the first pass of the
contrast material bolus. The mean time
after the second contrast material injec-
tion (yielding a cumulative dose of 0.2
mmol/kg) for the SNR measurements was
9 minutes � 4. Pre- and postcontrast MR
images (single 2.0-mm sections) obtained
in the same patient are shown in Figure
2. Note that the suppression of signal in
the myocardium, which was comparable
between the pre- and postcontrast im-
ages, was due to the high flip angle used
in the experiments. The postcontrast im-
age exhibited a mean improvement in
CNR of 115% � 27 (P � .18).

When we measured vessel lengths by
using the reformatted 3D volume acqui-
sitions, a mean of 102 mm � 16 of the
RCA was visualized. The mean lengths of
the other vessels visualized were 18
mm � 3 of the LM coronary artery, 56
mm � 15 of the LAD coronary artery, and
45 mm � 17 of the LCX coronary artery.
These measured lengths were consistent
with those reported in other studies
(2,3,6,7).

Discussion

Our study results demonstrate the pos-
sibility of using 3D coronary MR angiog-
raphy in combination with myocardial
perfusion and delayed-enhancement (vi-
ability) MR imaging examinations. As
shown in Figure 3, a first-pass perfusion
study, a delayed-enhancement study,
and visualization of the coronary arteries
(LCX artery and RCA in Fig 3) can be
completed during a single examination
owing to the short imaging times that are
possible with 3D breath-hold coronary
MR angiography performed by using a
variable temporal sampling scheme. With
use of the proposed acquisition tech-
nique, 82% of the visible coronary artery
segments were determined to be of suffi-
ciently high image quality for diagnosis.
However, 63% of all possible segments
(including visualized and nonvisualized
segments) were evaluable (grade � 3). Note
that in prior studies (6,7), only the visible
segments were considered in the assess-
ment of the diagnostic effectiveness of
coronary MR angiography (ie, in terms of
percentage of diagnostic segments).

The nonvisualized segments were pri-
marily distal LCX and distal LAD coro-
nary artery segments. This limited visual-
ization probably was due to the fact that
the positioning of the imaging planes
was targeted for imaging the proximal
coronary artery segments and thus not

optimal for visualization of the distal cor-
onary artery segments. The use of thicker
sections would have improved anatomic
coverage and potentially facilitated an in-
crease in the number of evaluable seg-
ments. Because high-spatial-resolution MR
imaging was desired, however, thicker
section thicknesses were not used. Fur-
thermore, the research protocol required
the acquisition of delayed-enhancement
MR images (for the viability study) 20
minutes after the perfusion examination,
and this limited the time that was avail-
able for coronary artery imaging. Addi-
tional imaging of the coronary arteries
could have been performed after the
delayed-enhancement examination and
thus potentially facilitated an increased
number of evaluable segments; however,
this approach was not used in the current
feasibility study.

Our study results are consistent with
those of earlier reported clinical studies
(6,7). On the basis of our qualitative eval-
uations, the percentage of evaluable seg-
ments was comparable to the percentages
reported with use of free-breathing acqui-
sitions (6,7) but at a substantial reduction
in imaging time. The ability to image
each coronary artery during a single
breath hold allows all three major coro-
nary vessels (RCA and LM, LAD, and LCX
arteries) to be imaged within three to
four breath holds, and this capability is
an advantage for incorporating coronary
artery visualization into a comprehensive
cardiac examination. The administration

of contrast material improved the vessel
SNR to 150% of the precontrast image
SNR within 20–30 minutes after the ini-
tial contrast agent bolus injection.

In the patients enrolled in this study,
only two R-R cardiac intervals per section
were used. In patients with higher heart
rates (�80 beats per minute), segmenta-
tion into three R-R intervals per section
can be used. This will reduce the tempo-
ral acquisition window in patients with
high heart rates while permitting the im-
aging time to remain at less than 27 sec-
onds. With this approach, higher heart
rates will result in shorter imaging times,
and, thus, increasing the segmentation
will not adversely affect the breath-hold
period.

There were several limitations to the
described MR image acquisition approach.
Although 24 heartbeats may constitute a
short breath-hold period, it may be chal-
lenging for—and even beyond the capa-
bility of—some patients, especially those
with compromised pulmonary function.
For patients who are unable to maintain
a 20–24-second breath hold, parallel im-
aging techniques (21–23) can be used.
Parallel imaging allows reduction of the
breath hold period by a factor of two or
greater. Alternatively, if the breath-hold
period can be maintained, higher spatial
resolution can be achieved. This permits
the acquisition of submillimeter in-plane–
spatial-resolution images during a 20–24-
second breath hold. With use of short
imaging times, the performance of free-

Figure 2. Single 2.0-mm MR images (4.7/1.9, 26-cm field of view, 256 � 224 matrix, 1.0 � 1.1 �
2.0-mm acquired voxels) obtained from (a) precontrast and (b) postcontrast 3D volume acqui-
sitions (12 sections) in 60-year-old man. Each volume was acquired during a 19-second breath
hold (heart rate, 75 beats per minute). Vessel SNR in the RCA (arrow) increased from 48 before to
80 after a cumulative 0.2 mmol/kg dose of gadolinium-based contrast material was administered.
This represented a 1.6-fold increase in vessel SNR approximately 5 minutes after contrast material
administration (ie, after second 0.10 mmol/kg injection).
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breathing navigator techniques can be
improved. Applying parallel imaging fur-
ther reduces the image acquisition time.
Higher spatial resolution navigator-gated
MR images can then be acquired by using
the proposed 3D steady-state free preces-
sion acquisition technique in less than 3
minutes (using a conservative assump-
tion of 10%–20% efficiency), as com-
pared with the 10–15-minute acquisition
time required in other reported free-
breathing navigator studies (5–7).

Because our study involved the use of a
small sample size, it was not a definitive
assessment of the sensitivity and specific-
ity of the described approach for assess-
ment of coronary artery disease. Thus, a
much larger study with conventional an-

giographic correlation in each patient is
needed.

In conclusion, 3D coronary MR an-
giography performed in combination
with first-pass myocardial perfusion and
viability assessments is feasible. With use
of a variable temporal sampling scheme,
acquisition times (ie, breath-hold times)
are short (24 seconds) and SNRs are sig-
nificantly improved, compared with the
acquisition times required and SNRs
achieved with precontrast MR imaging.
The described technique is most suitable
for assessment of proximal and middle
coronary artery segments. Thus, it seems
feasible to complete a cardiac MR imag-
ing examination that facilitates myocar-
dial perfusion, myocardial viability, and

proximal and middle coronary artery ves-
sel assessments within 30–45 minutes.
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