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lenged by increased B0 field heterogeneity 
and constraints in specific absorption rate. 
Among the gradient-echo acquisition strate-
gies, segmented k-space spoiled gradient-re-
called echo (GRE) sequences have better tol-
erance to B0 field heterogeneity and a lower 
specific absorption rate than do steady-state 
free precession (SSFP) sequences. Therefore, 
although SSFP is widely used in 1.5-T coro-
nary MRA, most 3-T coronary MRA studies 
have been conducted with GRE sequences 
[4]. However, major limitations of coronary 
MRA with spoiled GRE include the relatively 
low blood-pool SNR and blood-myocardium 
CNR compared with those of SSFP.

To improve contrast, various T1-shortening 
intravascular MRI contrast agents have been 
used for coronary MRA, and excellent im-
age quality has been reported [5–8]. Mean-
while, image acquisition with slow infusion 

Use of 2D Sensitivity Encoding for 
Slow-Infusion Contrast-Enhanced 
Isotropic 3-T Whole-Heart 
Coronary MR Angiography

Jing Yu1,2 
Ingo Paetsch3,4 
Bernhard Schnackenburg5 
Eckart Fleck3 

Robert G. Weiss2,6 
Matthias Stuber2,7  
Cosima Jahnke3,4

Yu J, Paetsch I, Schnackenburg B, et al.

1Department of Biomedical Engineering, Johns Hopkins 
University, Baltimore, MD.

2Department of Radiology, Division of Magnetic 
Resonance Research, Johns Hopkins University, 
Baltimore, MD.

3Department of Internal Medicine/Cardiology, German 
Heart Institute Berlin, Berlin, Germany.

4Department of Cardiology, University Hospital RWTH 
Aachen, Pauwelsstrasse 30, 52074 Aachen, Germany. 
Address correspondence to C. Jahnke (cjahnke@alice.de).

5Philips Healthcare, Hamburg, Germany.

6Department of Medicine, Cardiology Division, Johns 
Hopkins University, Baltimore, MD.

7Department of Radiology, Centre Hospitalier 
Universitaire Vaudois and University of Lausanne, Center 
for Biomedical Imaging (CIBM), Lausanne, Switzerland.

Cardiopulmonar y Imaging •  Or ig ina l  Research

AJR 2011; 197:374–382

0361–803X/11/1972–374

© American Roentgen Ray Society

C
oronary MR angiography (MRA) 
has been found to be a valuable 
tool for the noninvasive detec-
tion of proximal coronary artery 

disease [1]. Whole-heart coronary MRA [2, 
3] has the advantage of large volumetric cov-
erage; both the left and right sides of the cor-
onary arterial system can be imaged on one 
acquisition. In addition, no tedious and time-
consuming planning acquisitions are need-
ed, which substantially improves the ease of 
use of coronary MRA in general. Another 
major technical advance in coronary MRA is 
the clinical use of 3-T MRI systems. An in-
crease in field strength from 1.5 T to 3 T sup-
ports higher blood-pool signal-to-noise ratio 
(SNR) and blood-myocardium contrast-to-
noise ratio (CNR) while the acquisition se-
quences remain almost identical at both field 
strengths. Imaging at 3 T, however, is chal-
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OBJECTIVE. The purpose of this study was to improve the blood-pool signal-to-noise ra-
tio (SNR) and blood-myocardium contrast-to-noise ratio (CNR) of slow-infusion 3-T whole-
heart coronary MR angiography (MRA).

SUBJECTS AND METHODS. In 2D sensitivity encoding (SENSE), the number of 
acquired k-space lines is reduced, allowing less radiofrequency excitation per cardiac cycle 
and a longer TR. The former can be exploited for signal enhancement with a higher radio-
frequency excitation angle, and the latter leads to noise reduction due to lower data-sampling 
bandwidth. Both effects contribute to SNR gain in coronary MRA when spatial and temporal 
resolution and acquisition time remain identical. Numeric simulation was performed to select 
the optimal 2D SENSE pulse sequence parameters and predict the SNR gain. Eleven patients 
underwent conventional unenhanced and the proposed 2D SENSE contrast-enhanced coro-
nary MRA acquisition. Blood-pool SNR, blood-myocardium CNR, visible vessel length, ves-
sel sharpness, and number of side branches were evaluated.

RESULTS. Consistent with the numeric simulation, using 2D SENSE in contrast-en-
hanced coronary MRA resulted in significant improvement in aortic blood-pool SNR (unen-
hanced vs contrast-enhanced, 37.5 ± 14.7 vs 121.3 ± 44.0; p < 0.05) and CNR (14.4 ± 6.9 vs 
101.5 ± 40.8; p < 0.05) in the patient sample. A longer length of left anterior descending coro-
nary artery was visualized, but vessel sharpness, coronary artery coverage, and image quality 
score were not improved with the proposed approach.

CONCLUSION. In combination with contrast administration, 2D SENSE was found ef-
fective in improving SNR and CNR in 3-T whole-heart coronary MRA. Further investigation 
of cardiac motion compensation is necessary to exploit the SNR and CNR advantages and to 
achieve submillimeter spatial resolution.

Yu et al.
Whole-Heart Coronary MR Angiography

Cardiopulmonary Imaging
Original Research
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of U.S. Food and Drug Administration–ap-
proved clinical extracellular contrast agents 
has emerged as a promising approach [9]. 
Nevertheless, and despite marked improve-
ment in CNR after contrast administration, 
3-T whole-heart coronary contrast-enhanced 
MRA (CE-MRA) has been found inferior to 
1.5-T whole-heart SSFP unenhanced MRA 
[10]. Thus SNR continues to be limited in 
3-T GRE sequences, constraining achieve-
ment of higher spatial and temporal resolu-
tion, which are critical to the diagnostic val-
ue of the technique.

Sensitivity encoding (SENSE) has been 
found effective for SNR enhancement [11, 
12]. By reducing the number of k-space lines 
acquired in each heartbeat and thus prolong-
ing TR, a reduced-signal-intensity readout 
bandwidth and more longitudinal magnetiza-
tion relaxation contribute to a net SNR gain. 
The prolonged TR can be further exploited 
for additional SNR gain through the use of 
higher radiofrequency excitation angles. This 
effect is particularly magnified when blood 
T1 is much shortened. Therefore, the use of a 
SENSE approach in combination with an ex-
tracellular T1-lowering contrast agent seems 
particularly promising. Moreover, with the 
advent of 32-channel hardware, higher par-
allel imaging acceleration factors have be-
come available and may particularly benefit 
3D cardiovascular MRI. It is more SNR ef-
ficient to use a 2D SENSE acceleration fac-
tor of 2 × 2 than a 1D SENSE acceleration 
factor of 4 [13]. Previous reports [14, 15] on 
whole-heart coronary MRA have described 
the utility of 2D SENSE in abbreviating ac-
quisition time without substantial loss of im-
age quality. Yet the use of 2D SENSE for 
improving blood-pool SNR in whole-heart 
coronary CE-MRA has not been reported, to 
our knowledge.

We hypothesized that the combination 
of 2D SENSE and a high-relaxivity con-
trast agent could be a powerful method for 
achieving high SNR and CNR in 3-T whole-
heart coronary MRA. A 2D SENSE accel-
erated spoiled GRE sequence was developed 
and optimized for high-resolution coronary 
CE-MRA with slow infusion of gadobenate 
dimeglumine (MultiHance, Bracco). The 
proposed method was first simulated and 
subsequently compared with convention-
al unenhanced MRA in a small patient co-
hort. Although the proposed technique was 
used with SENSE only, which is the paral-
lel reconstruction method available on the 
clinical MRI system used in this study, the 

method theoretically can easily be combined 
with other parallel imaging techniques [16, 
17], image based and k-space based alike, to 
achieve similar results.

Subjects and Methods
Theory

The SNR of a 3D segmented k-space spoiled 
GRE imaging technique as used for coronary MRA 
is related to voxel volume (ΔxΔyΔz), steady-state 
transverse magnetization (Mxy), number of phase-
encoding steps in both the y and z directions (Ny, 
Nz), signal sampling bandwidth (BW), and number 
of signals averaged (NSA). With a SENSE accelera-
tion factor of R and associated geometry factor g, 
SNR is calculated with the following equation [11]:

SNR∝
(∆x∆y∆z) · Mxy · ·NyNz

· g · BW R

NSA

By replacing a 1D SENSE acceleration factor 
of 2 with a 2D SENSE acceleration of 2 × 2, the 
number of radiofrequency excitations per acquisi-
tion window can be halved without a change in ac-
quisition time. With constant acquisition window 
duration, TR is doubled. If the time required for 
radiofrequency transmission and phase encoding 
does not change, the extra time made available per 
TR can be dedicated to signal sampling, and the 
sampling time is more than doubled. This means 
that bandwidth can be reduced more than twofold. 
As documented previously [11, 12], the increased 
efficiency of this radiofrequency receive–to–ra-
diofrequency transmit duty cycle can be exploited 
for a substantial gain in SNR.

Meanwhile, in the case of CE-MRA, use of a 
prolonged TR and fewer radiofrequency excita-
tions per acquisition interval increases longitudinal 
magnetization. This effect is particularly amplified 
if the blood T1 is shortened with contrast medium 
and helps not only to preserve the steady-state mag-
netization but also to minimize signal decay dur-
ing the train of signal readouts in the acquisition 
window. As a result, reduced T1 and prolonged TR 
enable the use of greater radiofrequency excitation 
angles, which may lead to a substantial SNR ad-
vantage. The combined SNR advantage originating 
from the reduced sampling bandwidth and the in-
creased radiofrequency excitation angle outweigh 
the SNR loss incurred by the use of an addition-
al SENSE acceleration factor of 2. Therefore, a net 
SNR gain can be expected while acquisition time 
and spatial resolution remain unchanged.

Numeric Simulation
To investigate the theoretic blood SNR gain 

from 2D SENSE CE-MRA with optimized ra-
diofrequency excitation angles relative to those 
of conventional unenhanced MRA, we performed 

numeric simulations of the Bloch equations using 
Matlab software (version 7, R14, MathWorks). 

The baseline 3D unenhanced MRA sequence 
for comparison included a magnetization prepara-
tion pulse [18] (TE, 50), a spoiled GRE sequence, 
and a 1D SENSE acceleration factor of 2. The un-
enhanced blood T1 used for the simulation was 
1550 ms [19], unenhanced T2 was 120 ms [20], 
and unenhanced T2* was 80 ms [20]. The pulse 
sequence parameters were closely matched to 
those used for coronary artery imaging, including 
acquisition window, 90 ms; TR/TE, 3.3/1.0; con-
stant radiofrequency excitation angle (alpha), 20°; 
bandwidth, 540.1 Hz/pixel; g-factor, 1.06. The g-
factor values used in the numeric simulation were 
measured on g-factor images reconstructed from 
coil sensitivity. The time-of-flight effect was not 
taken into account in the simulation. An artificial 
heart rate of 60 beats/min was used.

To study the effects of the contrast agent and 
prolongation of TR separately, we performed the 
sequence parameter optimization in two steps. 
The SNR of each step was computed and nor-
malized to the baseline SNR. The first step was 
slow infusion of gadobenate dimeglumine. Use of 
gadobenate dimeglumine dramatically shortens 
blood T1 and T2. Thus the values used for numer-
ic simulation were contrast-enhanced T1, 90 ms 
[21, 22]; contrast-enhanced T2, 35 ms [23]; and 
contrast-enhanced T2*, 30 ms. The contrast-gen-
erating preparation pulse was replaced by a nonse-
lective inversion recovery preparation pulse with 
an inversion delay of 200 ms [9]. Except for radio-
frequency excitation angle, all other sequence pa-
rameters including a 1D SENSE acceleration fac-
tor of 2 were identical to those of the unenhanced 
MRA baseline. This sequence is referred to as 
1D SENSE CE-MRA, which is the contemporary 
protocol for slow-infusion coronary CE-MRA.

The second step was application of a 2D SENSE 
acceleration factor of 2 × 2 for CE-MRA. In an 
identical acquisition window duration of 90 ms, 
the number of radiofrequency excitations can be 
reduced from 27 to 14 for an increased TR and re-
duced signal-readout bandwidth. The parameters 
modified included TR/TE, 6.4/1.7; bandwidth, 
153.0 Hz/pixel; and g-factor, 1.50.

To find the optimal radiofrequency excitation 
angle in each step, contrast-enhanced transverse 
magnetization of the first to the last radiofrequen-
cy excitation in the acquisition window after the 
inversion recovery preparation pulse was calculat-
ed with the Bloch equation. The simulation was 
repeated with incremental radiofrequency excita-
tion angles of 20°, 25°, 30°, and 35°. The optimal 
radiofrequency excitation angle was then selected 
with the criterion that the signal intensity from the 
last radiofrequency excitation acquired in the ac-
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quisition window is at least 60% of that of the first 
radiofrequency excitation. This 60% cutoff pre-
vents drastic signal decay and pixel blurring as a 
result of the point-spread function. Simultaneous-
ly, the signal intensity from the first radiofrequen-
cy excitation should be maximized because it will 
be located in the center of the k-space in the con-
centric elliptic k-space ordering.

Patient Study
MRI protocol—All MRI studies were performed 

with a commercial 3-T whole-body MRI system 
(Achieva R2.6, Philips Healthcare). The MRI 
system was equipped with a 40 mT/m, 200 T/m/s 
gradient system and a 32-channel cardiac surface 
coil for signal reception. The study was approved 
by the local ethics committee, and written informed 
consent was obtained from all study participants.

Eleven patients (six women, five men; mean age, 
55 ± 19 [SD] years) with suspected or known coro-
nary artery disease who had not undergone coro-
nary stent implantation or coronary artery bypass 
surgery underwent MRI in the supine position with 
the vector ECG electrodes connected to the anterior 
thorax. First, a multislice SSFP survey acquisition 
was performed in the axial, sagittal, and coronal 
planes to identify the heart and the lung-liver inter-
face for navigator localization. This acquisition was 
followed by a SENSE reference acquisition with a 
spatial resolution of 11.0 × 15.1 × 15.0 mm (foot-
head × right-left × anterior-posterior). A cine SSFP 
sequence (TR/TE, 3.2/1.7; alpha, 45°; temporal res-
olution, 38 ms) in the axial plane was performed in 
which the period of minimal right coronary artery 
(RCA) motion was visually identified.

After scout acquisition, baseline free-breathing 
navigator-gated (gating window, 6 mm) and cor-
rected (foot-head correction with a correction fac-
tor of 0.45) [24] 3D unenhanced whole-heart cor-
onary MRA with an adiabatic preparation pulse 
(TE, 50) was performed. The 3D k-space data were 
collected according to a concentric elliptic order in 
the two phase-encoding directions. During acquisi-
tion planning, the thickness of the 3D volume was 
adapted to heart size, but the in-plane FOV was al-
ways 210 × 260 mm (anteroposterior × right-left). 
Two saturation slabs in the sagittal direction were 
prescribed to suppress signal from the arms, and 
a third saturation slab in coronal orientation was 
positioned on the posterior aspect of the chest to 
suppress signal from the spinal cord. The acquired 
isotropic voxel size was 1.3 × 1.3 × 1.3 mm and in-
terpolated to 0.65 × 0.65 × 0.65 mm during recon-
struction. To accelerate image acquisition, a 1D 
SENSE acceleration factor of 2 was applied in the 
right-left direction. The duration of the acquisition 
window, ranging from 90 to 110 ms, was adjusted 
to the RCA rest period of individual patients. Other 

parameters were TR/TE, 3.3/1.1; bandwidth, 540.1 
Hz/pixel; alpha, 20°.

A 0.2-mmol/kg dose of gadobenate dimeglu-
mine was injected at 0.3 mL/s, and inversion recov-
ery (inversion delay, 200 ms) CE-MRA acquisition 
was started 2 minutes after injection. The k-space 
filling order, spatial and temporal resolution, vol-
umetric coverage, nominal acquisition time, and 
navigator pulse location remained unchanged rela-
tive to the baseline acquisition for the same patient. 
However, for CE-MRA, a 2D SENSE acceleration 
factor of 2 × 2 was used in the foot-head and right-
left directions. Rather than being used to abbrevi-
ate acquisition time, 2D SENSE was exploited to 
maximize SNR by minimizing the signal readout 
bandwidth (TR/TE, 6.6/1.7, one-half the number of 
radiofrequency excitations per heartbeat compared 
with unenhanced MRA; bandwidth, 153.0 Hz/pix-
el) and by choosing an optimal alpha based on the 
numeric simulation. Selected parameters of unen-
hanced MRA and 2D SENSE CE-MRA are listed 
in Table 1. 

To support SNR and CNR quantification on im-
ages acquired with SENSE, all whole-heart coro-
nary acquisitions were automatically repeated 
with all radiofrequency excitations and gradients 
disabled (noise acquisition) [25]. The duration of 
the 3D noise acquisition was 30 seconds [12], no 
user interaction was required to perform the noise 
acquisition, and reconstruction of the noise data 
was automatically performed with the commer-
cial reconstruction hardware of the system.

SNR and CNR computations—Regional SNR 
and CNR analyses were performed on the magni-
tude images. For blood-pool SNR quantification, a 
rectangular region of interest (ROI) was placed in 
the ascending aorta (ROI size, ≈ 250 pixels) at the 
level of the ostium of the left main coronary artery 
(LMCA). The signal intensity (SIb) was measured 
as the mean intensity in the ROI on the anatomic 
image, and the noise was determined as the SD 
(SDb) from the same ROI in the noise acquisition. 
The blood-pool SNR was then calculated as SIb / 

SDb. The SNR of blood in the coronary arteries 
also was calculated. For signal intensity measure-
ments, small ROIs (size, ≈ 15 pixels) were placed 
in the LMCA and the proximal portion of the RCA 
on the anatomic image. To obtain adequate noise 
measurements, rectangular ROIs (size, > 250 pix-
els) were selected on the noise image and were lo-
calized at the same position as the small ROIs on 
the anatomic image. The SNR of the LMCA and 
proximal portion of the RCA were defined as the 
mean signal intensity in the coronary blood divid-
ed by the SD of noise intensity.

The myocardial signal intensity (SIm), noise 
(SDm), and thus SNR were measured from a rectan-
gular ROI (size, ≈ 250 pixels) in the left ventricular 
myocardium in closest proximity to the LMCA. Fi-
nally, the blood-myocardium CNR was calculated 
as follows [26]: (SIb − SIm) / [0.5 × (SDb + SDm)].

Coronary MR angiographic evaluation—The 3D 
whole-heart MRA data sets were reformatted along 
the major axes of the RCA, left anterior descend ing 
coronary artery (LAD), and left circumflex artery 
(LCX) with the soap-bubble coronary MRA 
analysis software tool [27]. Objective measure-
ments of visible vessel length were obtained on the 
re formatted images. Simultaneously, the average 
vessel sharpness along the entire visible length of 
the vessel was determined with the software. 
Coronary coverage was based on the numbers of 
visible coronary segments of major coronary 
arteries and major coronary branches according to 
the 15-segment classification of the American 
Heart Association [28].

Image quality with respect to the presence of 
artifacts was graded with a previously reported 
[1] 4-point scale, in which a grade of 1 indicat-
ed that > 50% of the coronary artery segments 
were not assessable; grade 2, that the coronary ar-
tery segments were visualized with moderate arti-
facts; grade 3, that mild artifacts were present on 
the images; and grade 4, that the coronary artery 
segments were visualized with minimum or no ar-
tifact. Coronary reformatting and visual scoring 

TABLE 1: Selected Parameters for Unenhanced and 2D Sensitivity Encoding 
(SENSE) Contrast-Enhanced MR Angiographic Sequences

Parameter Unenhanced Contrast-Enhanced

SENSE acceleration factor 2 × 1 2 × 2

TR (ms) 3.3 6.4

Alpha 20° To be determined

TE (ms) 1.1 1.7

Prepulse T2 preparation Inversion recovery

Voxel size (mm3)

Acquisition 1.3 × 1.3 × 1.3 1.3 × 1.3 × 1.3

Reconstruction 0.65 × 0.65 × 0.65 0.65 × 0.65 × 0.65
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were performed by the same MRI scientist, who 
had more than 5 years of experience in coronary 
MRA. True blinding with regard to unenhanced 
and contrast-enhanced images was not practical 
because contrast-enhanced images had distinctly 
greater visual contrast. For patients who under-
went catheterization for diagnostic purposes, cor-
onary MRA images were compared with the ra-
diographic angiograms.

Acquisition duration and navigator efficiency—
In addition to the quantification of parameters re-
lated to image quality, the effective acquisition du-
ration and the navigator efficiency were recorded.

Statistical analysis—All quantitative results 
were presented as mean ± 1 SD. A paired two-
tailed Student t test was used to compare mea-
surement results of SNR, CNR, vessel length, and 
vessel sharpness for 2D SENSE CE-MRA versus 
unenhanced MRA. The difference in coronary 
coverage and image quality score between 2D 
SENSE CE-MRA and unenhanced MRA was ana-
lyzed with the Wilcoxon signed rank test. A value 
of p < 0.05 was considered statistically significant.

Results
Numeric Simulation

According to the criteria defined, that is, 
maximizing initial signal intensity while 
limiting subsequent decay, the optimal an-
gle for the 1D SENSE CE-MRA sequence 
was 20° and for the 2D SENSE CE-MRA 
sequence was 25°. Figure 1 shows the trans-
verse magnetization of consecutive radiofre-
quency excitations in the acquisition used to 
select the optimal radiofrequency excitation 
angle for 2D SENSE CE-MRA. The optimal 
radiofrequency excitation angles, which are 
a function of the tissue properties (T1, T2, 
and T2*), sequence parameters (e.g., TR, ac-
quisition window duration), and heart rate, 
vary at different magnetic field strengths but 
are expected to be identical on MRI systems 
from different manufacturers.

The SNR of unenhanced MRA was set at 
baseline. After infusion of the contrast agent 
and with a T1 of 90 ms, SNR was predict-
ed to be improved approximately 179% in 1D 
SENSE CE-MRA. With optimized radiofre-
quency excitation angles and prolonged TR, 
use of 2D SENSE for CE-MRA was predicted 
to improve SNR approximately 217%. Thus 
2D SENSE pulse sequence optimization led 
to SNR gain complementary to the SNR ben-
efit associated with shortened blood T1.

Patient Study
All studies with or without gadobenate 

dimeglumine were successfully completed for 

all patients, providing adequate image quality 
for the subsequent analysis. Patient character-
istics and left ventricular function at rest as as-
sessed with MRI are summarized in Table 2.

Whole-heart 2D SENSE CE-MRA had 
a significantly higher blood-pool SNR and 
blood-myocardium CNR than did baseline 
unenhanced MRA (Table 3). The SNR of 
blood in the ascending aorta with the 2D 
SENSE CE-MRA method was threefold 
higher than that with baseline unenhanced 
MRA (37.5 ± 14.7 before vs 121.3 ± 44.0 
after contrast enhancement, p < 0.05). The 
SNR of blood in the LMCA (28.1 ± 15.6 vs 

85.0 ± 36.9, p < 0.05) and RCA (37.5 ± 14.1 
vs 109.1 ± 41.9, p < 0.05) also was signifi-
cantly improved with use of the 2D SENSE 
CE-MRA method. The percentage improve-
ment in average SNR in the ascending aor-
ta, LMCA, and proximal portion of the RCA 
was 223%, 203%, and 191%.

Table 3 also shows that the proposed tech-
nique did not equally benefit depiction of the 
three major vessels. The combined LMCA 
and LAD vessel length was significantly 
greater on 2D SENSE CE-MRA than unen-
hanced MRA images, but the vessel sharp-
ness and the number of visible side branches 
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Fig. 1—Graph shows 
signal intensity of 
blood after contrast 
administration during 
acquisition window 
(90 ms) consisting 
of 14 constant 
radiofrequency 
excitations. Simulation 
has been made for 
readout trains with 
different radiofrequency 
excitation angles. With 
25° radiofrequency 
excitation angle 
(circles), signal intensity 
for first readout is 
relatively high and 
decays smoothly 
during readout. 
Optimal radiofrequency 
excitation angle is 
approximately 25°.

TABLE 2: Patient Demographics and Clinical Data

Characteristic Value

Sex (no.)

Men 5

Women 6

Age (y)  54.9 ± 19.3

Body mass indexa  24.1 ± 2.5

Heart rate (beats/min)  63.2 ± 8.7

Cardiovascular risk factors (no.)

Arterial hypertension  5 (46)

Diabetes mellitus  1 (9)

Hyperlipoproteinemia  4 (36)

Smoking  2 (18)

LV function

LV ejection fraction (%)  58.1 ± 7.7

LV end-diastolic volume (mL)  138.7 ± 50.9

LV end-systolic volume (mL)  60.3 ± 31.9

Note—Values are mean ± SD or number. Values in parentheses are percentages. LV = left ventricular. 
aWeight in kilograms divided by the square of height in meters.
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did not change significantly. A trend for lon-
ger visible vessel segments was also measured 
for the LCX in the comparison of 2D SENSE 
CE-MRA and unenhanced MRA, but it did 
not reach statistical significance. However, the 
vessel sharpness of the LCX obtained with 
2D SENSE CE-MRA was significantly lower 
than that with unenhanced MRA. In contrast 
to the left coronary artery system, the visible 
RCA length did not benefit from 2D SENSE 
CE-MRA, and RCA vessel sharpness and vis-
ibility of side branches remained largely un-
affected compared with the findings at unen-
hanced MRA. Although the average duration 
of unenhanced MRA acquisition was less 
than that of 2D SENSE CE-MRA, this find-
ing was only a trend and did not reach statisti-
cal significance (Table 3).

Table 4 shows that no statistical differ-
ence was found in the number of visible 
major coronary arteries (80/99 before vs 
78/99 after contrast enhancement) and main 
side branches (19/66 vs 17/66) between 2D 
SENSE CE-MRA and unenhanced MRA. 
The mean scores of image quality of the two 
techniques also were close (2.8 ± 0.8 before 
vs 2.7 ± 0.9 after contrast enhancement).

Figure 2 shows a soap-bubble reformatted 
LAD and a first diagonal branch in the same 

patient on both unenhanced MRA (Fig. 2A) 
and 2D SENSE CE-MRA (Fig. 2B) images. 
Both images show the LMCA and a long seg-
ment of the LAD. However, the more distal 
LAD and diagonal branch are more evident 
on the contrast-enhanced image, on which 
signal suppression of the myocardium im-
proved blood-myocardium contrast.

Another important aspect of visualization 
of the left coronary artery system is high-
lighted in Figure 3, which shows reformat-
ted images of an LCX and the intermedi-
ate branch without (Fig. 3A) and with (Fig. 
3B) a contrast agent. The tortuous course of 
the intermediate branch was depicted very 
well on both images, but the 2D SENSE CE-
MRA images had better vessel conspicuity 
and longer visible distal segments. However, 

the signal intensity of the great cardiac vein 
appeared to increase after contrast adminis-
tration, and the vein ran partly in parallel to 
the LCX. As a result and consistent with the 
reduced quantitative vessel sharpness of the 
LCX after contrast administration, the LCX 
was no longer distinct from the great cardiac 
vein, and therefore delineation was compro-
mised on the 2D SENSE CE-MRA images.

Representative images of the RCA are dis-
played in Figure 4. Compared with the cor-
responding unenhanced MRA image (Fig. 
4A), the 2D SENSE CE-MRA image (Fig. 
4B) shows improved delineation of the RCA, 
and vessels of very similar length are visual-
ized. Although other structures, such as the 
chest wall, are visible on the unenhanced im-
age, the signal intensity in these regions is 
almost entirely suppressed after contrast ad-
ministration, leading to more exclusive de-
piction of the blood-pool. All 2D SENSE 
CE-MRA images in Figures 2–4 show sub-
stantially enhanced blood-pool SNR and 
well-suppressed surrounding tissues, such as 
myocardium, skeletal muscle, and fat.

Two of the 11 patients in this study un-
derwent radiographic coronary angiography 
for diagnostic purposes, and one was found 
to have significant stenosis. The images 
are shown in Figure 5. The locations of the 
stenoses identified on 2D SENSE CE-MRA 
images agreed well with those on the conven-
tional angiograms. In comparison, the right 
marginal branch of the RCA, which was iden-
tified with 2D SENSE CE-MRA, was not de-
picted on the unenhanced MRA image.

Discussion
In this study of patients undergoing whole-

heart coronary MRA with slow infusion of 
an extracellular contrast agent (gadoben-
ate dimeglumine), we found that use of the 
contrast agent in concert with 2D SENSE 
led to substantial improvement in SNR and 
CNR compared with the results with the un-
enhanced technique. Therefore, this study 
showed that the combination of 2D SENSE 

TABLE 4: Coronary Coverage and Image Quality Score for Unenhanced and 
Contrast-Enhanced Whole-Heart MR Angiography

Variable Unenhanceda Contrast-Enhancedb

No. of major coronary arteries 80/99 (81) 78/99 (79)

No. of main coronary branches 19/66 (29) 17/66 (26)

Score of image quality 2.8 ± 0.8 2.7 ± 0.9

Note—Values in parentheses are percentages.
aT2 preparation pulse, 1D sensitivity encoding (SENSE).
bGadobenate dimeglumine, 2D SENSE.

TABLE 3: Signal-to-Noise Ratio, Contrast-to-Noise Ratio, Vessel Length,  
Vessel Sharpness, and Scan Duration for Unenhanced and  
Contrast-Enhanced Whole-Heart MR Angiography

Parameter Unenhanceda Contrast-Enhancedb

Signal-to-noise ratio

Ascending aorta  37.5 ± 14.7  121.3 ± 44.0c

LMCA  28.1 ± 15.6  85.0 ± 36.9c

RCA  37.5 ± 14.1  109.0 ± 41.9c

Contrast-to-noise ratio (blood-myocardium)  14.4 ± 6.9  101.5 ± 40.8c

Vessel length (mm)

LMCA + LAD (n = 10)d  79.7 ± 34.0  92.0 ± 33.9c

LCX (n = 10)d  33.6 ± 7.9  39.3 ± 10.6

RCA (n = 11)  117.8 ± 31.4  105.6 ± 36.8c

Vessel sharpness (%)

LMCA + LAD (n = 10)d  49.1 ± 7.4  46.5 ± 7.2

LCX (n = 10)d  51.1 ± 8.7  42.7 ± 7.5c

RCA (n = 11)  51.5 ± 7.4  52.0 ± 11.1

Scan duration (min)  9.7 ± 3.6  12.3 ± 7.7

Navigator efficiency (%)  52.3 ± 13.0  47.9 ± 10.7

Note—LMCA = left main coronary artery, RCA = right coronary artery, LAD = left anterior descending 
coronary artery, LCX, left circumflex artery.

aT2 preparation pulse, 1D sensitivity encoding (SENSE).
bGadobenate dimeglumine, 2D SENSE.
cp <  0.05 versus T2 preparation pulse values (paired two-sided Student t test).
dNot visualized in one patient.
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and a high-relaxivity contrast agent can be 
used to achieve high SNR and CNR in 3-T 
whole-heart coronary MRA. Overall, three-
fold improvement in blood-pool SNR was 
measured in a patient population with sus-
pected or known coronary artery disease.

The slight difference in percentage SNR 
measurements in the ascending aorta, LMCA, 
and RCA may be attributable to the dis-
tance between the structure and the coil. In 
the LMCA and RCA, where the ROIs bare-
ly avoided pixels at the vessel boundary, ves-
sel signal intensity might have been compro-
mised by the partial volume effect. In general, 

3D imaging affords an SNR advantage com-
pared with multislice 2D approaches with 
identical spatial resolution. With the admin-
istration of T1-shortening contrast agents, ap-
proximately twofold improvement in SNR 
has been reported [9]. By exploiting the 2D 
SENSE technique and combining it with both 
a prolonged TR and a higher radiofrequency 
excitation angle, we obtained an extra SNR 
benefit that surpassed the twofold improve-
ment attributable to shortened blood T1 af-
ter contrast administration. The additional 
SNR benefit can be attributed to noise reduc-
tion secondary to the reduced bandwidth and 

to signal enhancement due to a higher radio-
frequency excitation angle. The quantitative 
SNR improvement agreed well with the nu-
meric simulation results. The numeric simu-
lation also showed the SNR benefits associat-
ed with T1 shortening caused by the contrast 
agent in conjunction with the proposed 2D 
SENSE pulse sequence.

In 2D SENSE CE-MRA, long, contiguous 
contrast-enhanced segments of the left and 
right coronary arterial system were consis-
tently imaged during free breathing in pa-
tients with suspected or known coronary 
artery disease. The visible length of the com-
bined LMCA and LAD was significantly 
greater on 2D SENSE CE-MRA than on un-
enhanced MRA images (Table 3). As shown 
in Figure 2, the middle and distal segments 
of the LAD along with its side branches can 
be better delineated because of improved 
myocardial signal suppression on the con-
trast-enhanced images. Similar findings of 
improved depiction of distal coronary arter-
ies have been reported in previous studies of 
coronary CE-MRA [5, 7, 10].

Although more side branches were depict-
ed, visualization of the LCX after contrast 
administration remains challenging because 
of simultaneous enhancement of the great 
cardiac vein, which often runs parallel to the 
middle and distal LCX. Thus in addition to 
improved SNR and CNR, further increased 
spatial resolution and venous blood-signal 
suppression remain important requirements 
for adequate visualization of the LCX after 
contrast enhancement. For the RCA, no sta-
tistically significant improvement was found 
after contrast enhancement. This finding 
may be explained by the fact that the RCA 
is embedded in more pericardial fat than is 
the LCA; therefore, attenuation of the fat sig-
nal rather than myocardial signal is the ma-
jor determinant of contrast. In addition, the 
RCA usually is close to the anterior chest 
wall and to the anterior radiofrequency coils 
used for signal reception. This configuration 
may explain why high-quality depiction of 
the RCA can be achieved at coronary MRA 
without contrast agents.

Despite enhanced SNR and CNR, ves-
sel sharpness, which serves as an objective 
measure of vessel conspicuity, was not im-
proved. These findings were not entirely con-
sistent with those of other studies [5, 8, 29], 
in which use of contrast agents significant-
ly improved vessel sharpness in comparison 
with baseline unenhanced imaging. Howev-
er, this result may be attributable to the use 

Fig. 2—21-year-old woman with atypical chest pain.
A and B, Representative reformatted unenhanced (A) and 2D sensitivity-encoded contrast-enhanced (B) MR 
angiograms show left anterior descending coronary artery (LAD) (dashed arrow) and first diagonal branch 
(solid arrow). Both longer LAD and distal first diagonal branch (dotted arrows, B) are visible in B but not in A. B 
shows good suppression of myocardial signal (open arrow).

Fig. 3—68-year-old woman with suspected coronary artery disease.
A and B, Unenhanced (A) and sensitivity-encoded contrast-enhanced (B) MR angiograms show left circumflex 
artery (LCX) (dashed arrow) and intermediate branch (solid arrow). Distal LCX (dashed arrow) and ramus 
intermedius (dotted arrow, B) are better depicted in B, but mid LCX is overlapped by great cardiac vein (open 
arrow, B).
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of intravascular contrast agents and different 
injection schemes in the various studies. In-
travascular contrast agents such as B-22956 
[8, 29] and gadofosveset trisodium (Vasovist, 
Bayer Schering Pharma) [5], have a consider-
ably longer plasma half-life (224 ± 30 min-
utes and 2–3 hours) than does gadobenate 
dimeglumine (20 minutes) [30]. Therefore, 
such intravascular contrast agents are par-
ticularly well suited for coronary MRA with 
prolonged acquisition times. In general, each 
whole-heart coronary MRA acquisition can 
be completed within 15 minutes after con-
trast injection, including the 2-minute wait-
ing time during the initial infusion. With ga-
dobenate dimeglumine, although blood T1 
increases only slightly during the image ac-
quisition period [22], the extracellular distri-
bution and diffusion of unbound gadobenate 
dimeglumine molecules into the vessel wall 
can affect vessel depiction. In a study of a se-
ries of breath-hold coronary MRA images 
obtained at different delays after a single in-
jection of gadofosveset trisodium, increased 
vessel edge blurring was found within 30 
minutes after injection [6]. Thus in coronary 
CE-MRA, the kinetics of the contrast agent 
may not only influence the point-spread func-

tion related to the signal intensity variation in 
the k-space but also influence uptake kinet-
ics into the vessel wall [31], and the effects 
on MR angiograms remain to be investigated. 
In this regard, abbreviated acquisition times 
may help to mitigate the unwanted effects.

Although 2D SENSE CE-MRA did not 
have significantly better image quality than 
unenhanced MRA (Table 4), the SNR gain 
associated with the proposed technique holds 
great promise for high spatial resolution, 
which has been emphasized for better coro-
nary artery delineation and diagnostic val-
ue of coronary MRA [32]. The current study 
was conducted with an isotropic voxel size of 
1.3 mm. Because of the isotropy of the vox-
els, any arbitrary viewing plane in the 3D data 
set can be freely selected with identical image 
quality. The SNR gain obtained in this study 
may have important implications for submilli-
meter isotropic resolution. However, it should 
be noted that the effective resolution not only 
is limited by SNR and point-spread function 
but also is determined by cardiac and respi-
ratory motion. Studies have shown that free-
breathing navigator technique with motion 
compensation suffers from nonnegligible re-
sidual motion of the coronary arteries [33]. 

Therefore, before implementation of whole-
heart coronary MRA with further improve-
ment in isotropic spatial resolution, a major 
focus on motion artifact suppression is man-
datory. These efforts should be directed at re-
ducing the residual coronary motion uncer-
tainty to dimensions markedly smaller than 
the acquired voxel size.

To the best of our knowledge, this report is 
the first describing application of 2D SENSE 
to contrast-enhanced whole-heart coronary ar-
tery imaging. In this context, two specific as-
pects of 2D SENSE merit discussion. First, use 
of 2D SENSE with a moderate acceleration 
factor of 2 × 2 enabled by advanced 32-chan-
nel radiofrequency phased-array architecture 
effectively avoids drastic deterioration of the 
g-factor. With use of adequately localized spa-
tial saturation slabs, no unfolding errors were 
identified at the level of the heart. Particularly 
on contrast-enhanced images on which much 
of the signal intensity outside the heart is re-
duced because of the nonselective inversion 
recovery prepulse, deterioration of the g-factor 
may be even less of a concern. Second, SENSE 
acceleration was simultaneously obtained in 
the right-left and foot-head directions, which 
are the optimal acceleration directions for the 
current coil geometry. Previous 2D SENSE 
accelerated whole-heart MRA studies were 
performed with foot-head and anteroposterior 
as the two phase-encoding directions to short-
en acquisition time because the FOV of the hu-
man chest is typically smaller in the antero-
posterior than in the right-left direction [14]. In 
our study, we chose foot-head and right-left to 
minimize the g-factor and kept the acquisition 
time at approximately 10 minutes using pulse 
sequence parameter optimization.

In this study we used a delay time of 2 
minutes between contrast injection and data 

Fig. 4—68-year-old woman with suspected coronary artery disease (same patient as in Figure 3).
A and B, Unenhanced (A) and 2D SENSE contrast-enhanced (B) MR angiograms show right coronary artery (RCA).

Fig. 5—76-year-old man with coronary artery disease.
A–C, Multiplanar reformatted unenhanced (A) and 2D sensitivity-encoded contrast-enhanced (B) MR angiograms and corresponding radiographic angiogram (C) show 
three sites of stenosis in right coronary artery (RCA) (arrows). Locations of luminal narrowing in proximal and mid RCA in B agree well with those in C.
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acquisition. With a 0.2-mmol/kg contrast 
dose and 0.3 mL/s injection rate, infusion of 
the contrast agent was completed within 90–
120 seconds. As previously reported [34], if 
concentric elliptical k-space data acquisition 
starts early during slow infusion, images of 
the center of the k-space region can be ac-
quired before the lowest blood T1 is attained. 
This method has been reported to result in 
ghosting and blurring in coronary MRA. We 
avoided such artifacts by using a delay time 
of 2 minutes. In addition, peak enhancement 
often occurs soon after completion of injec-
tion. A delay of 2 minutes was therefore ex-
pected to be a good approximation of the 
time of peak contrast enhancement in gen-
eral. An innovative self-triggered method 
has been proposed [35] whereby acquisition 
is started automatically when the peak blood 
signal enhancement is detected by the MRI 
unit. In this way, the delay time is tailored 
to the individual patient to account for varia-
tions in physiologic conditions. This sophis-
ticated approach, however, was not available 
for the current study. More detailed inves-
tigations of 2D SENSE CE-MRA with op-
timal and individually adapted delay times 
may be warranted.

Several limitations of this study should 
be acknowledged. First, for practical rea-
sons, the presentation of unenhanced MRA 
and 2D SENSE CE-MRA images was not 
randomized. Unenhanced MRA was always 
performed before 2D SENSE CE-MRA 
to avoid the lingering effect of the contrast 
agent. Second, a single injection of double-
dose gadobenate dimeglumine (0.2 mmol/
kg) was administrated in the study. Although 
use of a high dose might have been benefi-
cial, the side effects, particularly in patients 
with impaired renal function, have to be con-
sidered. In addition, because of the use of 
double-dose gadobenate dimeglumine, one 
contrast-enhanced whole-heart MRA acqui-
sition, which already occupied the peak en-
hancement duration, could be performed for 
each subject. The lack of intrasubject com-
parison between 2D SENSE CE-MRA and 
CE-MRA without 2D SENSE, and thus di-
rect assessment of the effect of 3D acquisi-
tion alone on SNR, was another limitation. 
Finally, the sample size was small. Prospec-
tive clinical studies with a larger sample of 
patients with coronary artery disease that 
includes comparison with the angiograph-
ic standard of reference would be desirable 
for corroboration of the clinical usefulness of 
the proposed technique.

Conclusion
The combination of 2D SENSE and con-

trast administration substantially improves 
blood-pool SNR and blood-myocardium 
CNR at 3 T and supports isotropic whole-
heart coronary MRA at high spatial resolu-
tion. The proposed technique enables lon-
ger visualization of the LAD, and the vessel 
sharpness, coronary artery coverage, and 
image quality score are similar to those of 
the unenhanced MRA baseline. Further im-
proved motion compensation techniques 
aimed at substantial reduction of residual 
coronary motion are needed. This step will 
be critical to taking full advantage of the 
SNR and CNR benefits of the current 2D 
SENSE CE-MRA approach.
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