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Abstract
We sought to investigate the T1 kinetics of blood and myocardium after three infusion schemes of
gadobenate dimeglumine (Gd-BOPTA) and subsequently compared contrast-enhanced whole-
heart coronary MRI after a bolus Gd-BOPTA infusion with nonenhanced coronary MRI at 1.5T.
Blood and myocardium T1 was measured in seven healthy adults, after each underwent three Gd-
BOPTA infusion schemes (bolus: 0.2 mmol/kg at 2 ml/sec, hybrid: 0.1 mmol/kg at 2 ml/sec
followed by 0.1 mmol/kg at 0.1 ml/sec, and slow: 0.2 mmol/kg at 0.3 ml/sec). Fourteen additional
subjects underwent contrast-enhanced coronary MRI with an inversion-recovery steady-state-free-
precession sequence after bolus Gd-BOPTA infusion. Images were compared with nonenhanced
T2-prepared SSFP whole-heart coronary MRI in signal-to-noise ratio (SNR), contrast-to-noise
ratio (CNR), depicted vessel length, vessel sharpness, and subjective image quality. Bolus and
slow infusion schemes resulted in similar T1 during coronary MRI, whereas the hybrid infusion
method yielded higher T1 values. A bolus infusion of Gd-BOPTA significantly improved SNR,
CNR, depicted coronary artery length, and subjective image quality when all segments were
collectively compared but not when compared segment by segment. In conclusion, whole-heart
SSFP coronary MRI at 1.5T can benefit from a bolus infusion of 0.2 mmol/kg Gd-BOPTA.

Keywords
whole heart coronary MRI; contrast-enhanced; gadobenate dimeglumine; T1 kinetics

INTRODUCTION
Despite considerable advances during the past decade, coronary MRI still faces major
challenges including suboptimal spatial resolution, signal-to-noise ratio (SNR), and blood-
myocardium contrast-to-noise ratio (CNR). Signal and contrast enhancement methods such
as T2 magnetization preparation (1,2) and sublingual isosorbide dinitrate administration (3)
have been used in combination with both gradient-recalled echo (GRE) or steady-state free
precision (SSFP) imaging to improve SNR and CNR at 1.5 T. Exogenous contrast agent
administration is an alternative method to improve SNR and CNR by shortening the T1
relaxation time. Both extracellular (4-6) and intravascular (7-9) contrast agents have been
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reported. Conventional gadolinium-based extracellular contrast agents (i.e., gadopentetate
dimeglumine [Gd-DPTA]) diffuse rapidly into the interstitial space. Therefore, early
contrast–enhanced coronary MRI studies focused on breath-hold coronary MRI to take
advantage of the first-passage of these agents (5). This approach forces a compromise in
spatial resolution and thus in its suitability for whole-heart coronary acquisitions (10).

Gadobenate dimeglumine ([Gd-BOPTA] MultiHance; Bracco Imaging SpA, Milan, Italy) is
a weak protein-binding contrast agent with a prolonged plasma half-life compared with that
of Gd-DTPA (11). A study that compared breath-hold coronary MRI with use of the two
contrast agents showed superior SNR and CNR of Gd-BOPTA (12). Bi and colleagues (6)
described improved whole-heart coronary artery MRI at 3T using an inversion recovery (IR)
GRE sequence with a slow contrast infusion of Gd-BOPTA at 0.3 ml/s. This infusion
method was also used in a single-center coronary MRI study and showed promising
sensitivity and specificity (13). However, the kinetics and time course of the T1 shortening
effects associated with different Gd-BOPTA injection strategies, such as the slow infusion
reported by Bi et al. (6), remain to be systematically studied to better understand the impact
of various infusion schemes in coronary MRI. Furthermore, the utility of Gd-BOPTA for
whole-heart SSFP coronary MRI at 1.5T, a widely available system for cardiac MR, is still
uncertain. Hence, we sought to investigate the kinetics of blood and myocardium T1 with
three different Gd-BOPTA infusion schemes. Subsequently, we sought to evaluate a
contrast-enhanced whole-heart inversion recovery (IR) SSFP coronary MRI approach at
1.5T with signal enhancement provided by a fast bolus infusion of Gd-BOPTA.

MATERIALS AND METHODS
In this HIPPA-compliant study, written informed consent was obtained from all subjects and
the imaging protocol was approved by our institutional review board. All subjects were
imaged with a 1.5T Achieva magnet (Philips Healthcare, Best, The Netherlands) with a 32-
channel cardiac array coil (In Vivo Corporation, Gainesville, FL) for which an electronic
signal combiner was used to form a 16-channel signal (8 from anterior and 8 from posterior)
from the 32-channel coil array or a 5-channel phased-array coil.

T1 Kinetics Study
Seven clinically healthy adults (five women; age, 23 ± 2 years) underwent the T1 kinetic
study. Exclusion criteria included renal impairment (estimated glomerular filtration rate < 60
ml/min/1.73 m2), any active medical issues, or contraindications to MRI. Each subject
underwent MRI three times using a different infusion scheme with each imaging session,
There was at least 1 week between successive studies. For each study, a total of 0.2 mmol/kg
Gd-BOPTA was administered. In the first infusion scheme (bolus), Gd-BOPTA was injected
at 2 ml/sec. In the second scheme (slow), Gd-BOPTA was injected at 0.3 ml/sec (similar to
the infusion rate reported by Bi et al. (6)). In the third scheme (hybrid), 0.1 mmol/kg Gd-
BOPTA was injected at 2 ml/sec, immediately followed by a very slow infusion of 0.1
mmol/kg at 0.1 ml/sec. The order in which the three schemes were performed on each
subject was randomized. The commencement, duration, and completion time of contrast
material infusion for each imaging study were recorded.

For each study, scout SSFP images in three orthogonal planes were acquired to localize the
anatomy. This was followed by an electrocardiogram (ECG)-triggered free-breathing IR-
prepared T1-weighted segmented two-dimensional single-section echo-planar imaging
([EPI] Look-Locker) sequence (14) axially prescribed at the level of mid left ventricle with
variable inversion time (TI) for quantitative T1 measurements. The sequence parameters
were field of view, 270 × 270 mm2; repetition time msec/echo time msec, 40/4.5; EPI factor,
9; flip angle, 10°; spatial resolution, 2.7 × 2.7 mm2; section thickness, 10 mm. The sequence
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was repeated continuously 60–80 times, with no time gap in between, for up to 30 minutes
after initiation of contrast injection. The Look-Locker sequence was started about 30
seconds before contrast injection to acquire a single data set to obtain a base-line T1
measurement.

Whole-Heart Coronary MRI
Fourteen additional clinically healthy adults (eight women; age, 22 ± 3 years) were
subsequently recruited for whole-heart coronary MRI using the Gd-BOPTA administration
scheme chosen from the results of the T1 kinetic study. In each imaging session, a breath-
held high-temporal-resolution cine SSFP image was obtained in an axial view (TR/
TE=3.7/1.8 ms; temporal resolution, 48 msec; spatial resolution, 1.2 × 1.2 mm2; and ×2
acceleration) to visually identify the quiescent period of the right coronary artery (RCA),
which was subsequently used as the ECG trigger delay for whole-heart coronary MRI.

A free-breathing ECG-triggered navigator-gated SSFP sequence was used in whole-heart
coronary MRI before contrast administration. A T2 magnetization preparation pulse (echo
time, 50 msec) (1) and a spectrally selective fat-saturation sequence were used to improve
contrast between coronary arteries and surrounding myocardium and fat. To compensate for
respiratory motion, a navigator placed on the dome of the right hemi-diaphragm with
prospective real-time correction was used with a 5-mm end-expiratory gating window and
0.6 section tracking ratio (15,16). The imaging parameters were TR/TE=3.6/1.8 ms; flip
angle, 90°; field of view, 300 × 300 ×120 mm3; spatial resolution, 1.3 × 1.3 × 1.3 mm3;
reconstructed to 0.65 × 0.65 × 0.65 mm3. The k-space lines were acquired in a centric radial
order in the ky-kz plane (17,18). To suppress flow and SSFP artifacts, a shorter excitation
pulse (duration 0.66 msec) with no side lobe was used to enable shorter repetition time. To
compensate for the imperfect slab profile of using such excitation pulse, the image encoding
to excitation factor was set to 1.6. The reconstructed images outside of the prescribed field
of view (FOV) in slice direction were subsequently discarded. The data acquisition was
accelerated by a rate of 2 in the phase-encoding (anterior-posterior) direction by using a
sensitivity encoding (SENSE) sequence (19).

To measure SNR and CNR, a noise image was obtained immediately after coronary MRI
during the same study. The noise image was obtained with the same sequence as the
preceding whole-heart MRI except that all radio-frequency pulses were turned off, such that
only noise was acquired, and all data were accepted regardless of navigator signal. This is
analogous to the previously reported noise measurement where the noise in each channel is
acquired before data acquisition in the pre-imaging phase and the reconstruction
compensates for g-factor of parallel imaging reconstruction (20). The SENSE regularization
parameters between the imaging and noise image reconstructions were identical. This
enables accurate comparison of SNR and CNR.

After the nonenhanced whole-heart coronary MRI, Gd-BOPTA 0.2 mmol/kg body weight
was injected intravenously, immediately followed by 20 ml of saline flush. Based on the
findings of the T1 kinetics study (see Results), Gd-BOPTA was injected as a rapid bolus at 2
ml/sec. Immediately after initiation of contrast injection, a Look-Locker sequence was
performed repetitively to determine the optimal TI for the whole-heart acquisition that
follows. For each repetition of the Look-Locker sequence, the TI corresponding to the
lowest myocardium signal was visually determined. Upon identification of arrival and
stability of contrast material in the blood pool, which was determined as similar visual TI
between two consecutive repetitions (approximately 60–90 sec after contrast injection), the
Look-Locker sequence was aborted. A whole-heart coronary MR image was then acquired
with identical imaging parameters as those of the nonenhanced sequence, with the exception
of replacing the T2 magnetization preparation with a nonselective inversion pulse with use

Hu et al. Page 3

Magn Reson Med. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of the TI determined from the Look-Locker image. The inversion pulse was used to suppress
myocardial signal and improve visualization of the coronary arteries. No respiratory
navigator was used for the noise images, to allow for shorter acquisition time.

Data Analysis
T1 Kinetics Study—A region-of-interest (ROI) was drawn in the left ventricular cavity
(proximately 10 × 10 mm2) and in the ventricular septum (proximately 5 × 8 mm2). The
ROIs were copied to all acquired cardiac phases and repetitions. The ROIs were manually
adjusted to avoid misplacement of the copied myocardial ROIs on blood pool due to cardiac
motion. The mean signal intensity within the ROI was measured as the blood signal.
Because the nonselective inversion pulse was applied immediately after the ECG R-wave,
the trigger delay time of the Look-Locker sequence was used as the TI. The blood signal and
TI were exported to Matlab (v7.1; The MathWorks, Natick, MA), where an exponential fit
was performed on the signal as a function of TI according to the following equation:

The calculated T1 was corrected for the saturation effect of flip angle and repetition time
(14). The exponential fit and correction were repeated for every Look-Locker repetition to
obtain a time course of the blood T1 values before and up to 30 minutes after the contrast
injection. Myocardial T1 changes were also measured similarly.

Whole-Heart Coronary MRI—The SNR and CNR measurements and subjective image
quality evaluation were performed on the axial images from the 3D data sets. The visualized
vessel length and vessel sharpness measurements were based on coronary images
reformatted with use of the SoapBubble tool (21).

All SNR and CNR measurements were performed by using ViewForum (v4.2; Philips
Healthcare, Best, The Netherlands). The mean signal intensity of the coronary arteries was
measured by drawing an ROI (approximately 2-4 mm wide depending on subject and 10
mm long) in the proximal, middle, and distal segments of each of the three major coronary
arteries, respectively. The mean myocardial signal intensity was measured by placing
another ROI (proximately 5 × 8 mm2) in the ventricular septum. The ROIs were copied to
the corresponding section and position in the noise image. SNR was calculated as the ratio
of the mean signal to the standard deviation of the noise. The CNR between the blood and
myocardium was calculated as the difference in SNR between blood and myocardium.

The SoapBubble tool (21) was used to quantitatively evaluate the vessel definition by using
a Deriche algorithm (22) on the RCA, left anterior descending (LAD), and left circumflex
(LCX) coronary arteries. Vessel sharpness scores were calculated for both sides of the
vessel, and final normalized sharpness was defined as the average score of both sides
divided by the lumen signal. Higher sharpness scores represented a sharper vessel border.

To measure visualized length of the RCA, LAD, and LCX, the coronary arteries were
followed and identified on axial sections sequentially starting from the ostia. The identified
point coordinates were subsequently imported into the SoapBubble tool, where the length
along the course of the coronary artery was calculated.

Qualitative assessment of coronary artery images was performed by an experienced,
independent, blinded reader using a four-point scale system (23): 1, indicated poor or
uninterpretable (coronary artery visible, with markedly blurred borders or edges); 2, fair
(coronary artery visible, with moderately blurred borders or edges); 3, good (coronary artery
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visible, with mildly blurred borders or edges); or 4, very good (coronary artery visible, with
sharply defined borders or edges). For each image, separate scores were given for the
proximal, middle, and distal segments of each of the three major coronary arteries.

Statistical Analyses
T1 Kinetics—A linear mixed-effects model with compound symmetry variance-covariance
structure for the error matrix and linear contrasts (24) was used for comparing the mean of
the T1 measurements by using the three contrast injection strategies. To analyze the
difference in the T1 time course between injection methods, the T1 time course data were
divided into three segments that were separately analyzed by using the model: 1) 50–100
seconds after initiation of contrast injection, corresponding to the time period before
initiation of coronary MRI, 2) 100–800 seconds, corresponding to the average duration of
the coronary MRI data acquisition, and 3) 800–1800 seconds. All statistical analyses were
performed with SAS (v9.1, SAS Institute Inc., Cary, NC). A two-sided P value of < .05 was
considered to indicate a statistically significant difference.

Whole-Heart Coronary MRI—All measurements are presented as mean ± 1 standard
deviation. Differences in the means of SNR and CNR were assessed by using a paired t-test.
Differences in the means of vessel length, vessel sharpness, and subjective image scores
were assessed with use of a linear mixed-effects model with compound symmetry variance-
covariance structure for the error matrix and linear contrasts (24).

RESULTS
T1 Kinetics Study

The T1 measurements were successfully completed on all 7 subjects without complications
or specific absorption rate issues. Figures 1 and 2 show the blood and myocardium T1 up to
30 minutes after initiation of contrast injection, respectively. The mean blood and
myocardium T1 values 50–100 seconds after the bolus contrast injection (157 ± 77 msec for
blood and 304 ± 92 msec for myocardium) were significantly lower than that for the hybrid
(260 ± 100 msec for blood and 503 ± 107 msec for myocardium) and slow (496 ± 216 msec
for blood and 602 ± 114 msec for myocardium) injection methods (P < .01 for both blood
and myocardium). The mean blood and myocardium T1 100–800 seconds after initiation of
contrast injection using the hybrid method (156 ± 44 msec for blood and 375 ± 79 msec for
myocardium) was significantly higher than that for the bolus (119 ± 33 msec for blood and
304 ± 77 msec for myocardium) and slow (118 ± 41 msec for blood and 307 ± 87 msec for
myocardium) infusion methods (P < .002 for both blood and myocardium), whereas the
bolus and slow injection methods resulted in similar T1 during the same period (P > .7 for
both blood and myocardium). The differences between the mean blood and myocardium T1
during 800–1800 seconds after initiation of contrast injection using the bolus (180 ± 29
msec for blood and 381 ± 58 msec for myocardium), hybrid (164 ± 42 msec for blood and
395 ± 62 msec for myocardium), and slow (169 ± 34 msec for blood and 384 ± 69 msec for
myocardium) infusion methods were not significant (P > .15 for blood and P > .05 for
myocardium). The results show that both slow infusion and bolus infusion yielded similar
T1 shortening during the time when coronary MRI was performed, while hybrid infusion
resulted in higher blood and myocardium T1, which would subsequently lower the SNR in
coronary MRI. A bolus infusion was subsequently chosen for our whole-heart coronary MRI
study.

Whole-Heart Coronary MRI
Contrast-enhanced coronary MRI was successfully performed in all 14 subjects, without
complications. The major coronary arteries were depicted in all subjects. The contrast
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injection time was 10–20 seconds depending on the subject’s body weight. The average time
delay between contrast injection and initiation of imaging was 100s and the average TI value
used in the 14 subjects was 190ms. The total imaging time was 11 ± 2 minutes for the
nonenhanced whole-heart acquisition versus 11 ± 2 minutes for the contrast-enhanced
acquisition (P = NS), with average navigator efficiency of about 50%.

SNR, CNR, visualized vessel length, vessel sharpness, and subjective image quality for
nonenhanced and contrast-enhanced acquisitions are summarized in Tables 1 and 2. The
coronary artery SNR and coronary-myocardium CNR were significantly improved in all
segments of all three major coronary arteries (P < .05 for all). The SNR and CNR
(nonenhanced versus contrast-enhanced) averaged across all coronary arteries and segments
were 49 ± 13 versus 65 ± 16 for SNR, and 22 ± 7 versus 44 ± 13 for CNR (P < .001 for both
SNR and CNR). The RCA and LAD coronary arteries were visualized longer with Gd-
BOPTA (P < .02 for both). The visualized length of LCX was not significantly increased
with Gd-BOPTA (P = .06). The sharpness scores of contrast-enhanced and nonenhanced
images were similar for all coronary arteries (P = NS). Estimated mean difference (95%
confidence interval) between the mean of contrast-enhanced and nonenhanced subjective
image scores, adjusted for coronary artery and coronary segment, was 0.14 (0.02, 0.26) (P
= .03). The effects of coronary artery and segment on image quality score improvement after
Gd-BOPTA administration were statistically significant (P < .002 both for coronary artery
and for coronary segment). When compared segment by segment, the contrast-enhanced
subjective image scores were not statistically significantly different from nonenhanced
image scores.

Figure 3 shows a comparison of reformatted nonenhanced and contrast-enhanced coronary
images acquired on the same healthy subject. The depiction of the major coronary arteries,
especially the LAD, was visually improved with Gd-BOPTA administration due to gains in
coronary signal and improved suppression of the myocardial signal by the nonselective
inversion pulse. An additional benefit of the contrast-enhanced SSFP sequence is the
suppression of pericardial fluid, which appears brighter than the coronary arteries on
nonenhanced SSFP coronary MR images. As shown in Figure 4, the pericardial fluid may
compromise the depiction of the distal RCA and was completely suppressed on the contrast-
enhanced images. An example of reformatted whole-heart coronary artery images and
corresponding volume rendering is shown in Figure 5. The major coronary arteries are
readily depicted, including distal segments and branches in all three major coronary arteries.

DISCUSSION
In this study of healthy adult subjects, a bolus infusion of Gd-BOPTA provided significant
improvements in coronary artery SNR, CNR, depicted vessel length, vessel sharpness, and
image quality compared to nonenhanced acquisitions. Although both slow and bolus
infusion can be used based on the result from T1 kinetic study, we have chosen to investigate
a bolus infusion for coronary MRI. While there are studies on a bolus infusion to assess
viability, there are no data on the impact of a slow infusion or a hybrid infusion protocol in
assessing viability. Furthermore, a bolus infusion could potentially simplify the initiation of
imaging for patients with low cardiac output and allow for contrast administration without a
power injector.

Despite widespread use of 1.5-T systems, contrast-enhanced coronary artery MRI at 3 T
(6,25-27) is promising, owing to the increased SNR. Although T1 at 3 T is longer than at 1.5
T, we expect the kinetics of the T1 shortening effect to be similar. Therefore, the findings in
our T1 kinetics study should apply to 3 T, but needs to be confirmed. To our knowledge,
there is currently no report of coronary MRI at 3 T with use of a bolus infusion of Gd-
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BOPTA as described in this report. Further studies comparing coronary MRI at 3 T with
slow infusion (6) or bolus injection are therefore warranted.

Although the main goal of this study was to evaluate contrast-enhanced coronary artery
MRI, the sequence and contrast injection strategies used in this study may also be used to
visualize the coronary veins. Several nonenhanced and contrast-enhanced methods to
evaluate coronary vein anatomy for guidance of cardiac resynchronization therapy have
been proposed (28-30). Our proposed method will be another alternative to evaluate
coronary veins, although the timing should be adjusted to acquire the data in systolic phase
to take advantage of larger venous diameter.

Our study has limitations. Only a small number of healthy adult subjects were studied.
Further studies are needed to study the clinical evaluation of the proposed coronary MRI in a
cohort known or suspected to have coronary artery disease to determine the clinical benefit.
In addition, we focused on the T1 shortening effect of Gd-BOPTA. The signal in our SSFP
acquisitions is also dependent on the T2 of blood. Therefore, a study of the impact of Gd-
BOPTA on the blood T2 (30) and on SSFP whole-heart contrast-enhanced coronary MRI
would be necessary. As T2-prepared SSFP has been working reasonably well at 1.5T,
additional limitations of using Gd-BOPTA, such as the added cost, need for intravenous
access and potential side effects, should also be considered against the benefits demonstrated
in this study.

CONCLUSION
The kinetic of Gd-BOPTA yield similar low and stable T1 for both bolus and slow infusion,
whereas a hybrid infusion resulted in higher T1. The objective image quality measures were
significantly improved after a bolus infusion of 0.2 mmol/kg Gd-BOPTA. The subjective
image quality was significantly improved when all segments were collectively compared but
not when compared segment by segment.
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Figure 1.
Thirty-minute time course of the average blood T1 of seven healthy subjects after Gd-
BOPTA administration using three injection strategies. The hybrid injection method resulted
in higher mean T1 than did the bolus and slow injection methods in the first ~10 minutes
after injection. The bolus and slow infusion methods resulted in similar blood T1 from 100
seconds to 30 minutes after contrast administration. The bolus injection method was chosen
for subsequent coronary MR imaging.
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Figure 2.
Thirty-minute time course of the average myocardium T1 of seven healthy subjects after
Gd-BOPTA administration using three injection strategies. The hybrid injection method
resulted in higher mean T1 than did the bolus and slow injection methods in the first ~10
minutes after injection. The bolus and slow infusion methods resulted in similar
myocardium T1.
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Figure 3.
Comparison between (a) nonenhanced and (b) contrast-enhanced whole-heart SSFP
coronary MRI. Depiction of all three major coronary arteries (right coronary artery [RCA],
left anterior descending [LAD], and left circumflex [LCX]), especially the left coronary
arteries, is improved on the contrast-enhanced MR image because of higher signal intensity
and better suppression of surrounding myocardium.
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Figure 4.
Example of nonenhanced (top row) and contrast-enhanced (bottom row) whole-heart SSFP
coronary images acquired in a subject. The epicardial fluid has high signal intensity on the
nonenhanced SSFP coronary MRI, which may compromise depiction of adjacent middle and
distal RCA. The fluid is completely suppressed on the contrast-enhanced MR images.
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Figure 5.
Example of (a) three-dimensional volume-rendered and (b) corresponding reformatted
whole-heart SSFP coronary images acquired with a bolus injection of Gd-BOPTA. All three
major coronary arteries (RCA, LAD, and LCX) and their distal branches are clearly depicted.
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