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High-Resolution Steady State Magnetic Resonance Angiography
of the Carotid Arteries: Are Intravascular Agents Necessary?

Feasibility and Preliminary Experience With Gadobenate Dimeglumine
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Purpose: To prospectively evaluate the potential of gadobenate dimeglu-
mine for high-resolution steady-state (SS) contrast-enhanced magnetic res-
onance angiography (CE-MRA) of the carotid arteries as an adjunct to
conventional first-pass (FP) MRA, with computed tomography angiography
(CTA) and digital subtraction angiography (DSA) as reference.
Materials and Methods: Institutional ethics committee approval and written
informed consent were obtained. Forty consecutive patients underwent
conventional FP MRA with 15 mL gadobenate dimeglumine, using a
conventional 3D FLASH sequence (14 sec acquisition time). Immediately
afterward, SS images were obtained using a high resolution coronal 3D
FLASH sequence (240 sec acquisition time). All patients also underwent
CTA and conventional DSA within 8 � 3 days. Three experienced radiol-
ogists assessed FP and SS image quality and calculated sensitivity, specific-
ity, accuracy, and predictive values for stenosis grade and length, plaque
morphology, and tandem lesions using DSA as reference. Detected stenoses
were quantified and compared (Spearman rank correlation coefficient, �R(s)�;
McNemar test) with DSA and CTA findings. Inter-read variability was
assessed using kappa (�) statistics. The impact of SS acquisitions on
diagnostic confidence and patient management was assessed.
Results: MRA FP and SS image quality was excellent in 63 (78.8%) and 46
(57.5%) vessels, adequate in 11 (13.8%) and 20 (25.0%) vessels, and poor in
6 (7.5%) and 14 (17.5%) vessels, respectively. Area under the curve analysis
revealed no significant differences between MRA FP, MRA FP � SS, and
CTA for the grading of stenoses (P � 0.838; accuracy values of 97.4%,
97.4%, and 98.7%, respectively). Greater accuracy (P � 0.001) was noted
for FP � SS images over FP images alone for the assessment of plaque
morphology (96.1% for FP � SS images vs. 83.3% for FP). Increased
diagnostic confidence was noted for 49 (61.3%) vessels because of additional
SS images whereas an impact on final diagnosis was noted in 8 (10%) cases.
Good correlation was noted between SS image quality and impact on final
diagnosis (R(s) � 0.7; P � 0.0001).

Conclusion: SS imaging of the carotid arteries is feasible with gadobenate
dimeglumine. The increased spatial resolution attainable allows improved
evaluation of stenoses and plaque irregularity, yielding comparable diagnos-
tic performance to that of CTA and DSA.
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A recent meta-analysis of the noninvasive tests available for
imaging the carotid arteries has determined that contrast-en-

hanced magnetic resonance angiography (CE-MRA) is the most
accurate for detection of significant (70%–99%) symptomatic ste-
nosis.1 With the availability of dedicated “blood pool” contrast
agents that possess extended intravascular residence times, the
conventional CE-MRA technique involving image acquisition dur-
ing the first pass (FP) of a gadolinium-based contrast agent through
the vessel of interest can potentially be extended to include also
steady-state (SS) image acquisition in which images with increased
spatial (isotropic) resolution are acquired without temporal con-
straints during the equilibrium phase of contrast circulation after the
initial FP.2–4 However, whereas dedicated intravascular agents offer
the potential for additional diagnostic information and can be of
immediate value in patients whose initial FP examination has failed
for technical reasons (eg, bolus mistiming) or otherwise proven
nondiagnostic, they are relatively costly and of limited diagnostic
value for applications other than CE-MRA applications. In light of
these limitations, any means to obtain similar diagnostic information
to that afforded by high-resolution SS images without having to use
a dedicated intravascular agent may be of great clinical interest.

Gadobenate dimeglumine (MultiHance; Bracco Imaging
SpA, Milan, Italy) is a gadolinium-based MR contrast agent which
resembles the conventional FP gadolinium agents in terms of its
pharmacokinetics,5 physicochemical properties,6 and safety pro-
file,7–10 but which differs in possessing increased R1 relaxivity in
blood11,12 because of weak, transient interactions of the Gd-BOPTA
contrast-effective molecule with serum albumin.13–16 Several stud-
ies have shown that gadobenate dimeglumine possesses preferential
vascular imaging properties compared with conventional gadolin-
ium agents that do not interact with serum proteins and which have
standard R1 relaxivity.17–22 Moreover, the diagnostic performance
of FP gadobenate dimeglumine-enhanced MRA has previously been
shown to be comparable to that of digital subtraction angiography
(DSA) for detection of clinically relevant carotid artery stenosis.23

As yet, however, no studies have been performed to determine the
feasibility of SS image acquisition with gadobenate dimeglumine as
a possible adjunct to conventional FP image acquisition and, if
feasible, whether combined FP � SS image acquisition is of addi-
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tional value over FP imaging alone for the detection of clinically
relevant vascular disease.

The aims of this study were firstly to determine whether SS
imaging of the carotid arteries is feasible with gadobenate dimeglu-
mine; second, to ascertain whether SS imaging with gadobenate
dimeglumine provides additional diagnostic information compared
with FP imaging alone, and, finally, to preliminarily evaluate the
diagnostic performance of FP and FP � SS imaging with gado-
benate dimeglumine compared with routine computed tomography
angiography (CTA) using DSA as reference standard.

MATERIALS AND METHODS

Patient Population and Informed Consent
This study was approved by the local institutional ethics

committee and all evaluated subjects provided written informed
consent after being informed of the potential benefits and contrain-
dications of CE-MRA, CTA, and DSA. No funding or assistance in
the planning or conduct of this study or in the interpretation of study
findings was received from any commercial organization.

Consecutive patients with symptomatic carotid artery ste-
nosis and/or irregular/ulcerated plaque at preliminary Doppler
ultrasonography were enrolled between June and December
2008. All patients were referred for preoperative vascular imag-
ing by vascular surgeons or interventional radiologists. Subjects
who presented general contraindications to CE-MRA, CTA, or
DSA or who had previously undergone carotid endarterectomy or
stenting were ineligible for enrollment. Clinical studies were
performed in the order outlined below with MRA performed first,
followed by CTA and finally DSA.

Serum creatinine levels (average � SD) were measured in all
patients before and at 48 to 72 hours after each CTA and DSA
examination; Student’s t test was used to test for statistically signif-
icant differences before and after each examination.

Contrast-Enhanced MRA
All CE-MRA examinations were performed on a 1.5 T MR

scanner (Magnetom Avanto; Siemens Medical Systems, Erlangen,
Germany) (gradient strength: 45 mT/m; maximum slew rate: 200
T/m/s) equipped with a neurovascular array head and neck coil.

Routine FP CE-MRA was performed in the coronal plane
using a 3D spoiled gradient-echo (GRE) sequence optimized for
high spatial resolution and short acquisition time (repetition time
�TR�: 3.5 milliseconds, echo time �TE�: 1.2 milliseconds, flip angle
�FA�: 30 degrees, slice thickness: 0.7 mm, matrix: 384 � 384, voxel
size: 1.0 � 1.0 � 0.7 mm, average: 1, bandwidth 380 Hz/Px, IPAT �2,
acquisition time: 14 seconds). Contrast enhancement was achieved
using a standard volume of 15 mL (0.1 mmol/kg bodyweight for a
75 kg person) of gadobenate dimeglumine (MultiHance; Bracco
Imaging SpA, Milan, Italy) administered by automatic injection
through a 20G intravenous catheter at a rate of 2 mL/s, followed by
15 mL of saline flush at the same rate. On a weight-adjusted basis
the dose administered ranged between 0.09 and 0.11 mmol/kg
bodyweight. The delay between contrast injection and FP image
acquisition was determined by means of bolus-tracking (CARE
bolus; Siemens Medical Systems).

Acquisition of SS images began immediately after the FP
acquisition. A modified higher-resolution 3D spoiled GRE sequence
(TR: 7.5 milliseconds, TE: 2.3 milliseconds, FA: 30 degrees, slice
thickness: 0.7 mm, matrix: 512 � 512, voxel size: 0.7 � 0.7 � 0.7
mm, average: 2, bandwidth 130 Hz/Px, IPAT �2, acquisition time:
240 seconds) was used.

CT Angiography
All examinations were performed on a 64-detector scanner

(Somatom Sensation 64; Siemens Medical Solutions, Forchheim;
Germany) with 32 � 2 detectors with z-flying focal spot technology
and gantry rotation time of 0.33 seconds.

CTA was performed from the aortic arch to the intracranial
circulation using 50 mL of Iomeprol 400 (Iomeron 400, 400 mgI/
mL; Bracco Imaging SpA, Milan, Italy) followed by 40 mL of saline
flush, administered at 4 mL/s using a dual-head power CT injector
system (Medrad, Pittsburgh, PA) through a 18G intravenous cathe-
ter. The scanning parameters were as follows: 120 kV, 180 mAs,
detector configuration; 64 � 0.6 mm; pitch, 0.8; slice thickness, 0.7
mm; reconstruction increment, 0.5 mm. Scan initiation was triggered
manually 5 seconds after arrival of the contrast agent bolus (deter-
mined by bolus-tracking).

Digital Subtraction Angiography
DSA was performed in all patients after femoral artery cath-

eterization (Easyvision; Philips, Best, The Netherlands). Arch aor-
tograms were obtained using a 5F pigtail catheter and were followed
by selective catheterization of the common carotid arteries using a
7F guiding catheter. Images of the bifurcations and intracranial
circulation were obtained in anteroposterior, lateral, and oblique
projections (�45 degrees and �45 degrees). A 20 mL volume of
contrast medium (Iomeprol 300, Iomeron 300, 300 mgI/mL; Bracco
Imaging SpA, Milan, Italy) injected at 20 mL/s (automatic injector)
was used for the arch whereas 8 mL volumes injected at 6 mL/s
(hand injection) were used for each carotid artery projection. A
field-of-view of 33 � 40 cm was used with a 1024 � 1024 matrix
giving an average spatial resolution of 0.32 � 0.32 mm.

Image Analysis
All CE-MRA datasets were evaluated for image quality by 3

experienced blinded readers (CC, AN, MA with 10, 6, and 5 years
of experience, respectively). The quality of FP and SS images in
terms of vessel enhancement and wall delineation was assessed
subjectively using a 3-point scale (1, excellent �homogenous vessel
enhancement, high intraluminal signal, precise wall delineation�; 2,
adequate �homogenous vessel enhancement, sufficient intraluminal
signal and wall delineation�; 3, poor �inhomogeneous vessel en-
hancement, poor intraluminal signal and wall delineation�). Addi-
tional independent factors potentially leading to reduced image
quality (eg, motion artifacts; venous contamination on FP images;
poor artery-vein differentiation on SS images) were considered.

The same 3 readers thereafter independently evaluated the CE-
MRA and CTA datasets for the presence and degree of steno-occlusive
disease. For MRA, the FP datasets were read first followed by the FP
and SS images combined. All image sets were presented in randomized
order with a minimum interval of 2 weeks between individual readings
of MRA FP images, MRA FP � SS images, and CTA images to avoid
recall bias.

Image evaluation was in all cases performed using maximum
intensity projection (MIP) reconstructions to identify the site of
stenosis and direct and centroluminal multiplanar reformations
(MPR and c-MPR, respectively) to quantify the degree of stenosis.
Source images were also available for assessment. Detected stenoses
were graded according to the 5-point classification scheme of the
North American Symptomatic Carotid Endarterectomy Trial: I (0%–
29%), II (30%–49%), III (50%–69%), IV (70%–99%), or V (100%;
occlusion).24 When the criteria for near-occlusion were met vessels
were excluded from stenosis degree calculations. In each case, a
cut-off value of 70% indicated a clinically relevant stenosis.24

Plaques identified during each reading were defined as irreg-
ular if small superficial irregularities were evident, and as ulcerated
if a deep niche with clear profiles was apparent. The length of a

Investigative Radiology • Volume 44, Number 12, December 2009 High-Resolution MRA of the Carotid Arteries

© 2009 Lippincott Williams & Wilkins www.investigativeradiology.com | 785

http://www.investigativeradiology.com


given stenosis was assessed using a 3-point scale from 1 (�10 mm)
through 2 (10–15 mm) to 3 (	15 mm). The presence/absence of
tandem lesions was evaluated from the aortic arch to the intracranial
vessels.

For MRA examinations alone, the 3 readers subjectively
determined whether SS images had any beneficial diagnostic impact
when combined with FP images. A 4-point qualitative scale from
�1 to 2 was used as follows: �1, SS images are nondiagnostic; 0,
SS images provide no additional benefit; 1, SS images enable
increased confidence for final diagnosis; and 2, SS images positively
impact the final diagnosis.

All determinations were based on concordant findings of the
3 readers. If one readers’ interpretation differed from those of the
other 2, the concordant agreement of the other 2 readers was
considered final. If the interpretations of all 3 readers differed, the
images in question were re-evaluated by the 3 readers in consensus.

Evaluation of DSA images was performed independently by
a highly experienced vascular radiologist (with 15 years experience)
using a 2 mega-pixel workstation (Barco NV; Kortrijk, Belgium)
equipped with a digital measuring system.

Statistical Analysis
Statistical analysis was performed using STATA 8.1 software

(Stata Corporation; College Station, TX). Inter-read agreement con-
cerning the degree of stenosis, plaque morphology, stenosis length,
and tandem lesions was determined using generalized kappa (�)
statistics. The same methodology was used for inter-reader assess-
ment of MRA image quality. Agreement was defined as very good
(� 	 0.8) good (� � 0.61–0.8), moderate (� � 0.41–0.6), fair (� �
0.21–0.4), or poor (� � 0.2).

Determination of diagnostic performance (accuracy, sensitiv-
ity, specificity, positive predictive value and negative predictive
value) was performed for each imaging modality for degree of
stenosis, plaque morphology, plaque length, and tandem lesions.
Additional analysis was performed for MRA image sets with SS
acquisitions rated as excellent or adequate (score 1 or 2) and poor
(score 3) in terms of image quality. McNemar’s test and receiver-
operator curve analysis were performed to compare diagnostic
performance between modalities. Differences in image quality be-
tween FP and SS images were assessed using Wilcoxon’s rank test.
Finally, Spearman’s test was used to determine the correlation
between the quality of SS images and their impact on final diagnosis.

RESULTS
A total of 40 consecutive patients (25 male, 15 female; mean

age, 64.4 years � 14.8 standard deviation; range, 26–87 years) were
enrolled. CE-MRA, CTA, and DSA examinations were performed in
all patients without complications. The average room time was 21 �
2 minutes for MRA, 15 � 2 minutes for CTA, and 40 � 6 minutes
for DSA. The mean time period required to complete the entire
imaging protocol was 8 � 3 days. A total of 80 carotid bifurcations
were examined; the average review time for each examination was
5 � 1 minute for MRA FP images, 9 � 3 minutes for MRA FP �
SS images, 6 � 2 minutes for CTA images, and 4 � 2 minutes for
DSA images.

Serum creatinine levels before (1.003 � 0.212, range: 0.49–
1.28) and 48–72 hours after (1.008 � 0.205, range: 0.55–1.3) iodinated
contrast injection were not significantly different (P � 0.203).

Quality of CE-MRA Images
Inter-reader agreement was excellent for evaluations of MRA

image quality (0.90 � � � 0.93). The quality of FP images was
considered excellent for 63 of 80 (78.8%) vessels, adequate for 11 of
80 (13.8%) vessels, and poor for 6 of 80 (7.5%) vessels. Similarly,
the quality of SS images was considered excellent for 46 of 80

(57.5%) vessels, adequate for 20 of 80 (25%) vessels, and poor for
14 of 80 (17.5%) vessels. The 6 poor vessels at FP imaging (5 due
to slight acquisition mistiming and 1 due to patient movement) were
considered adequate at SS imaging whereas the 14 poor vessels at
SS imaging (in all cases due to patient movement during the
extended acquisition time) were all of adequate or excellent quality
at FP imaging. Significantly (P � 0.001; Wilcoxon rank test) higher
overall image quality was achieved for FP images compared with SS
images.

Grading of Stenoses
Agreement between readings was good to very good (0.72 �

� � 0.86) regarding the grading of stenosis. Values for accuracy,
sensitivity, specificity, positive predictive value, and negative pre-
dictive value are given in Table 1. Two stenoses were rated as “near
occlusion” on all images and were excluded from subsequent deter-
minations of diagnostic performance. For cases in which SS image
quality was poor the accuracy of the FP reading alone was higher
than that of the combined FP � SS reading (14/14 �100%� vs. 13/14

TABLE 1. Diagnostic Performance of FP MRA, FP � SS
MRA, and CTA for the Grading of Carotid Artery Stenosis

Parameter Image Set

SS Image Quality

All
(n � 78)

Adequate/
Excellent
(n � 64)

Poor
(n � 14)

Accuracy FP MRA 97.4% (76/78) 96.9% (62/64) 100% (14/14)

FP � SS MRA 97.4% (76/78) 98.4% (63/64) 92.8% (13/14)

CTA 98.7% (77/78) 98.4% (63/64) 100% (14/14)

Sensitivity FP MRA 92.6% (25/27) 91.7% (22/24) 100% (3/3)

FP � SS MRA 96.3% (26/27) 100% (24/24) 66.7% (2/3)

CTA 96.3% (26/27) 95.8% (23/24) 100% (3/3)

Specificity FP MRA 100% (51/51) 100% (40/40) 100% (11/11)

FP � SS MRA 98.0% (50/51) 97.5% (39/40) 100% (11/11)

CTA 100% (51/51) 100% (40/40) 100% (11/11)

PPV FP MRA 100% (25/25) 100% (22/22) 100% (3/3)

FP � SS MRA 96.3% (26/27) 96% (24/25) 100% (2/2)

CTA 100% (26/26) 100% (23/23) 100% (3/3)

NPV FP MRA 96.2% (51/53) 95.2% (40/42) 100% (11/11)

FP � SS MRA 98.0% (50/51) 100% (39/39) 91.7% (11/12)

CTA 98.1% (51/52) 97.6% (40/41) 100% (11/11)

TABLE 2. Cross Tabulation of Stenosis Grade on DSA
Versus FP MRA, FP � SS MRA, and CTA

Stenosis Grade on DSA

I II III IV V NO

Stenosis

I 32/32/32 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0

II 0/0/0 5/5/5 0/0/0 0/0/0 0/0/0 0/0/0

III 0/0/0 0/0/0 14/14/13 1/2/1 0/0/0 0/0/0

IV 0/0/0 0/0/0 0/0/1 24/23/24 0/0/0 0/0/0

V 0/0/0 0/0/0 0/0/0 0/0/0 2/2/2 0/0/0

NO 0/0/0 0/0/0 0/0/0 0/0/0 0/0/0 2/2/2

Values are expressed as number of cases on CTA/FP MRA/FP � SS MRA,
respectively.

NO indicates near occlusion.
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�92.8%�, respectively). Conversely, when the SS images were of
excellent or adequate quality the accuracy of the combined FP � SS
reading was slightly improved over that of the FP images alone (63/64
�98.4%� vs. 62/64 �96.9%�, respectively). Similar overall accuracy to
that of the combined FP � SS reading was noted for CTA.

Overestimation of a moderate (grade III) stenosis on DSA as
severe (grade IV) occurred in one case during the combined FP �
SS MRA reading. Conversely, 2 cases of severe (grade IV) stenosis
at DSA were judged as moderate (grade III) during the FP MRA
reading compared with only one case during the combined FP � SS
MRA reading (Table 2).

McNemar’s test revealed no significant differences (0.5 �
P � 0.9) between FP MRA, FP � SS MRA, and CTA regarding the
grading of stenosis. This finding was confirmed by receiver-operator
curve analysis (Fig. 1); analysis of the area under the respective
curves revealed no significant difference between the 3 modalities
(P � 0.838).

FIGURE 1. ROC analysis for stenosis assessment.

TABLE 3. Diagnostic Performance of FP MRA, FP � SS
MRA, and CTA for the Correct Evaluation of Plaque
Morphology

Parameter
Image

Set

SS Image Quality

All
(n � 78)

Adequate/
Excellent
(n � 64)

Poor
(n � 14)

Accuracy FP MRA 83.3% (65/78) 81.3% (52/64) 92.9% (13/14)

FP � SS MRA 96.1% (75/78) 96.9% (62/64) 92.9% (13/14)

CTA 98.7% (77/78) 98.4% (63/64) 100% (14/14)

Sensitivity FP MRA 81.6% (40/49) 80% (36/45) 100% (4/4)

FP � SS MRA 95.9% (47/49) 97.8% (44/45) 100% (4/4)

CTA 97.9% (48/49) 97.8% (44/45) 100% (4/4)

Specificity FP MRA 86.2% (25/29) 84.2% (16/19) 90% (9/10)

FP � SS MRA 96.6% (28/29) 94.7% (18/19) 90% (9/10)

CTA 100% (29/29) 100% (19/19) 100% (10/10)

PPV FP MRA 90.9% (40/44) 92.3% (36/39) 80% (4/5)

FP � SS MRA 97.9% (47/48) 97.8% (44/45) 80% (4/5)

CTA 100% (48/48) 100% (44/44) 100% (4/4)

NPV FP MRA 73.5% (25/34) 64% (16/25) 100% (9/9)

FP � SS MRA 93.3% (28/30) 94.7% (18/19) 100% (9/9)

CTA 96.7% (29/30) 95% (19/20) 100% (10/10)

TABLE 4. Diagnostic Performance of FP MRA, FP � SS
MRA, and CTA for the Correct Depiction of Ulcerations

Parameter
Image

Set

SS Image Quality

All
(n � 78)

Adequate/
Excellent
(n � 64)

Poor
(n � 14)

Accuracy FP MRA 87.2% (68/78) 85.9% (55/64) 92.9% (13/14)
FP � SS MRA 97.4% (76/78) 98.4% (63/64) 92.9% (13/14)
CTA 98.7% (77/78) 98.4% (63/64) 100% (14/14)

Sensitivity FP MRA 85.4% (41/48) 84.1% (37/44) 100% (4/4)
FP � SS MRA 97.9% (47/48) 97.7% (43/44) 100% (4/4)
CTA 97.9% (47/48) 97.7% (43/44) 100% (4/4)

Specificity FP MRA 90% (27/30) 90% (18/20) 90% (9/10)
FP � SS MRA 96.7% (29/30) 100% (20/20) 90% (9/10)
CTA 100% (30/30) 100% (20/20) 100% (10/10)

PPV FP MRA 93.2% (41/44) 94.9% (37/39) 80% (4/5)
FP � SS MRA 97.9% (47/48) 100% (43/43) 80% (4/5)
CTA 100% (47/47) 100% (43/43) 100% (4/4)

NPV FP MRA 79.4% (27/34) 72% (18/25) 100% (9/9)
FP � SS MRA 96.7% (29/30) 95.2% (20/21) 100% (9/9)
CTA 96.7% (30/31) 95.2% (20/21) 100% (10/10)

TABLE 5. Cross Tabulation of Plaque Morphology and
Ulceration on DSA Versus FP MRA, FP � SS MRA, and CTA
Acquisitions

DSA

Regular Irregular

Plaque morphology
Regular 25/28/29 9/2/1
Irregular 4/1/0 40/47/48

Ulcerated Not ulcerated

Ulcerations
Ulcerated 41/47/47 3/1/0
Not ulcerated 7/1/1 27/29/30

Values represent findings for FP MRA, FP � SS MRA, and CTA.

FIGURE 2. ROC analysis for plaque morphology assessment.
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Plaque Morphology, Plaque Length, and Tandem
Lesions

Inter-reader agreement was very good for all modalities for
evaluations of plaque morphology (0.87 � � � 0.93), stenosis
length (0.88 � � � 0.96), and tandem lesions (0.85 � � � 0.95).
Diagnostic performance for the correct evaluation of plaque mor-
phology and ulcerations is presented in Tables 3 and 4, respectively.
Superior accuracy was apparent for combined FP � SS MRA
compared with FP MRA for both the evaluation of plaque morphol-
ogy (96.1% vs. 83.3%) and the depiction of ulcers (97.4% vs.
87.2%), reflecting the higher spatial resolution achievable on SS
imaging. The corresponding accuracy on CTA was 98.7% for both
evaluations. Vascular irregularities or ulcerations were missed (ie,
false negative findings) in 9 and 7 cases, respectively, at FP MRA
but only in 2 and 1 cases at combined evaluation of FP � SS MRA
images. Conversely, CTA missed 1 vascular irregularity and 1
ulceration (Table 5). Likewise, false positive reports of ulceration
were noted at FP MRA in 3 cases, at combined FP � SS MRA in
1 case but in no case at CTA.

Both McNemar’s test and area under the curve analysis revealed
significant differences between the 3 modalities in terms of plaque
morphology evaluation (P � 0.001; Fig. 2) and ulcer depiction (P �
0.01; Fig. 3). No significant differences were noted for the evaluation of
plaque length and tandem lesions (P � 1; all evaluations).

Impact on Diagnosis
The 14 of 80 (17.5%) vessels whose SS image quality was

rated poor were each nondiagnostic and scored as �1 for impact on
final diagnosis as compared with DSA. Additional SS images did not
provide any diagnostic benefit (Fig. 4) for a further 9 (11.3%
overall) vessels (scored as 0) but led to increased diagnostic confi-
dence (Fig. 5) for 49 (61.3% overall) vessels (scored as 1). Addi-
tional SS images of the remaining 8 (10% overall) vessels were
considered to have a direct positive impact on final diagnosis (scored
as 2). In 2 cases the degree of stenosis was initially underestimated
on FP images (Fig. 6) whereas in 6 cases small vascular wall
irregularities (Fig. 7) or ulcerations (Fig. 8) of the plaque surface
were identified only after reading the SS images. Spearman’s
correlation coefficient revealed good correlation between excel-
lent/adequate SS image quality and impact on final diagnosis
(R(s) � 0.7; P � 0.0001).

DISCUSSION
A major advantage of MRA for noninvasive vascular imaging

is the absence of ionizing radiation. However, in the absence of
advanced scanner technology (high-performance gradient systems,
parallel imaging, and high parallel-imaging acceleration factors,
improved surface coil design) this technique has tended to suffer
from lower spatial resolution for routine clinical examinations. The
availability of dedicated intravascular “blood pool” contrast agents
potentially offers a means to overcome the drawback of reduced
spatial resolution by allowing submillimeter isotropic image acqui-
sition without temporal constraints.25 Unfortunately, the relatively
high cost and limited overall applicability beyond vascular imaging
are limitations to the widespread use of intravascular agents, partic-
ularly when compared with the relative ease of use, robustness,
speed, and accuracy of CTA.

Like the intravascular agent gadofosveset,26,27 gadobenate
dimeglumine differs from conventional gadolinium contrast agents
because the contrast effective molecule (Gd-BOPTA) interacts with
serum albumin.12–14 These interactions result in a slowing of the
tumbling rate of the Gd-BOPTA complex in blood, leading to a
longer rotational correlation time with inner shell water protons28

and hence a reduction of the T1 relaxation time and an increase of
the R1 relaxivity compared with other agents at equivalent dose.11,12

Although the interactions between gadobenate dimeglumine and
serum albumin are weaker and more transient than those of gado-
fosveset,26,27 and despite pharmacokinetic and elimination profiles
that are indistinguishable from those of conventional gadoliniumFIGURE 3. ROC analysis for depiction of ulcerations.

FIGURE 4. DSA (A) reveals a steno-
sis (NASCET grade II) of the left
ICA with long and substantially
smooth plaque (arrows). Accurate
grading of stenosis was achieved
on CTA (B) as well as on CE-MRA
FP (C) and SS images (D) with ade-
quate visualization of vessel lumen
and walls on all modalities. Coaxial
reformations from CTA (E) and SS
MRA (F) reveal a plaque at the bi-
furcation (arrows). In this case the
readers assigned a score of zero for
the usefulness of the SS acquisition
(SS images provide no additional
benefit over FP images and have
no effect on final diagnosis).
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agents,5 the results of this study suggest that the increased R1
relaxivity of gadobenate dimeglumine is nevertheless still sufficient
to permit reliable acquisition of SS images of the carotid vasculature
subsequent to routine FP image acquisition. Specifically, our study
shows that SS imaging of the carotid arteries with gadobenate
dimeglumine is not only feasible but that the information obtained is
in most cases complementary to that obtained on FP images and in
some cases beneficial for patient diagnosis.

To note is that the acquisition of gadobenate dimeglumine-
enhanced SS images in this study occurred within a 4-minute
timeframe immediately after completion of FP image acquisition
rather than at 5 to 15 minutes after contrast injection as reported for
gadofosvest.3,4 Whereas the temporal acquisition window reflects
the elimination profile of gadobenate dimeglumine and the need to
acquire images before the enhanced vascular signal is lost, the
possibility to obtain SS images over an extended 4-minute period
reflects both the elevated R1 relaxivity of gadobenate dimeglumine
and, to a lesser extent, the recirculation of contrast agent after the
FP. The net result in this study following FP image acquisition was
the acquisition of high resolution SS images that were of excellent

or adequate quality for 66 of 80 (82.5%) carotid arteries (46 �57.5%�
excellent; 20 adequate �25%�) in less than 5 minutes of total magnet
time after contrast injection. Importantly, the additional time needed
for evaluation of the combined FP � SS image set was little more
than that needed for evaluation of the FP images alone (9 � 3
minutes compared with 5 � 1 minute).

Although no significant difference in overall accuracy was
noted between CE-MRA FP images, CE-MRA FP � SS images, and
CTA images based on area under the curve analysis (P � 0.838), a
tendency for better overall accuracy was noted on combined FP �
SS MRA images compared with FP MRA images alone when the SS
images were of excellent or adequate quality (98.4% vs. 96.9%,
respectively, with only 1 case of underestimation of severe stenosis
on FP � SS images). This was the same as that achieved on CTA
(98.4%) possibly reflecting the similar spatial resolution of the
CE-MRA SS and CTA images in this study. To confirm the
additional value of SS acquisitions, the 3 readers reported increased
diagnostic confidence for 49 of 80 (61.3%) vessels and a positive
impact on final diagnosis for 8 of 80 (10%) vessels. As shown by
Spearman’s correlation coefficient (R(s) � 0.7; P � 0.0001), a

FIGURE 5. DSA (A) reveals narrow-
ing of the lumen (NASCET grade
III) of the right ICA because of a
focal stenosis caused by a smooth
plaque (arrows). Stenosis grading
was correctly reported on CTA (B),
as well as on CE-MRA FP (C) and
SS (D) images. Coaxial reforma-
tions from CTA (E) and SS MRA (F)
show the lumen at the point of
maximum stenosis (arrows). In this
case the readers assigned a score of
1 for the usefulness of the SS ac-
quisition (SS images provide similar
information to FP images enabling
increased confidence).

FIGURE 6. DSA (A) reveals an ul-
cerated plaque causing a NASCET
grade II stenosis (arrows) of the left
ICA. Stenosis was also reported as
grade II at CTA (B), although the
ulceration was barely visible. On
CE-MRA FP (C) images neither the
stenosis nor the ulceration was ap-
parent. The stenosis was correctly
graded at SS c-MPR (D) and the
ulceration was reported in agree-
ment with DSA. Coaxial reforma-
tions from CTA (E) and SS MRA (F)
show the lumen at the point of
maximum stenosis (arrows). In this
case the readers assigned a score of
2 for the usefulness of the SS ac-
quisition (SS images provide addi-
tional diagnostic information over
FP images potentially or definitely
impacting the final diagnosis).
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significant correlation was noted between excellent/adequate SS
image quality and overall impact on final diagnosis.

Interestingly, all vessels with poor quality at FP imaging (n �
6) were scored as adequate at SS imaging whereas poor vessels at SS
imaging (n � 14) were each scored as adequate or excellent at FP
imaging. As a result diagnostic quality was achieved for all of the
evaluated arteries in the present study. Concerning the poor quality
of 6 vessels at routine FP MRA, this was primarily because of slight
acquisition mistiming which may have been due to the fact that
acquisition timing was determined using a bolus-tracking technique
rather than a more robust test bolus technique.

Although SS imaging is clearly not necessary in all cases,
particularly when excellent diagnostic quality is achieved at FP
imaging, our findings highlight not only the potential of high
resolution SS imaging with gadobenate dimeglumine to enhance
diagnostic performance even when conventional FP acquisitions are
of adequate quality, but suggest also a possible role as a “rescue”
technique for routine FP examinations that have failed for technical
reasons or otherwise proven nondiagnostic. However, it should be
borne in mind that the 4-minute acquisition time limits the applica-

bility of the technique to cooperative patients that are able to remain
motionless for the duration of the examination and that the compar-
atively rapid loss of signal precludes the possibility for repeat SS
acquisitions.

As regards the SS imaging protocol, the maximum signal
strength of a specific tissue is achieved on 3D GRE sequences when
the FA used is that predicted by the Ernst equation (Ernst angle: cos
�E � exp(�TR/T1)). According to this equation higher FA values
are to be recommended when the sequence TR values are longer
whereas lower FA values should be used when the T1 values are
higher. In our study the 30 degree FA was not that predicted by the
Ernst equation; based on blood signal-to-noise ratio values alone, a
lower FA (theoretically about 17 degrees for a TR of 7.5 millisec-
onds) should have been used given gadobenate dimeglumine phar-
macokinetic data and published in vitro relaxivity data measured at
1.5 T.12 However, such a small FA may have resulted in reduced
contrast between blood and surrounding tissues, most notably the
vessel wall. In this regard, it seems the 30 degree FA used in this
study was appropriate to maintain sufficient signal-to-noise ratio and
blood-tissue contrast throughout the SS acquisition time despite the

FIGURE 7. DSA (A) reveals a mild
(NASCET grade I) stenosis of the
left ICA with a deep irregularity of
the plaque surface (arrows). Similar
features were noted on CTA (B)
but not on the CE-MRA FP acquisi-
tion (C). The SS MRA acquisition
(D), however, confirmed the DSA
and CTA findings. Coaxial reforma-
tions from CTA (E) and SS MRA (F)
reveal subtle plaque irregularities.
In this case the readers assigned a
score of 2 for the usefulness of the
SS acquisition (SS images provide
additional diagnostic information
over FP images potentially or defi-
nitely impacting the final diagnosis).

FIGURE 8. DSA (A) reveals a
NASCET grade IV stenosis of the
left ICA (arrows) with a deep ulcer-
ation of the plaque (arrowheads).
Both findings are confirmed at CTA
(B). The CE-MRA FP acquisition (C)
correctly demonstrates the stenosis
but fails to show the ulcer. The
niche and its margins are, however,
well defined on the SS MRA acqui-
sition (D). Coaxial reformations
from SS MRA (E) and CTA (F) show
residual lumen (arrows). In this
case the readers assigned a score of
2 for the usefulness of the SS ac-
quisition (SS images provide addi-
tional diagnostic information over
FP images potentially or definitely
impacting the final diagnosis).
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progressive reduction in blood signal intensity following the FP
acquisition.

In demonstrating the feasibility and diagnostic utility of SS
vascular imaging with gadobenate dimeglumine our study fulfils its
principal objectives. Nevertheless possible limitations of the study
are the relatively small population size and the fact that arbitrary TR
and FA values were chosen for SS image acquisition. The evaluation
of only 40 patients is perhaps justifiable by the fact that this was a
feasibility study to determine the potential of gadobenate dimeglu-
mine as a surrogate intravascular agent. Concerning the selection of
arbitrary TR and FA values, this was due to the fact that in vivo
studies of blood T1 values after gadobenate dimeglumine adminis-
tration have yet to be performed. Although direct measurements of
the T1 variations in blood and surrounding tissues during the SS
image acquisition would allow an analytical a priori optimization of
TR and FA, additional studies are necessary to optimize the SS
sequence parameters for use with gadobenate dimeglumine. Further
work is also warranted to evaluate the potential of gadobenate
dimeglumine for SS imaging in other vascular territories such as the
peripheral run-off arteries. In this regard, earlier studies have shown
that gadobenate dimeglumine is not only effective for conventional
FP CE-MRA of the peripheral vasculature29,30 but that this agent is
superior to conventional gadolinium contrast agents at equivalent
dose, particularly in the smaller caliper run-off vessels18,19; it would
be of interest to ascertain whether the greater achievable spatial
resolution on SS MRA with gadobenate dimeglumine would im-
prove diagnostic performance still further in this territory.

Concerning the dose of gadobenate dimeglumine adminis-
tered, a standard volume of 15 mL was used which corresponded to
a weight-adjusted dose per patient of between 0.09 and 0.11
mmol/kg bodyweight. Numerous studies with gadobenate dimeglu-
mine have shown that a dose of 0.1 mmol/kg bodyweight is
appropriate not only for CE-MRA18,20–22,29–33 but also for other
routine MR imaging applications.34 – 41 Given the current wide-
spread concern regarding the use of high doses of gadolinium
contrast agents for CE-MRA procedures, particularly in patients
with severe renal insufficiency42– 44 the possibility to acquire
both FP and SS images with a relatively low dose of gadobenate
dimeglumine might be of great interest. To this end it may also
be worthwhile investigating the potential for time-resolved ca-
rotid MRA with an ultra-low-dose of this agent.45 Finally, further
work is also needed to compare the SS imaging potential of
gadobenate dimeglumine directly with that of both intravascular
blood-pool agents and conventional gadolinium agents. However,
such a comparison was beyond the scope of this preliminary
study and should ideally be performed after more complete
optimization of the technique.

In conclusion our study demonstrates that high-resolution
SS imaging of the carotid arteries with gadobenate dimeglumine
is feasible and that the inclusion of an additional 4-minute SS
imaging sequence immediately after routine FP imaging can
provide additional diagnostic information that is comparable to
that available on CTA. Although this preliminary study did not
reveal major benefits of FP � SS MRA compared with FP MRA
alone regarding the accuracy for detection of clinically relevant
stenoses, the results clearly show that SS image acquisition with
gadobenate dimeglumine is a viable and effective adjunct proce-
dure for routine clinical use.

REFERENCES
1. Chappell FM, Wardlaw JM, Young GR, et al. Carotid artery stenosis:

accuracy of noninvasive tests–individual patient data meta-analysis. Radiol-
ogy. 2009;251:493–502.

2. Hartmann M, Wiethoff AJ, Hentrich HR, et al. Initial imaging recommenda-
tions for Vasovist angiography. Eur Radiol. 2006;16(suppl 2):B15–B23.

3. Bluemke DA, Stillman AE, Bis KG, et al. Carotid MR angiography: phase II
study of safety and efficacy for MS-325. Radiology. 2001;219:114–122.

4. Anzidei M, Napoli A, Cavallo Marincola B, et al. Gadofosveset-enhanced
MR Angiography of carotid arteries: does steady-state imaging improve
accuracy of first-pass imaging? Comparison with selective digital subtraction
angiography. Radiology. 2009;251:457–466.

5. Spinazzi A, Lorusso V, Pirovano G, et al. Safety, tolerance, biodistribution
and MR imaging enhancement of the liver with gadobenate dimeglumine.
Acad Radiol. 1999;6:282–291.

6. Laurent S, Elst LV, Muller RN. Comparative study of the physicochemical
properties of six clinical low molecular weight gadolinium contrast agents.
Contrast Media Mol Imaging. 2006;1:128–137.

7. Kirchin MA, Runge VM. Contrast agents for magnetic resonance imaging:
safety update. Top Magn Reson Imaging. 2003;14:426–435.

8. Kirchin MA, Pirovano G, Venetianer C, et al. Safety assessment of gado-
benate dimeglumine (Multihance): extended clinical experience from phase I
studies to postmarketing surveillance. J Magn Reson Imaging. 2001;14:281–
294.

9. Shellock FG, Parker JR, Venetianer C, et al. Safety of gadobenate dimeglu-
mine: summary of findings from clinical studies and post-marketing surveil-
lance. Invest Radiol. 2006;41:500–509.

10. Shellock FG, Parker JR, Pirovano G, et al. Safety characteristics of gado-
benate dimeglumine: clinical experience from intra- and interindividual
comparison studies with gadopentetate dimeglumine. J Magn Reson Imaging.
2006;24:1378–1385.

11. Rohrer M, Bauer H, Mintorovitch J, et al. Comparison of magnetic properties
of MRI contrast media solutions at different magnetic field strengths. Invest
Radiol. 2005;40:715–724.

12. Pintaske J, Martirosian P, Graf H, et al. Relaxivity of gadopentetate dime-
glumine (Magnevist), gadobutrol (Gadovist), and gadobenate dimeglumine
(MultiHance) in human blood plasma at 0.2, 1.5, and 3 Tesla �erratum in
Invest Radiol. 2006;41:859�. Invest Radiol. 2006;41:213–221.

13. Giesel FL, von Tengg-Kobligk H, Wilkinson ID, et al. Influence of human
serum albumin on longitudinal and transverse relaxation rates (R1 and R2) of
magnetic resonance contrast agents. Invest Radiol. 2006;41:222–228.

14. Cavagna FM, Maggioni F, Castelli PM, et al. Gadolinium chelates with weak
binding to serum proteins. A new class of high-efficiency, general purpose
contrast agents for magnetic resonance imaging. Invest Radiol. 1997;32:780–
796.

15. Bleicher AG, Kanal E. A serial dilution study of gadolinium-based MR
imaging agents. Am J Neuroradiol. 2008;29:668–673.
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