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Abstract

Objective The aim of this study was to assess the feasibility
of first-pass contrast-enhanced renal MR angiography
(MRA) at 7 T.

Methods In vivo first-pass contrast-enhanced high-field
examinations were obtained in eight healthy subjects on a
7-T whole-body MRI. A custom-built body transmit/receive
radiofrequency (RF) coil and RF system suitable for RF
shimming were used for image acquisition. For dynamic
imaging, gadobutrol was injected intravenously and coronal
unenhanced, arterial and venous data sets using a T1-
weighted spoiled gradient-echo sequence were obtained.
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Qualitative image analysis and assessment of artefact im-
pairment were performed by two senior radiologists using a
five-point scale (5 = excellent, 1 = non-diagnostic). SNR
and CNR of the perirenal abdominal aorta and both main
renal arteries were assessed.
Results Qualitative image evaluation revealed overall high-
quality delineation of all assessed segments of the unen-
hanced arterial vasculature (meany,ennanced 4-13). Neverthe-
less, the application of contrast agent revealed an
improvement in vessel delineation of all the vessel segments
assessed, confirmed by qualitative (mean,ennanced 4-13 to
MEaN onrast-enhanced 4-85) and quantitative analysis (SNR
meanypenhanced 64.3 to meaNcontrast-enhanced 984)
Conclusion This study demonstrates the feasibility and cur-
rent constraints of ultra-high-field contrast-enhanced renal
MRA relative to unenhanced MRA.
Key Points
 First-pass contrast-enhanced renal MRA at 7 T is
technically feasible.
» Unenhanced renal MRA offers inherent hyperintense de-
lineation of renal arterial vasculature.
* Contrast media application improves vessel assessment of
renal arteries at 7 T.

Keywords MR angiography - Renal MRA - Ultra-high-field
MRA -7 T MR imaging - First-pass contrast-enhanced MRA

Introduction

Contrast-enhanced (CE) magnetic resonance angiography
(MRA) has emerged to become an excellent non-invasive
diagnostic alternative for the assessment of renal arterial lesions
[1]. Multiple trials have proven the superior diagnostic accuracy
of CE-MRA in comparison to ultrasound [2] and unenhanced
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MR angiography [3] techniques as well as its diagnostic equiv-
alence to computed tomography angiography (CTA) [4] and
digital subtraction angiography (DSA) [1].

The increase in the magnetic field strength from 1.5 T (T)
to 3 T has been demonstrated to be beneficial for abdominal
MRA, mostly because of the increased signal-to-noise ratio
(SNR) as well as the higher sensitivity to T1-shortening
contrast agents [5]. However, a further increase in the field
strength beyond 3 T is likely to yield potential disadvantages
for abdominal imaging including angiographic applications.
Initial studies with renal and liver MRI at 7 T [6-8] have
demonstrated potential benefits but also challenges in imag-
ing abdominal structures at ultra-high magnetic field
strength, mostly because of impairments by RF heterogene-
ities attributable to the shortening of the wavelength. Fur-
thermore, initial approaches in 7-T neuro and abdominal
imaging displayed a homogeneous hyperintense signal in-
tensity of unenhanced arterial vasculature in T1-weighted
imaging [6, 9]. Starting out as an incidental finding, this
observation provoked the idea of unenhanced angiographic
high-field applications. Metzger et al. recently revealed pre-
liminary study results demonstrating the feasibility and po-
tential of unenhanced renal MRA at 7 T [10]. However, the
feasibility of contrast-enhanced MR angiographic applica-
tion at 7 T has not yet been investigated.

Hence, the aim of this trial was to assess the feasibility of
7-T contrast-enhanced high-field MRA of the renal vascu-
lature and evaluate the potential benefit of the application of
gadolinium-based contrast agents.

Materials and methods
Study population

Eight healthy volunteers (5 female, 3 male; average age
29.5 years, range 21-39 years) were enrolled in this trial. Study
procedures were conducted in accordance with all guidelines
set forth by the approving institutional review board and in-
formed consent was obtained before each examination.

MRI and coil system

All examinations were performed in the head-first, supine
position on a 7-T whole-body MRI (Magnetom 7 T, Sie-
mens Healthcare Sector, Erlangen, Germany) equipped with
a high-performance gradient system providing a strength of
38 mT/m and a maximum slew rate of 170 mT/m/ms.

A custom-built transmit/receive RF coil was utilised. To
ensure improved intrinsic coil decoupling as well as larger
RF penetration depth and the best possible B1 uniformity,
the coil was built of eight symmetrically excited meander
strip line elements enclosed in special modules. The coil
was built of two arrays (with four elements each) placed on
the ventral and dorsal upper half of the abdomen (Fig. 1)
[11]; the ventral elements were interconnected with a flex-
ible neoprene sheet.

A custom-built, add-on eight-channel RF system was
applied for static RF shimming to reduce B, field hetero-
geneities associated with the shortened Larmor wavelength
at ultra-high field strength [12]. By shimming was per-
formed in the region of interest (ROI), defined as the peri-
renal aorta and both renal arteries. Fixed amplitude and
phase settings for the custom eight-channel RF coil were
applied utilising equal amplitudes and a phase increment of
45° between neighbouring elements (conventional CP"
mode) to transition the B1 signal voids out of the ROI to
the right upper quadrant of the abdomen.

SAR calculations were performed in advance in two
human body models from the Virtual Family [13] (Duke,
70 kg, male, 1.74 m; Ella, 58 kg, female, 1.6 m; Hugo, 95 kg
male, 1.85 m), yielding maximum permissible input power
levels in compliance with the IEC safety guidelines (10 W/
kg for 10 g-averaged local SAR) of 65 W for imaging of a
male subject with body physique similar to Duke and 58 W
for imaging of a female subject similar to Ella, respectively.

Sequence optimisation and imaging

When transitioning from lower magnetic field strengths to
ultra-high-field imaging, sequences and examination

Fig. 1 a Seven-Tesla whole-body MRI. b Ventral and ¢ dorsal components of the eight-channel transmit/receive RF array
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protocols need adjustments and modifications with regard to
SAR constraints and altered T1 relaxation times to provide
the best possible image quality. Hence, imaging parameters
(e.g. repetition time [TR], echo time [TE], and flip angle
[a]) were adopted with application of the shortest achiev-
able TE and TR and best contrast. Due to the strong flip
angle variation in 7-T trunk images, the flip angle was
consecutively adapted within the SAR limits for a given
TE/TR setting to obtain the best contrast and workflow
(no pauses to cool down were included, as may be requested
from the SAR supervision). This took place in pilot tests and
all eight subjects were imaged with identical parameters. As
dynamic imaging demands repeated consecutive measure-
ments, sequence parameters of the coronal T1-weighted
spoiled gradient-echo sequence (3D FLASH) were chosen
to provide full organ and vessel coverage within a breath
hold acquisition time of 20 s. Imaging parameters were as
follows: TR 2.98 ms, TE 0.97 ms, field-of-view 400 x
400 mm?, bandwidth 450 Hz/pixel, nominal flip angle 25°,
and 269 x384 matrix interpolated to 538 x768, resulting in
an uninterpolated in-plane resolution of 1.5% 1.0 mm? with a
slice thickness of 1.0 mm. Parallel imaging was performed
with the generalised auto-calibrating, partially parallel ac-
quisition algorithm (GRAPPA) with an acceleration factor
of 2 with 24 reference lines.

In four out of the eight subjects, two sinc-shaped 90° RF
pulses that are commonly used for saturation of venous
signal were placed above and below the imaging slab before
the acquisition of the actual dynamic sequence to saturate
the hyperintense signal of both the the arterial and venous
vasculature and thus to optimise the vessel signal in the
subtraction images. To reduce the SAR contribution of the
two pulses, the variable-rate selective excitation (VERSE)
algorithm was applied [14]. However, diverse approaches
remained unsatisfying, as only the signal of the upper and
lower portions of the abdomen could be partially saturated,
leaving the arterial vessel signal still hyperintense (Fig. 2).
Thus, to ensure a clean comparison, non-saturated data sets

Fig. 2 a Hyperintense signal of
the arterial vasculature without
RF saturation pulses. b Slight
saturation in the upper portion
of the abdomen as well as
above the iliac crest (arrows).
Nevertheless, the hyperintense
signal of the arterial vasculature
remains equivalent to non-
saturated imaging owing to
insufficient saturation of
inflowing blood

(non-enhanced and contrast-enhanced) were obtained in all
eight subjects and accordingly used for qualitative and
quantitative evaluation.

For clean quantitative analysis of a potential signal in-
crease after the application of contrast media, an unen-
hanced coronal T1-weighted spoiled gradient-echo
sequence (3D FLASH) was obtained before the intravenous
(i.v.) administration of a 1-ml test bolus for determination of
the exact arrival time of the contrast agent. Subsequently,
arterial (approximately 20 s post i.v.) and venous (approxi-
mately 50 s post i.v.) coronal 3D FLASH data sets were
obtained. For contrast-enhanced imaging, 0.1 mmol/kg
gadobutrol (Gadovist®, Bayer HealthCare Pharmaceuticals,
Berlin, Germany), followed by a saline flush of 20 ml, was
injected intravenously at 2 ml/s using an automated injector
(EmpowerMR®, ACIST Medical Systems, Eden Prairie,
MN, USA). Subtraction images were obtained manually
after the examination.

Qualitative and quantitative image analysis

All MR images were assessed on a standard Picture Archiv-
ing and Communication System (PACS) workstation (Cen-
tricity RIS 4.0i, GE Healthcare, Barrington, NJ, USA).
Qualitative image analysis was evaluated in consensus by
two radiologists (6 and 10 years of experience with MRA).
The quality of vessel delineation was analysed for the unen-
hanced and arterially enhanced data sets for a total of five
predefined vessel segments: (1) abdominal aorta, (2) proximal
right renal artery, (3) distal right renal artery, (4) proximal left
renal artery, and (5) distal left renal artery. Image quality was
rated on a five-point scale with 5 = excellent, 4 = good, 3 =
moderate, 2 = poor, and 1 = non-diagnostic vessel delineation.
The presence of artefacts, including (1) chemical shift, (2) B;
heterogeneity, (3) susceptibility, and (4) motion artefacts as
well as the (5) overall image impairment, was rated using a
dedicated five-point scale (5 = no artefact present/non-signif-
icant, 4 = minor artefacts, 3 = moderate impairment, 2 = strong
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impairment, 1 = non-diagnostic). Score values for image
quality and presence of artefacts were compared for each
sequence.

For quantitative image analysis, signal-to-noise ratios
(SNRyessel = signalyegsei/noise) and contrast-to-noise ratios
[CNR = (Signalvessel - Signalsurrounding tissue)/n()ise] of the
perirenal abdominal aorta and both main renal arteries in
correlation with the adjacent psoas major muscle were mea-
sured for all sequences. Noise was defined as the standard
deviation of signal in air and was measured extracorporeal-
ly. The predefined ROIs were of identical size and placed in
identical positions on all images of each volunteer to min-
imise spatial variation effects.

To assess potential statistically significant changes in
qualitative and quantitative analysis, a Wilcoxon rank test
was applied, with p-values <0.05 designating statistical
significance.

Results

Examinations were successfully performed and well tolerat-
ed by all subjects, and no side effects associated with the
ultra-high field strength or the application of contrast agent
were noted. The average examination time amounted to
28 min (6 min) including patient positioning, shimming
and data acquisition.

Qualitative analysis

Qualitative image evaluation revealed overall high-
quality delineation of all assessed segments of the unenhanced
arterial vasculature (meanynennancea 4-13) (Fig. 3A1-AS).
Scores ranged from the highest values for the depiction of

the abdominal aorta (meanyennanced 4.99) and proximal
left renal artery (meanunepnanceda 4.50) to the lowest
scores for assessment of the proximal right renal artery
(meanunenhanced 348)

The application of contrast agent yielded an improvement
in the delineation of all the vessel segments assessed, show-
ing an increase in the mean score from unenhanced MRA of
4.13 to 4.79 for contrast-enhanced imaging (Figs. 3, 4). The
strongest improvement in vessel delineation with contrast-
enhanced imaging was rated for the assessment of the prox-
imal (meanunenhanced 3.48 to mean ontrast-enhanced 445) and
distal (meany,enpanced 3-79 t0 Mean onirast-enhanced 4-80) right
renal artery (Fig. 5). As the delineation of the unenhanced
abdominal aorta and the proximal left renal artery received
excellent scores in unenhanced imaging (4.59 and 4.50), the
application of contrast agent led to only a mild increase in
vessel delineation (4.89 and 4.93, respectively).

Despite the improved assessment of vessel delineation
after the application of a contrast agent, no statistically
significant changes could be detected in any assessed vessel
segment.

Quantitative analysis

In correspondence with the qualitative analysis scores, SNR
measurement revealed a fairly high hyperintense signal in-
tensity of the unenhanced arterial vasculature, nevertheless
showing a strong yet non-significant increase after the ap-
plication of contrast agent with an average increase of
34.9 % for all the vessel segments assessed. The strongest
increase was detected for the distal segments of the left renal
artery (meanunenhanced 59.3 to MmeaNcontrast-enhanced 1058)
(Fig. 6). An equal increase in SNR was detected for the
proximal segments of the left renal artery (mean increase

Fig. 3 Set of unenhanced (4/-A45) and contrast-enhanced (B/-BY5)
3D FLASH MRAs in the same subject. The wide arrows point at
the right renal artery, demonstrating strong improvement after the

@ Springer

application of contrast agent in the depiction of peripheral vessel
segments (B4). Dashed arrows point at the left renal artery (43—

A4 and B3-B4)



Eur Radiol (2013) 23:1059-1066

1063

£ J
=
\\

Fig. 4 Set of subtraction images with the wide arrow pointing to the right and the dashed arrow pointing to the left renal artery

33.8) and the distal segments of the right renal artery (mean
increase 33.8). SNR measurements showed the smallest
increase in the abdominal aorta (meany,enpanced 06.6 to
MEeaN¢ontrast-enhanced 93.3 ) .

As indicated by the SNR measurements, CNR measure-
ments accordingly yielded a strong increase after the appli-
cation of contrast agent with an average increase of 58.1 %,
yet also showing statistical significance in all vessel seg-
ments. Corresponding to the increase in SNR, the strongest
increase in CNR (p=0.041) was detected for the distal
segment of the left renal artery, which had the smallest
unenhanced CNR value of all vessel segments of 17.8
(meangynirast-enhanced 99.7). Similar increases were achieved
for the proximal segment of the left renal artery (mean-
unenhanced 20.5 to meancontrast-enhanced 5085 P=0043) and the
distal segments of the right renal artery (meanypennanced 27-7
t0 Mean onrast-enhanced 20.9; p=0.045) (Fig. 7). The applica-
tion of contrast agent yielded the mildest CNR increase for
the abdominal aorta with an average value of 21.9.

Discussion
This pilot study of first-pass contrast-enhanced 7-T MRA of

the renal arteries demonstrates the feasibility of this imaging
technique as well as the limitations and challenges

Fig. 5 Mean values and 6

standard deviation of qualitative
0 |

image analysis of the
Aorta

v

delineation of the abdominal
aorta and renal arteries. Scoring
results demonstrate the
improved delineation of all the
vessel segments assessed after
the application of contrast
agent. LRA = left renal artery;
RRA = right renal artery

F=9

w

8]

[y

proximal

associated with the physical changes at ultra-high magnetic
field strength.

While DSA remains the gold standard for the assessment
of renal artery lesions, contrast-enhanced MR angiography
has established itself as an excellent, non-invasive diagnos-
tic alternative for vessel imaging, demonstrating its diag-
nostic superiority and/or equivalence to other imaging
techniques such as ultrasound or CT [1, 2]. An increase in
the magnetic field strength to 3 T has been demonstrated to
be beneficial for MR angiographic applications owing to
various physical effects [15]. First, the affiliated increase in
SNR can be traded off in variations of spatiotemporal reso-
lution: the spatial resolution can be improved at a given
acquisition time, the acquisition time can be shortened at a
given spatial resolution, or both parameters can be adjusted
[6, 16]. Additionally, T1 times of surrounding tissue are
prolonged by 10 % to 20 % compared with blood [16].
Thus, based on the decreased relaxation rate, fast repetitious
RF excitations result in improved vessel-to-background
contrast [15]. Although these characteristics have been
shown to be technically beneficial for 3-T MRA, a clear
diagnostic advantage has not yet been shown [17].

However, a further increase in the magnetic field strength
beyond 3 T bears the potential for an exacerbation of arte-
facts and impairing changes due to physical effects. Previ-
ous studies of ultra-high-field abdominal MRI have shown

LRA LRA distal RRA RA distal
proximal

! Non-enhanced

M Contrast-enhanced
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Fig. 6 Mean values and 120

standard deviation of

quantitative image analysis of

SNR of the abdominal aorta and 100

renal arteries. The results show

the strongest improvement after 80

the application of contrast agent

for the left distal renal artery -

and equally strong 60

improvement in SNR for the

left proximal and right distal

renal artery segments. LRA = 40

left renal artery; RRA = right

renal artery 20
0

Aorta

impairments due to signal intensity variations across the
image based on the shortening of the RF wavelength and
concomitant RF heterogeneities [6—8]. Despite the applica-
tion of B; shimming with a custom eight-channel B, shim-
ming set up, minor shortcomings due to B, artefacts
persisted [6—8]. In our study set up we applied a phase
increment of 45° and equal amplitudes (conventional CP"
mode) between neighbouring elements to successfully tran-
sition residual B signal voids out of the region of interest
and into the right upper quadrant of the abdomen. This
strategy worked because we were only interested in a lim-
ited region of interest near the centre of the field of view,
which included the renal arteries and perirenal aorta.
Furthermore, MRA sequences at high field strengths are
known to be restricted by specific absorption rate limitations
because of the short repetition times, fairly high flip angles,
and the increase in the energy deposition in tissue with the
square of the field strength. To compensate for the energy
deposition, parallel imaging can be applied to limit the

Fig. 7 Mean values and 70
standard deviation of
quantitative image analysis of 60

CNR of the abdominal aorta
and renal arteries in correlation
with the adjacent major psoas 50

muscle. While the strongest

improvement in CNR is 40

revealed on contrast-enhanced

images for the distal segments 30
10

of the left renal artery, the

smallest improvement was 20
detected for assessment of the

abdominal aorta. LRA = left

renal artery; RRA = right renal

artery
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requisite number of k-space lines. The utilisation of parallel
imaging can also improve the spatiotemporal resolution
while maintaining anatomical coverage, which is a challeng-
ing issue in breath-hold bolus imaging techniques. The loss
in SNR due to parallel imaging may be counterbalanced by
the inherent gain in SNR at higher magnetic field strengths
[16]. Nevertheless, because of SAR limitations and the
temporal constraint of 20 s maximum for breath-hold imag-
ing, the spatial resolution in our trial remained restricted to a
voxel size of 1.0x1.5%1.0 mm’.

First studies on 7-T unenhanced brain imaging revealed
an incidental finding that enhances the potential for unen-
hanced MRA, yet may also impede the acquisition of high-
quality contrast-enhanced MRA. These initial studies dem-
onstrated an inherently hyperintense signal of the arterial
vasculature in T1-weighted unenhanced imaging [6, 9]. First
study results have demonstrated the potential for 7-T unen-
hanced MR angiographic applications, applying MPRAGE
or 3D VIBE imaging [9, 18]. The inherently positive vessel-

LRA distal RA distal

= Non-enhanced

M Contrast-enhanced

RRA
proximal
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to-background contrast at 7 T has also been observed in
initial approaches to unenhanced 7-T abdominal MRI [6].
The aetiology of the inherently high vascular T1 signal is
incompletely understood so far. However, a combination of
steady-state and inflow effects seems to be responsible, as
flowing spins are not pre-saturated by RF pulses when
entering the imaging region because of the utilisation of
local transmit RF coils at ultra-high-field abdominal MRI
[18]. Furthermore, the utilisation of local transmit coils at
7 T also seems to be accountable for the high signal intensity
in MPRAGE, as this means that a non-selective inversion
recovery pulse is effectively slab-selective [18]. The imag-
ing results in our trial confirm the excellent delineation of
unenhanced arterial vasculature due to the homogeneous
hyperintense vessel signal, enabling high-quality unen-
hanced angiographic imaging of the renal arteries. Metzger
et al. presented initial study results demonstrating the feasi-
bility of unenhanced 7-T renal MRA [10, 19]. Via utilisation
of targeted B1 shimming based on small flip calibration
images, the good-qualtiy visualisation of both renal arterial
branches was possible.

Nevertheless, the application of contrast agent is a pre-
requisite for the acquisition of fast contrast-enhanced MR
angiography sequences. Hence, this feasibility trial is of
particular interest as the application of gadolinium-based
contrast agent has been introduced in only a very limited
number of ultra-high-field extracranial studies [6, 8]. De-
spite the inherently hyperintense vessel signal, our results
showed an improvement in vessel delineation after the ap-
plication of contrast agent, reflected in both qualitative and
quantitative image analysis. To further optimise subtraction
imaging, in which the unenhanced data are subtracted from
the contrast-enhanced data to increase the benefit of contrast
enhancement, complete suppression of the unenhanced ves-
sel signal would have been desirable. However, the
approaches using two sinc-shaped 90° RF pulses employing
the VERSE algorithm to saturate the inherently high vessel
signal remained unsatisfying, as only the signal of the upper
and lower portions of the abdomen could be partially satu-
rated, leaving the renal arterial vessel signal hyperintense.

As demonstrated in prior trials, an increase of the mag-
netic field strength is associated with a decrease in relaxivity
[20, 21]. Rohrer et al. and Noebauer-Huhmann et al. inves-
tigated changing magnetic properties of MRI contrast agents
with increasing field strength from 1.5 Tto 4.7 Tand 3 T to
7 T, respectively. Yet, currently, there are no published data
on human in vivo rl relaxivity changes in gadolinium-based
contrast agents at higher magnetic field strengths and only
very limited data on in vitro changes [20]. Hence, we
decided to administer the standard dosage for gadobutrol
of 0.1 mmol/kg bodyweight in this initial feasibility trial. In
accordance with the potential reduction of contrast agent
dosage for 3-T vessel imaging [15], a further decrease in

the gadolinium dosage needed at 7 T should be investigated
in future clinical studies.

In conclusion, to our knowledge, this is the first study
demonstrating the feasibility of contrast-enhanced renal
MRA at ultra-high magnetic field strength, including a
comparison with unenhanced MRA. Despite the high qual-
ity of unenhanced renal MRA, qualitative and quantitative
results demonstrated a further improvement in vessel
assessment after the application of contrast agent.
Known impairments due to B; field heterogeneities
could be reduced, transitioned out of the defined region
of interest. Further improvements in RF excitation tech-
niques as well as patient studies with renal arterial
abnormalities should be the focus of future studies to
investigate additional diagnostic benefits associated with
ultra-high magnetic field strength.
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