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Purpose: To assess the feasibility of a magnetically assisted remote-
controlled (MARC) catheter system under magnetic res-
onance (MR) imaging guidance for performing a simple 
endovascular procedure (ie, renal artery embolization) in 
vivo and to compare with x-ray guidance to determine 
the value of MR imaging guidance and the specific areas 
where the MARC system can be improved.

Materials and 
Methods:

In concordance with the Institutional Animal Care and 
Use Committee protocol, in vivo renal artery navigation 
and embolization were tested in three farm pigs (mean 
weight 43 kg 6 2 [standard deviation]) under real-time 
MR imaging at 1.5 T. The MARC catheter device was con-
structed by using an intramural copper-braided catheter 
connected to a laser-lithographed saddle coil at the distal 
tip. Interventionalists controlled an in-room cart that de-
livered electrical current to deflect the catheter in the MR 
imager. Contralateral kidneys were similarly embolized 
under x-ray guidance by using standard clinical catheters 
and guidewires. Changes in renal artery flow and perfu-
sion were measured before and after embolization by us-
ing velocity-encoded and perfusion MR imaging. Catheter 
navigation times, renal parenchymal perfusion, and renal 
artery flow rates were measured for MR-guided and x-
ray–guided embolization procedures and are presented as 
means 6 standard deviation in this pilot study.

Results: Embolization was successful in all six kidneys under both 
x-ray and MR imaging guidance. Mean catheterization 
time with MR guidance was 93 seconds 6 56, compared 
with 60 seconds 6 22 for x-ray guidance. Mean changes 
in perfusion rates were 4.9 au/sec 6 0.8 versus 4.6 au/sec 
6 0.6, and mean changes in renal flow rate were 2.1 mL/
min/g 6 0.2 versus 1.9 mL/min/g 6 0.2 with MR imaging 
and x-ray guidance, respectively.

Conclusion: The MARC catheter system is feasible for renal artery 
catheterization and embolization under real-time MR im-
aging in vivo, and quantitative physiologic measures under 
MR imaging guidance were similar to those measured un-
der x-ray guidance, suggesting that the MARC catheter 
system could be used for endovascular procedures with 
interventional MR imaging.
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to determine the value of MR imaging 
guidance and the specific areas where 
the MARC system can be improved.

Materials and Methods

MARC Catheter System Design
An in-kind donation of raw materials 
and expertise in manufacturing the 
custom catheter body was provided by 
Penumbra (Alameda, Calif). The novel 
MARC catheter tip was built in-house at 
the University of California, San Fran-
cisco. Authors who are not employees 
of Penumbra were in total control of the 
analysis and inclusion of the data. R.L.A. 
is one of the inventors of the MARC 
catheter system (U.S. Patent 6 304 769). 
The MARC catheter prototype used in 
our study had a saddle-shaped microcoil 
embedded on a 1.2-mm–diameter hol-
low alumina tip (Fig 1a, 1b). The saddle 
design was composed of two virtually 
identical coil patterns, with one pattern 
on each side of the cylindrical tip fabri-
cated by laser lithography (P.V.L.L), as 
previously described (29,30). Electrical 
connections to the microcoil were made 
by using a pair of 0.125-mm–diameter 
copper wires embedded in the catheter 
wall (P.V.L.). The pair of copper wires 
was connected to 500 3 500-mm cop-
per pads at the center of the coil pattern 

(21), shape memory polymer (22), or 
magnetic means. The magnetic ap-
proach leverages an interaction with 
the main magnetic field (B0) or gradi-
ent fields (G) and can use rare earth 
permanent magnet beads (23,24) or 
a microcoil (25). The magnetically as-
sisted remote-controlled (MARC) cath-
eter, developed by our group, interacts 
with B0 and uses microcoils. By running 
a current through the microcoil, a mag-
netic moment is created that will prefer 
to align with the direction of B0 causing 
the catheter tip to deflect. The MARC 
system has several advantages: the mi-
crocoil can be switched off when de-
sired, the current to the microcoil can 
be finely tuned, the microcoils can be 
miniaturized thus minimizing the diam-
eter of the catheter tip, and costs for 
mass production of the microcoils are 
likely to be low.

Previous studies with the MARC 
catheter system have focused on in 
vitro navigation in one or two planes 
and evaluation of in vivo safety with 
regard to tissue damage from resistive 
or radiofrequency heating (26–28). The 
aims of our preclinical study are two-
fold, while advancing toward the goal of 
translating the MARC catheter system 
for clinical use: to assess the feasibil-
ity of the MARC catheter system un-
der MR imaging guidance for perform-
ing a simple endovascular procedure 
(ie, renal artery embolization) in vivo 
and to compare with x-ray guidance Published online before print

10.1148/radiol.2016152036 Content codes:   

Radiology 2016; 281:219–228
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Advances in Knowledge

 n Use of the magnetically assisted 
remote-controlled (MARC) cath-
eter system for swine renal 
artery catheterization and embo-
lization under real-time MR guid-
ance is feasible and comparable 
to standard x-ray guided 
intervention.

 n MR guidance allowed timely 
intraprocedural quantitative as-
sessment of renal perfusion and 
blood flow both before and after 
embolization.

 n Due to current-dependent mag-
netic field distortion, the MARC 
catheter tip position is easily vis-
ible under MR imaging guidance 
in vivo.

Implications for Patient Care

 n MR-guided interventions provide 
intraprocedural soft-tissue and 
physiologic information not avail-
able with x-ray guidance alone; 
these data can provide quantita-
tive measures of success or 
complications.

 n Although multimodality x-ray and 
MR imaging combination inter-
ventional suites are rare, evalua-
tion of techniques in these suites 
will determine which procedures 
can benefit from unimodal (x-ray 
or MR imaging) or multimodal 
(combined x-ray and MR im-
aging) guidance.

M inimally invasive, image-guided 
interventions are most often 
performed with x-ray fluoros-

copy, especially in endovascular inter-
ventions wherein high spatial and tem-
poral resolution is necessary. Magnetic 
resonance (MR) imaging has emerged 
as a complementary imaging modality 
to x-ray and becomes an attractive al-
ternative to x-ray when soft-tissue char-
acteristics or other physiologic informa-
tion (eg, tissue perfusion) is required to 
successfully complete the intervention 
(1–4). Several research groups have en-
gineered methods to perform interven-
tions solely with MR imaging (5–14). 
However, endovascular interventions 
in these studies involve navigating the 
cardiac chambers or relatively large ab-
dominal aortic vessels due to the lack 
of commercially available MR-compat-
ible guidewires analogous to the me-
tallic guidewires used in x-ray–guided 
endovascular navigation. The absence 
of MR-compatible guidewires gener-
ally prevents safe access to smaller and 
more tortuous vessels.

Two broad approaches are being 
developed to improve catheter navi-
gation capabilities by using MR guid-
ance: those that enhance visualization 
and ability to track the interventional 
device (15–19) and those that enhance 
the steerability of the interventional de-
vice through mechanical (20), hydraulic 
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(mean weight, 43 kg 6 2) were ob-
tained (Pork Power Farms, Turlock, Ca-
lif) and acclimatized locally for 48 hours 
prior to experiments. Animals were 
placed under general anesthesia (M.S., 
C.S.). Oxygen saturation levels of the 
animals were continuously monitored 
during the procedure, and cardiac mon-
itoring was performed during MR pulse 
sequences that required cardiac gating. 
Prior to percutaneous femoral access, 
the animals received 0.2 mL per kilo-
gram of body weight of heparin (Hep-
arin Sodium Injection; Fesenius Kabi, 
Lake Zurich, Ill).

Imaging and Catheterization Protocol
All experiments were performed in a 
clinical hybrid interventional x-ray and 
MR imaging facility that includes both 

A.D.L., B.R.H.T.) to allow the interven-
tionalist control, via foot pedals, value, 
and polarity of the current delivered to 
the microcoil tip (30,31). Additionally, 
the interventionalist was able to turn the 
current on and off with the foot pedal 
actuator. The control system cart was 
positioned in the MR imaging suite be-
tween the 5-gauss and 30-gauss lines. 
No discernible force was detected on the 
cart at this distance.

Animal Preparation Protocol
The study (Animal Care and Use Com-
mittee protocol AN103047–02A) was 
performed in concordance with the 
Guide for the Care and Use of Labo-
ratory Animals (32), and approval was 
obtained from the institutional commit-
tee on animal research. Three swine 

by using conventional microsoldering. 
These custom catheters (1.2-mm distal 
outer diameter) were prototypes pro-
vided as an in-kind donation by Pen-
umbra. The prototypes were similar to 
commercially available PX Slim (Penum-
bra) neurovascular microcatheters ex-
cept the standard metallic braiding was 
replaced with current-carrying copper 
wires. The completed microcoil tip was 
attached (P.V.L.) to the custom catheter 
shafts by using medical-grade polyester 
heat shrink tubing (Advanced Polymers, 
Salem, NH) as shown in Figure 1c.

To perform a procedure effectively 
inside the MR suite, a control system 
consisting of an MR imaging–safe cart 
and computer running a custom (Lab-
VIEW; National Instruments, Austin, 
Tex ) interface was developed (P.V.L., 

Figure 1

Figure 1: MARC catheter coil design. Each coil pattern consists of 13 turns of copper separated by a 50-mm pitch distance, 
a 500 3 5000-mm copper pad to attach interconnects, and a copper trace connecting the two coils to each other.
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was injected through the MARC cath-
eter to verify that the tip was success-
fully located in the renal artery. Embolic 
agents were then delivered through the 
MARC catheter while the kidney was 
imaged by using a real-time two-dimen-
sional MR angiographic sequence.

Embolization Protocol
The embolic agents used in this study 
were 100–300-mm microspheres (Em-
bosphere; Merit Medical, South Jor-
dan, Utah), packaged as 2 mL of mi-
crospheres suspended in 3 mL of 0.9% 
saline solution. This 5-mL solution was 
incubated at room temperature with 
10 mL of gadolinium-based contrast 
agent for 72 hours before the endovas-
cular procedure to aid in visualization 
of the microspheres during MR-guided 
embolization. Immediately before de-
livery, another 10 mL of 0.9% saline 
was added to the gadolinium-containing 
embolic agent solution for two reasons: 
(a) to reduce the chance of obstructing 
the lumen of the MARC catheter with 
a high concentration of microspheres 
and (b) to dilute the gadolinium con-
centration of the solution sufficiently to 
avoid T2* effects during imaging. Four 
25-mL doses of embolic agent (2-mL 
microspheres, 13-mL saline, 10-mL 
gadolinium) were delivered (S.W.H., 
D.L.C., M.W.W.) to the kidney dur-
ing the procedure to ensure complete 
embolization.

After embolization of one kidney 
by using the MARC catheter under MR 
guidance, the animal was moved back 
to the C-arm suite for contralateral kid-
ney embolization under x-ray guidance. 
The same custom guide catheter and 
3.67-mm introduction sheath used dur-
ing MR guidance were also used during 
x-ray guidance. A 0.014-inch guidewire 
(Synchro-14; Boston Scientific, Marlbor-
ough, Mass) was advanced into the con-
tralateral renal artery, and a 0.57-mm 
catheter (Excelsior SL-10; Stryker Neu-
rovascular, Fremont, Calif) with a 45° 
angled tip was tracked over the guide-
wire after which the guidewire was re-
moved. The time taken from the start of 
navigation to the successful access to the 
lateral origin of the renal artery was re-
corded. The metric chosen to compare 

MR-safe guide catheter (2.8-mm outer 
diameter/2.2-mm inner diameter) (Pen-
umbra) was inserted through the arte-
rial sheath and positioned in the aorta 
5 cm inferior to the renal arteries. The 
MARC catheter was subsequently in-
serted through the custom guide and 
advanced until 2 cm of the distal tip ex-
tended beyond the guide catheter.

The animal was next moved into the 
MR suite. MR imaging was performed 
by using a four-channel surface receive 
coil (Table 1). Relevant renal anatomy 
was localized by using an initial survey 
sequence, after which a high-resolution 
three-dimensional MR angiogram was 
acquired by using a 12-mL intravenous 
injection of gadopentetate dimeglumine 
(Magnevist; Bayer Healthcare, Whippa-
ny, NJ). Image data from the angiogra-
phy were reformatted into a maximum 
intensity projection, which was used to 
prescribe oblique imaging planes for 
baseline velocity-encoded images of 
each renal artery. A four-dimensional 
perfusion imaging was also performed 
to obtain the baseline perfusion rates 
for each kidney.

After baseline flow and perfusion 
imaging, the MARC catheter was ad-
vanced into the renal artery by using 
a real-time balanced steady-state free 
precession sequence for navigation. A 
small bolus of dilute intra-arterial gado-
linium (1:40 dilution with 0.9% saline) 

an Achieva 1.5-T MR imager (Philips 
Healthcare, Best, the Netherlands) and 
an Integris V5000 C-arm digital subtrac-
tion angiography (DSA) system (Philips 
Healthcare) positioned in-line in an ad-
joining dual-suite configuration. The two 
imaging modalities are connected by us-
ing a floating patient table that enables 
transferring the imaging subject between 
the modalities in a few minutes. The im-
aging workflow for the entire interven-
tion is shown in Figure 2.

For each animal, catheterization was 
initially performed by three interven-
tionalists (S.W.H. with 13 years, D.L.C. 
with 9 years, and M.W.W. with 20 years 
of experience with conventional endo-
vascular procedures) in the C-arm suite. 
A 3.67-mm arterial sheath (Cordis, Fre-
mont, Calif) was placed in the common 
femoral artery by using percutaneous 
Seldinger technique and used for ad-
vancement of intra-arterial catheters. 
A 1.67-mm pigtail catheter (Beacon Tip 
Royal Flush; Cook Medical, Blooming-
ton, Ind) was inserted into the supra-
renal abdominal aorta with fluoroscopic 
guidance (75 kVp, 5 mAs). The location 
of the renal arteries was determined 
with DSA by using a 10-mL injection 
of iodinated contrast agent Omnipaque 
(iohexol, 350 mg of iodine per millili-
ter; GE Healthcare, Waukesha, Wis). 
The pigtail catheter was removed and 
a custom-made polytetrafluoroethylene 

Figure 2

Figure 2: Imaging and intervention workflow in the x-ray and MR suite.
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the renal artery (Fig 3b). During MARC 
catheter navigation under real-time 
steady-state free precession imaging it 
was determined that a shallow oblique 
coronal plane offered the best visuali-
zation of the renal artery origin. When 
activated, the magnetic field from the 
MARC catheter tip created a local sus-
ceptibility artifact, thus allowing the 
operator to track its position (Fig 3c, 
3d). MR-guided navigation into the re-
nal arteries was straightforward for the 
interventionalists, taking only a slightly 
longer time than x-ray guided cathe-
terization to achieve similar positions 
in the main renal arteries. After renal 
artery catheterization, embolization 
was performed under real-time visuali-
zation (Fig 3e), demonstrating progres-
sive enhancement of the entire renal 
parenchyma as gadolinium-soaked mi-
crospheres lodged in the renal vascula-
ture. Postembolization velocity-encoded 
images showed a large reduction in flow 
through the renal artery (Fig 3f).

Images from different portions 
of the x-ray protocol are shown in  
Figure 4. The radio-opaque markers 
in the images are elements from the 
four-channel surface coil used for MR 
imaging. This coil was put into position 
at the start of the procedure, and its 
position was held constant until all por-
tions of the procedure were concluded. 
The MARC catheter created unique 
contrast in the x-ray image due to 
current-carrying copper wires helically 
braided within the wall of the catheter. 

factors, including the surface coil sensi-
tivity, volume of gadolinium-based con-
trast agent delivered, renal clearance 
rate of gadolinium by the animal, et cet-
era; hence, the differential of the mean 
MR signal intensity was computed to use 
as a comparison metric across animals 
and modalities. The quantitative metric 
chosen to compare the perfusion data 
from the two imaging modalities was the 
maximum change in perfusion rate be-
tween that before embolization and that 
after embolization.

Euthanasia and Histologic Examination
At the end of each experiment, the ani-
mal was euthanized (C.S., M.S., P.V.L.) 
and both kidneys were extracted, 
rinsed in saline solution, weighed, and 
preserved in a tissue fixative (10% buff-
ered formalin phosphate; Fisher Scien-
tific, Waltham, Mass). The weight of 
each kidney was used to normalize the 
flow rates from the QFlow analysis. Af-
ter fixation, each kidney was sectioned 
axially and hematoxylin-eosin histologic 
examination was performed (P.V.L.).

Results

In vivo injections of microspheres were 
successful in all six swine kidneys. Im-
ages from the MR protocol are shown 
in Figure 3. An axial maximum intensity 
projection from three-dimensional MR 
angiography (Fig 3a) was used to pre-
scribe the oblique sagittal imaging plane 
for velocity-encoded flow assessment of 

navigation between the two modalities 
was catheter navigation time from the 
aorta into the renal artery origin. Four 
25-mL doses of embolic agent solution 
were then delivered through the cathe-
ter, including 10 mL of Omnipaque (io-
hexol, 300 mg of iodine per milliliter; GE 
Healthcare) in lieu of gadolinium-based 
solution. After embolization, a second 
abdominal aortogram was obtained with 
the pigtail catheter as mentioned ear-
lier, and the animal was moved back to 
the MR suite for post-therapy velocity-
encoded and perfusion imaging.

Quantitative MR Data Analysis
Analysis of the velocity-encoded MR data 
was performed (P.V.L., A.J.M., J.K.Y., 
A.D.L.) by using the QFlow tool on an 
MR imaging–extended workspace work-
station (Philips). Mean flow rates were 
calculated across 32 cardiac phases for 
each renal artery, with 80–180 image 
pixels included in each calculation. The 
metric chosen to compare the velocity-
encoded images was the change in mean 
renal artery flow rate between that be-
fore embolization and that after. Cus-
tom Matlab scripts (Mathworks, Natick, 
Mass) were used to analyze (P.V.L.) the 
MR data from pre- and postemboliza-
tion perfusion images. Mean MR signal 
intensity was calculated for the renal 
parenchyma (200–300 individual pixels) 
from the center slice of each kidney for 
each animal over all time points in the 
image. The value of the mean MR signal 
intensity could be influenced by various 

Table 1

MR Sequences and Parameters

Sequence
Three-dimensional  
MR Angiography Velocity Encoded

Four-dimensional  
Perfusion

Balanced Steady-State  
Free Precession 

Two-dimensional MR 
Angiography

Echo time (msec) 1.3 5.0 2.0 1.7 1.4
Repetition time (msec) 4.2 8.0 4.0 3.4 4.3
Flip angle (degrees) 30 15 10 60 30
Field of view (cm) 28 3 28 16 3 16 28 3 28 20 3 20 20 3 20
Frame rate (frames per second) Not applicable Not applicable Not applicable 1.3 0.3
Section thickness (mm) 2 5 4 10 20
No. of sections 100 1 30 1 1
Section orientation Coronal Oblique Coronal Coronal Coronal
Cardiac gating No Yes No No No
Breath hold Yes Yes Yes No No
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embolic agents prevents additional 
contrast agent from reaching the renal 
parenchyma. A summary of navigation 
times, changes in renal artery velocity, 
and changes in perfusion rates are pro-
vided in Table 2.

Discussion

Our study demonstrates feasibility of 
a simple endovascular intervention by 
using the MARC catheter system and 
demonstrates that the current system 
architecture is compatible with the 

contained microspheres within the re-
nal arterioles.

The mean MR signal intensities and 
differential of the MR signal intensities 
for two swine kidneys are shown in  
Figure 6. As expected, in both the MR 
and x-ray procedures the pre-emboliza-
tion perfusion signal in each kidney in-
creased when the gadolinium-enhanced 
contrast agent was delivered and then 
reached a steady state value soon af-
ter. In the postembolization perfusion 
images, the signal intensities remain 
constant because the presence of the 

The outline of the right kidney can still 
be visualized (Fig 4c) due to residual 
iodinated contrast material from the 
embolization procedure that could not 
be cleared by the embolized organ.

Representative histologic samples 
with hematoxylin-eosin stain from 
both the x-ray and MR embolization 
procedures are shown in Figure 5
. No microspheres were present in 
any of the histologic samples from 
the control kidney. Histologic sam-
ples from kidneys that underwent 
MR- and x-ray guided embolization all 

Figure 3

Figure 3: MR-guided embolization of swine kidney by using the MARC catheter system. (a) Axial maximum intensity projection from three-dimensional MR 
angiography of one of the swine (mean weight, 43 kg 6 2). Arrow = position of the oblique plane perpendicular to the left renal artery that was used for the velocity-
encoded image. (b) Baseline oblique sagittal velocity-encoded image. Arrow = left renal artery in this plane. Mean flow rates in the renal artery across the 32 cardiac 
phases were calculated from the pixels in the vicinity of the arrow. (c, d) Balanced steady-state free precession images show navigation of the MARC catheter from 
the aorta into the proximal left renal artery. Arrow = location of the MARC catheter tip. When activated, the magnetic field from the MARC catheter tip created a local 
susceptibility artifact, allowing the operator to track its position. After successful navigation, embolization was performed. (e) Image demonstrates contrast enhance-
ment at 300 seconds into the embolization procedure. (f) Postembolization velocity-encoded image shows a large reduction in flow through the renal artery (arrow).
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particles bound to chemotherapeu-
tic agents such as superparamagnetic 
iron oxide (SPIO)-labeled doxorubicin 
and SPIO-labeled yttrium (34). Com-
pared with contemporary flat-panel 
computed tomographic (CT) tech-
niques available in modern x-ray angi-
ography suites, MR imaging allows for 
standard-of-reference evaluation of tis-
sue infarction (eg, diffusion-weighted 
imaging in stroke therapy), identifica-
tion of tumors not visible on CT scans 
(eg, some forms of hepatocellular 

stroke intervention (wherein serial dif-
fusion-weighted MR images can assess 
brain parenchymal viability beyond 
persistently occluded arteries), as 
well as tumor embolization (wherein 
recollateralization from nonembolized 
vessels could be assessed) (33). Po-
tential future applications include the 
ability to visualize a therapeutic agent 
in both the target tissue and normal 
tissue with MR imaging during and im-
mediately after infusion to optimized 
dose delivery by using novel iron oxide 

MR environment in a simulated clini-
cal setting. Use of MR guidance to per-
form this type of intervention offers the 
possibility to quantitatively measure 
success (eg, perfusion change, veloc-
ity change) without moving the subject 
to another imaging modality. Hence, if 
the result of the procedure is deemed 
unsatisfactory the operator can 
quickly re-access the relevant anatomy 
and continue intervention to improve 
the outcome. This approach could 
be particularly valuable in ischemic 

Figure 4

Figure 4: Compilation x-ray images. (a) Initial aortogram identifies the positions of both renal arteries after the injection of iodinated contrast agent. Arrow = 
radiopaque material in the MR surface receive coil. (b) Radiograph shows positioning of the MARC catheter tip in the infrarenal aorta (arrow) prior to MR-guided 
embolization of the left kidney as shown in Figure 3. (c) Postembolization aortogram demonstrates contrast agent stasis in both renal arteries and iodinated contrast 
agent staining the right kidney, as iodinated contrast agent was mixed with embolic agents during x-ray-guided embolization (whereas gadolinium staining of the left 
kidney is not seen).

Figure 5

Figure 5: Renal histologic examination. Hematoxylin-eosin–stained images from kidneys that underwent embolization under (a) MR 
and (b) x-ray guidance demonstrate microspheres lodged in arterioles.
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embolization procedure assessed. 
MR guidance required more naviga-
tion time and had increased variabil-
ity, compared with x-ray guidance in 
our study. This could be related to 
the decreased temporal and spatial 

associated with repeated flat-panel CT 
examinations.

Although considerable progress 
has been made, there are still sig-
nificant limitations of MR guidance 
relative to x-ray guidance for the 

carcinoma), and the potential for iter-
ative intraprocedural physiologic eval-
uations (eg, tissue perfusion analysis) 
as therapy progresses that would be 
unappealing using flat-panel CT given 
the large amount of ionizing radiation 

Figure 6

Figure 6: MR perfusion characteristics after x-ray–guided versus MR-guided renal embolization. Graphs show the mean signal intensities 
for the kidneys embolized under (a) MR and (b) x-ray guidance. The differentials for the respective mean signals are shown in c and d.

Table 2

Comparison of Catheter Navigation Time, Perfusion Rates, and Renal Flow Rates

Value

Navigation Time (sec) Perfusion Rate (au/sec) Renal Flow Rate (mL/min/g)

MR Guidance X-Ray Guidance MR Guidance X-Ray Guidance MR Guidance X-Ray Guidance

Mean 93 60 4.9 4.6 2.1 1.9
Standard deviation 56 22 0.5 0.6 0.2 0.2
Median 67 53 5.0 4.9 2.1 1.9
Minimum 54 42 4.4 3.9 1.9 1.8
Maximum 157 85 5.5 5.1 2.2 2.1
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