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ABSTRACT

Purpose: To evaluate the feasibility of visualizing the stent lumen using coronary

magnetic resonance angiography in vitro.

Material and methods: Nineteen different coronary stents were implanted in

plastic tubes with an inner diameter of 3 mm. The tubes were positioned in a plastic

container filled with gel and included in a closed flow circuit (constant flow

18 cm/sec). The magnetic resonance images were obtained with a dual inversion fast

spin–echo sequence. For intraluminal stent imaging, subtraction images were

calculated from scans with and without flow. Subsequently, intraluminal signal

properties were objectively assessed and compared.

Results: As a function of the stent type, various degrees of in-stent signal

attenuation were observed. Tantalum stents demonstrated minimal intraluminal

signal attenuation. For nitinol stents, the stent lumen could be identified, but the

intraluminal signal was markedly reduced. Steel stents resulted in the most

pronounced intraluminal signal voids.

Conclusions: With the present technique, radiofrequency penetration into the

stents is strongly influenced by the stent material. These findings may have important

implications for future stent design and stent imaging strategies.
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INTRODUCTION

Coronary stenting is currently the most widely used

percutaneous coronary intervention with an estimated

500,000 stents implanted in the United States in 1998.[1]

The main benefit of stenting when compared with

balloon-angioplasty alone is a reduction of the re-

stenosis-rate. Nevertheless, in-stent restenosis remains a

relatively common clinical scenario.[2 – 5] If clinical

symptoms suggest in-stent restenosis, x-ray coronary

angiography is currently considered the gold standard for

the evaluation of stent integrity. Since conventional x-ray

angiography has several disadvantages, including a small

risk of serious complications, the need for an iodinated

contrast agent, and radiation exposure, a noninvasive

imaging method for direct assessment of stent lumen

integrity would be desirable.[6]

Currently, the majority of coronary artery stents are

nonferromagnetic and are considered to be magnetic

resonance (MR) safe,[7] but stents remain the source of

local image artifacts, which impede the diagnostic

information on MR images. While various coronary

artery stents have been evaluated in vitro with regard to

the total volume of their artifacts as a function of

different imaging sequences,[8] to our knowledge, the

visualization of the stent lumen has not previously been

reported. Therefore, we implemented an MR imaging

methodology to quantify in-stent signal attenuation

among 19 commercial coronary stents.

MATERIAL AND METHODS

Evaluated Stents and Experimental Setup

Nineteen different (material and/or design) coronary

artery stents were studied. The name, manufacturer,

material, length, and nominal diameter of the stents are

summarized in Table 1. Seventeen stents were made of

stainless surgical steel (316L), and one each of nitinol

(Radius) and of tantalum (Wiktor). Some steel stents were

coated with various materials including gold, phosphor-

ylcholin, carbon, or carbon like diamond (Table 1).

The stents were implanted in plastic tubes with a length

of 23 cm and an inner diameter of 3 mm to simulate

placement in a 3 mm coronary artery with no residual

stenosis. The tubes were positioned in a plastic container

(size 28 £ 18 £ 10 cm3Þ filled with gel and connected to a

closed flow circuit. The flow was adjusted to a constant

18 cm/sec (approximating peak coronary flow velocity).

The volume of the stent material and the ratio of that

volume to the total volume of the stented part of the vessel

were quantified from the mass and the specific weight of the

stents ðvolume ¼ mass=densityÞ: Hereby, the values for

the densities of stainless steel, tantalum, and nitinol were

7850, 16,650, and 6500 kg/m3. The density of the thin

layers of coating materials (gold, phosphorylcholin,

carbon, etc.) were neglected for the present analysis.

MR Imaging

Images were acquired on a 1.5 T whole-body MR

system (Gyroscan ACS-NT, Philips Medical Systems,

Best, The Netherlands) equipped with cardiac software

(CPR6) and a PowerTrack 6000 gradient system

(strength 23 mT/m; rise time 220 msec). A cardiac

synergy coil (two anterior and three posterior elements)

was used for signal reception. Localization of the stented

“vessel” was performed with a multislice, two-

dimensional, segmented gradient echo scout sequence

(TR ¼ 11 msec; TE ¼ 2:4 msec; 256 £ 128 matrix;
450 mm field of view (FOV), 10 mm slice thickness,

5 mm slice gap, ,1 min acquisition time) with nine

transverse, nine coronal, and nine sagittal acquisitions.

Coronary magnetic resonance angiography (MRA) was

performed with a previously described black-blood

coronary MRA technique.[9] The imaging sequence was

an ECG-triggered (artificial ECG set at 70 beats/min),

three-dimensional fast spin–echo sequence with a linear

k-space acquisition scheme, 28 msec TE, and a TR of two

RR intervals. A 512 scan matrix was sampled with an

echo train length of 17 and an interecho spacing of

7.6 msec, resulting in an acquisition window of 130 msec

per RR interval. Other parameters included half-Fourier

sampling, FOV 360 mm with a resultant in-plane voxel

size of 700mm and two signal averages. A dual inversion

prepulse was applied immediately after the detection of

the R-wave of the ECG. A 16 mm thick three-

dimensional slab was imaged consisting of eight adjacent

slices of 2 mm slice thickness each. Sixteen slices with a

slice thickness of 1 mm were reconstructed using zero-

filling in kz direction. The same stents were imaged

twice, with flow and without flow. Subsequently, both

image data sets were subtracted from one another.
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ü
ss

el
d

o
rf

,
G

er
m

an
y

T
an

ta
l

2
9

0
.1

2
7

0
.0

4
7

6
0

.0
0

0
0

9
8

5

R
ad

iu
s

B
o

st
o

n
S

ci
en

ti
fi

c,
R

at
in

g
en

,

G
er

m
an

y

N
it

in
o

l
1

4
0

.1
0

2
–

0
.1

0
9

0
.0

2
1

7
0

.0
0

0
2

3
8

4

A
C

S
R

X
M

u
lt

i-

li
n

k

G
u

id
an

t,
G

ie
ss

en
,

G
er

m
an

y
S

ta
in

le
ss

st
ee

l
3

1
6

L
2

9
0

.0
9

1
–

0
.1

2
4

0
.0

2
3

0
0

.0
0

0
1

4
6

4
6

C
ro

ss
fl

ex
C

o
rd

is
,

H
aa

n
,

G
er

m
an

y
S

ta
in

le
ss

st
ee

l
3

1
6

L
2

3
0

.1
4

0
.0

3
7

9
0

.0
0

0
2

0
9

9

S
ir

iu
s

C
a
rb

o
s-

te
n

t

S
o

ri
n

B
io

m
ed

ic
a,

S
al

u
g

g
ia

,
It

al
y

S
ta

in
le

ss
st

ee
l

3
1

6
L
þ

C
ar

b
o

n
-c

o
at

in
g

þ
2

P
la

ti
n

u
m

m
ar

k
er

s

1
5

0
.0

7
0

0
.0

1
4

4
0

.0
0

0
1

2
2

2

M
L

T
et

ra
G

u
id

an
t,

G
ie

ss
en

,
G

er
m

an
y

S
ta

in
le

ss
st

ee
l

3
1

6
L

1
3

0
.0

9
1

–
0

.1
2

4
0

.0
2

0
0

0
.0

0
0

1
9

5
9

H
er

cu
li

n
k

G
u

id
an

t,
G

ie
ss

en
,

G
er

m
an

y
S

ta
in

le
ss

st
ee

l
3

1
6

L
1

8
0

.1
6

8
£

0
.1

7
8

0
.0

5
4

8
0

.0
0

0
3

8
7

8

M
L

T
ri

st
ar

G
u

id
an

t,
G

ie
ss

en
,

G
er

m
an

y
S

ta
in

le
ss

st
ee

l
3

1
6

L
1

8
0

.0
9

1
–

0
.1

2
4

0
.0

2
8

6
0

.0
0

0
2

0
2

4

V
-F

le
x

P
lu

s
C

o
o

k
,

M
ö
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Image Postprocessing and Analysis

From the subtraction images, 4 mm thick multiplanar

reformats (MPR) were obtained on the system console.

Signal measurements were performed on the MPR

images. Rectangular regions of interest (ROIs) of

39 mm2 were localized inside the stent, in the unstented

part of the vessel, and in the background.

For objective quantitative data on the intraluminal

signal properties, the contrast-to-noise ratio (CNR)

between the stent lumen and the unstented region of

the vessel were assessed. The CNR was defined as mean

signal intensity (SI) inside the stent minus the mean SI in

the vessel outside the stent divided by the standard

deviation of the background signal. The signal-to-noise

ratio (SNR) was defined as mean SI in the vessel outside

the stent divided by the standard deviation of the

background signal. To obtain an estimate of the signal

attenuation of the individual stents, the CNR between the

unstented part of the vessel and the background was also

quantified.

Quantitative correlation of the given parameters strut

thickness and volume/mm with the dependent parameters

CNR and SNR was obtained by a linear regression analysis.

RESULTS

Figure 1 demonstrates the results of one example stent

(Crossflex) and the method applied for all stents.

Subtraction of images with and without flow results in

an image in which only regions of flow are displayed

with high SI.

Table 2 summarizes the quantitative data obtained in the

19 stents. The Wiktor stent (tantalum) showed the highest

Figure 1. Demonstration of the method at the example of the Crossflex stent: Images with (A) and without (B) flow were acquired

and subtracted. Subtraction images (C) show only flow signal, which is decreased in the stented area by artifacts. Signal intensity

analyses were performed on MPR images (D).

Table 2

Results of the Signal Evaluations

Name CNR Stent CNR BG SNR Vessel

Wiktor 7.05 57.89 57.66

Radius 26.13 48.23 48.19

ACS RX Multilink 31.36 47.84 47.6

Crossflex 40.64 56.35 56.34

Sirius Carbostent 45.44 55.35 55.11

ML Tetra 46.06 56.96 56.66

Herculink 46.32 53.64 53.46

ML Tristar 47.35 56.45 56.34

V-Flex Plus 49.69 59.16 58.94

be-Stent 54.86 60.22 60.04

BiodivYsio 54.86 60.28 60.07

Flex AS 55.87 62.45 62.25

Jostent Flex 55.87 68.08 67.78

Palmaz-Crown 56.36 59.77 59.5

NIR Primo 56.5 58.32 58.11

Palmaz 56.7 61.45 61.16

Bx-Velocity 57.9 59.88 59.63

Jostent StentGraft 58.85 60.96 60.73

NIR Royal 60.05 61.52 61.27

Maintz et al.362



intraluminal signal of all evaluated stents. With a CNR of 7,

the intraluminal signal attenuation was minor when

compared to the unstented vessel part and relatively

homogeneous. Figure 2 compares the MPR images of all

stents (except for the Crossflex, shown in Fig. 1).

Consistent with the low CNR, the region of the Wiktor

stent can barely be distinguished from the unstented

“vessel” part. The Radius stent (nitinol) showed reduced

intraluminal signal when compared to the Wiktor stent, but

an increased CNR when compared to the steel stents. The

signal also appears less homogeneous with a stripe

structure.

Stents made of 316L stainless steel were associated with

the largest local artifacts, but the degree of intraluminal

signal reduction varied among the stent types. The ACS

Multilink and the Crossflex showed the lowest signal

attenuation among the steel stents. In these cases, the lumen

appeared narrowed and the intraluminal signal was reduced

when compared to the nonstented portion of the vessel

while the majority of the lumen still remains visible. In the

Sirius, Tetra, Herculink, Tristar, V-Flex, be-Stent,

Biodivisio, Flex AS, Jostent, Palmaz-Crown, NirPrimo,

and Palmaz stents, the intraluminal signal attenuation was

more pronounced, the signal was more inhomogeneous,

feigned lumen narrowing was more evident, (e.g., be-Stent)

and the lumen was not visible in its whole length (in the

Herculink only in the middle). In the Nir Royal, the

Velocity, and the Jograft, artifacts were most pronounced

resulting in obscurity or even signal loss of the major parts

of the stent lumen.

Not only the underlying material but also the stent

design seemed to have influenced the extent of artifacts

as indicated by the different results among different

stainless steel stents. Nevertheless, the linear regression

analysis of the specific stent design features strut

thickness and the volume of the stent material per mm

stent length with the measured variables CNR and SNR

did not reveal a correlation ðr-values , 0:5; see Fig. 3).

The relative attenuation of the stented vessel segment

when compared to the background CNR allowed an

estimate of the “performance” of the stents. In the

stainless steel stents with the largest artifacts, the CNR

Figure 2. The MPR images of all examined stents. Note minor artifacts of the Wiktor stent (tantalum), relatively high signal

intensity inside the Radius stent (nitinol) and varying degree of signal loss inside of the steel stents.

CMR Angiography for Assessment of Stent Lumen 363



almost approached the CNR of the background,

indicating near complete signal loss. However, signal

attenuation as a function of these parameters was not

consistent among the investigated stents.

DISCUSSION

This study includes a phantom evaluation of

intraluminal signal properties of coronary artery stents.

Metallic stents are known to cause artifacts in MR.

These artifacts are promoted by local magnetic field

inhomogeneities and eddy currents. In addition, signal

attenuation within the stent is caused by radio

frequency (RF) shielding of the metallic stent material.

Induced eddy currents in the stent may also lead to a

lower nominal RF excitation angle inside the stent.

This has shown to attenuate the signal acquired by the

receiver coil.[10,11] Artifact-related signal changes may

include signal voids or local signal enhancements

Figure 3. Linear regression analysis of the signal measurements (CNR, SNR) vs. strut thickness and the volume of the stent-

material/mm. r-values , 0:5 indicate no correlation of variables.

Maintz et al.364



(mostly on fast spin–echo images). In our evaluation

of intraluminal signal properties, we used a subtraction

technique to suppress local artifactual signal enhance-

ment. Subtraction of images acquired with and without

flow only display flow-related signal changes while

susceptibility artifacts with high signal are subtracted.

Intraluminal signal loss caused by artifacts would

result in narrowing of the stent lumen and reduced

CNR inside the stent lumen; extraluminal artifacts

could not be evaluated with this method. Although the

subtraction technique would not be practical in an in

vivo setting, it was well suited for the evaluation of

RF signal penetration in the presence of various

coronary stents. A further development for in vivo

measurements may still be required.

Current coronary MRA techniques comprise a large

array of different imaging sequences including fast

spin–echo, gradient echo sequences, echo planar

imaging, spiral imaging (see Ref. [12] and references

therein). Our evaluations were carried out with a

black-blood fast spin–echo imaging technique. This

technique is associated with smaller “metallic”

artifacts than conventional gradient-echo bright blood

coronary MR angiography[13] and was chosen to

imitate a best case scenario. The use of a constant flow

phantom instead of a pulsatile flow phantom

constitutes a limitation of this study. However, the

contribution of flow to the total magnitude of artifacts

is minor when compared to the contribution of

susceptibility.[10]

Our examinations demonstrate retained high

intraluminal signal inside the Wiktor stent (tantalum),

moderate signal attenuation with good lumen visibility

in the Radius stent (nitinol), and signal decrease of

varying expression in the steel stents. In evaluations

of iliac artery stents, a similar dependency of artifact

expression on the underlying stent material has been

demonstrated.[11,14] Hug et al. have compared

different coronary artery stents regarding the total

volume size of their artifacts in different imaging

sequences.[8] Consistent with our findings, they found

the smallest artifacts in the Wiktor tantalum stent

using a black-blood fast spin–echo imaging sequence.

A nitinol stent was not included in their series and

imaging, nor did they report imaging of the stent

lumen itself.

Our experiments were carried out with the stents

oriented parallel to the main magnetic field (B0).

Different stent orientations would have an influence on

the expression of artifacts. In iliac artery stent

evaluations orthogonal or diagonal orientations of the

stent in relation to B0 showed an increase in artifact

size.[15] Duerinckx et al. have shown that the patency of

Palmaz stents can be assessed indirectly by MRA in vivo

by receiving flow signal in the coronary artery distal to

the stent.[16]

While the Wiktor stent had the most favorable image

characteristics, it can be found only in a small number of

patients and is no longer commercially available. The

vast majority of currently implanted stents are made of

stainless steel. Since the lumina of these stents cannot be

imaged reliably and a large increase in coronary MRA

examinations may be expected, there is a need of

research for alternative stent designs. Potential new

stent-materials include novel metal alloys such as ABI

alloy that showed less artifacts than steel, nitinol, or

tantalum.[17]

Alternative developments may include bio-compati-

ble and potentially artifact-free materials such as

chitosan (a derivative of chitin, a polysaccharide found

in the exoskeleton of shellfish as shrimp, crab,

lobster),[18] polyurethane as already used for nasolacri-

mal stents,[19] polyethylene terephthalate as used for

tracheal stents and under investigation for vascular

applications,[20] cartilage stents created from chondro-

cytes for urethral stents,[6] or bioresorbable polyesters

like poly(D,L-lactide).[21]

Besides more suitable materials for MRI, the

arrangement, size, and geometry of the stent filaments

remain to be studied. Among stents made from the same

underlying material, differences in artifact expression

may be attributed to the stent design and their resultant

electrodynamic properties. While it might be expected

that artifacts are reduced by thinner stent struts, larger

distance between the struts and lower total volume of

stent material, no consistent dependency on these

parameters was observed in our series of stainless steel

stents.

Finally, another interesting approach to image the

stent lumen would be to use the stent as a receiver coil

itself. Promising preliminary results with this technique

were reported by Quick et al.,[22] but remains to be more

fully explored.

In summary, coronary artery stents are sources of

artifacts in MRA that superimpose the stent lumen to

various degrees. The lumen of nitinol and especially

Tantalum stents may be visualized. Future stent design

should be focused on both the mechanical as well as the

MR imaging characteristics. The MR method used in this

article may also be helpful for the evaluation of future

stent developments regarding their MR imaging

suitability.
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