
E L S E V I E R  

MAGMA 
Magnetic Resonance Materials hi 
Physics, Biology and Medichle 

Magnetic Resonance Materials in Physics, Biology and Medicine 15 (2002) 52-57 

www.elsevier.com/locate/rnagma 

MR-velocity mapping in vascular stents to assess peak systolic 
velocity. In vitro comparison of various stent designs made of 

Stainless Steel and Nitinol 

Jacqueline van Holten a,,, Patrik Kunz b, Paul G.H. Mulder  c, Peter M.T. Pa t tynama a, 
Hildo J. Lamb b, Lukas C. van Dijk a 

a Department of  Radiology, Erasmus MC, University Medical Center Rotterdam, Dr Molewaterplein 40, 3015GD Rotterdam, The Netherlands 
b Department o f  Radiology, Leiden University Medical Center, Leiden, The Netherlands 

c Department of  Epidemiology and Biostatistics, Erasmus University Medical Center Rotterdam, Rotterdam, The Netherlands 

Abstract 

Introduction: Peak systolic velocity (PSV) measurements of blood flow inside vascular stents allow reliable detection of in-stent re- 
stenosis. The purpose of this in vitro study was to evaluate the feasibility of obtaining PSV measurements inside vascular stents 
made of Stainless Steel and Nitinol, using a velocity encoded MR technique. Materials~methods: In a flow phantom, stents of 
Stainless Steel and Nitinol were studied. The phantom was integrated into a closed-tubing circuit driven by a MR dedicated pulsatile 
flow pump. MR imaging was performed on a 1.5 T system. The PSV in the tube without stent was used as the gold standard to 
determine the accuracy and the variability (paired t-test and Pittman's test) of the PSV measurements inside the stents. Results: PSV 
values inside the stents showed percentual difference in mean of - 1 5  to 21% (P <0.05) at a pump setting of 10 and 20 mlls. 
Conclusion." PSV measurements can be accurately obtained inside stents made of Stainless Steel and Nitinol. MR-velocity 
measurements may be used in patients to non-invasively evaluate stent patency and in-stent re-stenosis. 
�9 2002 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

The use of  M R A  for non-invasive vascular imaging in 
routine clinical practice is steadily increasing [1,2]. 
However, the utility of  M R A  may be hampered after 
treatment with vascular stents. The metal  stents gen- 
erally cause two types of  artifacts in M R  imaging that  
render the morphological  evaluation of  any in-stent re- 
stenoses unreliable [3,4]; magnetic susceptibility artifacts 
and the less well known radio frequency (RF) artifacts. 
Imaging of the stented artery during follow-up is 
important  because in-stent re-stenosis after stent place- 
ment  frequently, e.g. occurs in 5 -15% in iliac arteries 
[5-7] and 11-78% in the coronary arteries [8-10]. 
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The most  commonly  used vascular stents in the non- 
coronary  arteries are made of  Stainless Steel, Elgiloy or 
Nitinol. For  coronary  artery stenting Stainless Steel-316 
is almost  ubiquitously used. Of  these metal  alloys, 
Stainless Steel and Elgiloy cause the worst  magnetic  
susceptibility artifacts in M R  imaging, whereas Nitinol 
causes relatively mild susceptibility artifacts [3,11,12]. 
R F  artifacts are associated with a decrease of  signal 
inside the stent lumen, which may be present in all metal  
stents including in the ones made of  Nitinol. 

In general terms, in-stent re-stenosis can be detected, 
not only by imaging the morphological  luminal narrow- 
ing, but alternatively, also by analyzing the flow profile 
inside the stent, in particular, by measuring the peak 
systolic velocity (PSV). This feature is well known and 
used in clinical practice in ultrasound Doppler- imaging 
of  arteries, by measuring the PSV in a stenosis and 
comparing it with the PSV upstream (a PSV-ratio of  > 2 
is generally held to indicate a diameter stenosis o f  > 
50%) (Coffi, 2001 # 163) (Ranke, 1992 # 164). 
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Quantitative M R  flow mapping  also provides accu- 
rate measurements of  flow velocity (and flow volume) 
inside the vessel [14,15], which is already in routine 
clinical use to quantify stenosis in aortic coarctat ion 
[16]. Therefore, it is proposed here, quantitative M R  
imaging may be used for detection and quantification of  
haemodynamic  significant in-stent stenosis. 

The purpose of  the present study was to evaluate the 
feasibility of  PSV measurements inside different vascu- 
lar stents made of  Stainless Steel and Nitinol, using a 
velocity encoded M R  technique. 

2. Methods 

2.1. F low p h a n t o m  design 

The phan tom consisted of  four parallel plastic tubes 
of  equal size (each with a of  length 15 cm and inside 
diameter of  10 mm) that were connected in a serial 
fashion, in which all stents were implanted, (Fig. 1). This 
phan tom was integrated into a closed-tubing circuit 
driven by a M R  compatible computer-control led pulsa- 
tile flow pump ( U H D C  flow system M R  version, Quest 
Imaging Incorporated,  London,  Ontario,  Canada).  Two 
custom made stents ( ~ =  10 mm, l e n g t h = 4 0  mm) 
made of  Stainless Steel and Nitinol, respectively, and 
four commercial stents ( ~ =  10 mm) were studied 
(Table 1). The custom made stents were wire-woven 
and of  identical design and with a wire diameter  of  0.1 
mm. A bi-phasic flow pattern with a frequency of  60 per 
min was applied and the pump was adjusted to deliver 
flow rates of  10 and 20 ml/s. An E C G  signal was 
synchronized to the flow cycle and used for prospective 
triggering of  the MR-scanner  during image acquisition. 

We used M R  B L O O D - M I M I C K I N G  | fluid in the 
flow phantom,  which had magnetic relaxation para-  

Table 1 
Metallic vascular devices 

Material Type Manufacturer 

Stainless 
Steel-316 

Nitinol 

Custom made (1 = 40 mm, 
if3 = 10 mm) 
Corinthian | (1 = 25 mm, 

= 10 mm) 
Megalink | (1 = 30 mm, 

= 10 mm) 

Custom made (1 = 40 mm, 
= 10 mm) 

ZA stent | (1 = 77 mm, ~ = 10 Cook (Bjaeverskov, 
mm) Denmark) 
S.M.A.R.T.stent | (1 = 36 mm, Cordis 

= 10 mm) 

Cordis (Miami, FL) 

Guidant (Temecula, 
CA) 

Metallic vascular devices, which were evaluated. 

meters and shear viscosity similar to human  blood 
(Shelley Medical Imaging Technologies, Acra  Techn, 
Quebec, Canada).  The phan tom was placed in a water- 
filled plastic container. 

2.2. M R I  technique 

M R  imaging was performed using a 1.5 T system 
(Gyroscan,  ACS-NT15;  Philips Medical Systems, Best, 
The Netherlands) equipped with a 5-element synergy 
surface coil for signal reception. For  imaging, the plastic 
tubes containing the stents were positioned in the center 
of  the bore parallel to the main magnetic field (Bo). 
Scout images were obtained with a gradient-echo 
sequence to plan the flow velocity encoded M R  
sequences. Phase contrast  MR-velocity mapping  was 
performed in a plane transverse to the long axis o f  the 
stents and by using a two-dimensional flow-sensitive 
gradient-echo sequence. Velocity encoding was perpen- 
dicular to the imaging plane and thus, parallel to the 

Fig. 1. The phantom consisted of four tubes with a length of 15 cm and a diameter of 10 mm, connected in series. This phantom was integrated into a 
closed circuit. The stents were placed in the middle of the tubes. The dotted line indicates the measurement site of the velocity mapping. 
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long axis o f  the stents. Velocity sensitivity was set at 30 
or 60 crrds depending on the flow p u m p  settings to avoid 
signal aliasing. Other imaging parameters  were: T R  = 
1000 ms, TE =4 .2  ms, flip angle = 2 5  ~ field of  view = 
210 m m  (RFOV 50%), m a t r i x = 2 5 6  x 102, section 
thickness = 6 m m  and temporal  resolution = 95 sample 
points per heart beat at a heart rate of  60 beats/min. 
Total scan time was 3:20 rain per experiment. 

2.3. M R  imaging analysis 

The M R  images were transferred to an Ul t ra- l -Sparc  
workstation (SUN Microsystems, Mounta in  View, CA). 
Flow velocity encoded M R  imaging data  were analyzed 
by using the M R  analytical software system (version 3.0) 
with dedicated software package, FLOW | , developed in 
our department  (Leiden University Medical Center). 

The PSV was determined by using central lumen 
curves and analyzing the max imum velocity in these 
curves. Central lumen curves were obtained by using 9 
pixels taken f rom the center o f  the lumen (pixel size 
0.8 x 1.0 m m  2, the same as the original scan data). The 
velocity curves were then calculated by automat ic  
measurement  within these 9 pixels. PSV was calculated 
by time-averaging the nine measurement  values around 
the maximum velocity (Fig. 2). We also measured the 
surface of  the visible lumen inside the stent and inside 
the tube without stent. 

2.4. Data analysis 

Data  analysis was done by an independent bio- 
statistician (PGHM).  The PSV in the tube without stent 
was used as the gold standard to determine the accuracy 
and reliability of  the PSV measurements  inside the 
stents. 

We analyzed the PSV inside the stents and the tube 
without stent at two different pump settings, 10 and 20 
ml/s. First, it was of  interest whether the PSV measured 
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Fig. 2. Flow curve of the tube without stent, with the pump set at 20 
ml/s flow rate. PSV was determined by time-averaging nine measured 
values (between the gray lines) around the maximum velocity in the 
flow curves of each stent. 

in a stent was significantly different f rom that  in the tube 
without stent. This was done by using a paired Student 
t-test at P = 0.05. This test indicated whether or not  the 
MR-based  PSV measured in stents were accurate. Next,  
we tested whether the S.D. of  the nine measured values 
around PSV were different between the stented and the 
non-stented segment. This was done by using the 
Pi tman 's  test at P = 0.05 [17]. A Pi tman 's  test o f  P < 
0.05 indicated a significantly greater variability (more 
noisy) measurement  compared  to the tube without  stent. 
(Pi tman's  test was used to test the null hypothesis that  
two variances of  paired measurements  are the same. The 
null hypothesis is identical to a zero Pearson correlat ion 
between the sum and the difference of  two paired 
measurements.)  

In a control experiment, we analyzed whether the 
underlying assumption used in our study was indeed 
correct, i.e., that the actual PSV in the empty par t  o f  the 
tubing was the same as that  in the parts o f  the tubing 
that contained the metal  stents. This was done by using 
Doppler  ultrasound (Aloka, Tokyo,  Japan  and a 7.5- 
M H z  linear-array transducer) to validate the p h an to m 
and by using U L T R A S O U N D  B L O O D  
M I M I C K I N G  | fluid (Shelley Medical Imaging Tech- 
nologies) at the same p u m p  settings used in the M R  
experiment (10 and 20 ml/s). 

We quantified the influence of  magnetic susceptibility 
artifacts on the evaluation of  the stent lumen area. The 
visible lumen area inside the stent was measured. The 
(virtual) lumen reduction was calculated by dividing the 
virtual lumen area inside the stent by the true lumen 
area in the tube without stent. 

3. Results  

The control experiment using Doppler  ul trasound 
confirmed the validity of  our assumption that  the PSV 

Table 2 
The results of the Doppler ultrasound experiment to validate the 
phantom 

Bi-phasic flow pattern 

Doppler ultrasound, PSV 

Pump setting 

10 ml/s 20 mtts 

Stent without stent 
Stainless Steel, Corinthian| 
Stainless Steel, Megalink | 
Stainless Steel, custom made 
Nitinol, S.M.A.R.T.stent | 
Nitinol, ZA stent | 
Nitinol, custom made 

0.25 m/s 0.43 m/s 
0.26 m/s 0.47 m/s 
0.25 rn/s 0.42 m/s 
0.22 m/s 0.46 m/s 
0.26 m/s 0.46 rn/s 
0.23 m/s 0.41 m/s 
0.23 m/s 0.42 m/s 

The PSV in the tube without stent was not significantly different 
from that in the stent-containing tube segments, which indicates that 
the PSV was constant throughout the entire flow phantom. 
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in the tube without stent is the same as the PSV in the 
tubes containing the stents (Table 2). 

Table 3 shows PSV measurements at a pump setting 
of  10 ml/s. The PSV inside the stents was statistically 
significant different from that in the tube without stent. 
The extent of  this difference, however, was acceptable 
considering the proposed use of  determining PSV-ratios 
> 2 and ranged from - 1 5  to 5.6%. The PSV measure- 

ments of  the Corinthian | and the Megalink | Stainless 
Steel stents showed more variability and therefore had a 
statistically significant difference of  S.D. of  the PSV 
compared to the tube without stent. The other stents 
showed no statistically significant difference of  the S.D. 
compared to the S.D. of  the tube without stent. 

The results of  the PSV at a pump setting of  20 ml/s are 
presented in Table 3. The PSV showed a statistically 
difference ranging from - 9  to 21% in the various stents 
as compared to the tube without stent. The Stainless 
Steel Megalink | stent, the custom made Stainless Steel 
stent and the custom made Nitinol stent showed no 
statistically significant difference in S.D. compared to 
the tube without stent. In the other three stents the S.D. 
of  the peak velocity measurements were significantly 
higher. 

Fig. 3 illustrates the imaging MR artifacts of  each 
stent. The stents made of  Stainless Steel had the most 
extensive magnetic susceptibility artifacts, which created 
a reduction of  the surface area of  the visible lumen 
inside the Stainless Steel stents (Table 4). Magnetic 
susceptibility artifacts were more pronounced at the 
edges of  the different stents. The RF artifact was most 
obvious inside the stents made of  Nitinol. The Nitinol 
S.M.A.R.T. stent | and the Stainless Steel Corinthian| 
stent were associated with the most pronounced signal 
loss inside the stent lumen. 

s..__s., 1l s__.s,., r[ custom made Corintian | 

! I 

Stainle~ Steel 
Megalink | 

r=-  IP Nitinol Nitinol t 
ZA stent | Sma~tent | 

Fig. 3. Coronal MR scout images and axial MR images of the used 
vascular stents showing the different artifacts of each stent. (See text 
for detailed discussion.) 

4. Discussion 

Our experiments show that assessment of  PSV 
measurements inside vascular stents by velocity encoded 
MRI  is feasible. Despite the fact that signal void is often 

Table 3 
The results of the PSV measurements at a pump setting of 10 and 20 ml/s 

PSV Pump setting 10 ml/s Pump setting 20 ml/s 

PSV cm/s P paired-t S.D. Pitman's test P PSV cm/s P paired-t S.D. Pitman's test P 

Tube without stent 

Stainless Steel, Corinthian 
% difference versus without stent 

Stainless Steel, Megalink 
% difference versus without stent 

Stainless Steel, custom made stent 
% difference versus without stent 

Nitinol, S.M.A.R.T.stent 
% difference versus without stent 

Nitinol, ZA stent 
% difference versus without stent 

Nitinol, custom made stent 
% difference versus without stent 

25.84 0.22 46.02 0.45 

21.84 < 0.05 4.9 < 0.05 41.95 < 0.05 1.95 < 0.05 
- 1 5 %  - - 9 %  

27.3 < 0.05 0.62 < 0.05 55.48 < 0.05 0.36 0.57 
5.7% 21% 

26.11 <0.05 0.18 0.51 49.04 <0.05 0.33 0.38 
1 . 0 %  7 %  

26.27 < 0.05 0.45 0.05 52.66 < 0.05 1.23 < 0.05 
1.7% 14% 

24.21 < 0.05 0.14 0.23 51.13 < 0.05 0.96 < 0.05 
- 6 . 3 %  1 1 %  

24.08 < 0.05 0.16 0.29 44.56 < 0.05 0.56 0.34 
- 6 . 8 %  - 3 %  
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Table 4 
The lumen reduction compared to the tube without stent for each stent in the mean velocity measurements 

Lumen reduction pump setting 10 ml/s 20 mils 

Area (mm 2) Lumen reduction (%) Area (mm 2) Lumen reduction (%) 

Tube without stent 76 88 - 

Stainless Steel, Corinthian | 26 66 20 78 
Stainless Steel, Megalink | 44 42 36 59 
Stainless Steel, custom made 33 57 26 71 
Nitinol, S.M.A.R.T.stent | 65 15 65 27 
Nitinol, ZA stent | 57 26 65 27 
Nitinol, custom made 69 8 76 14 

present, this seems not to interfere with the accuracy of 
flow velocity measurements in the central lumen. 

Analogous to Doppler ultrasound, it is thus possible 
to measure the PSV-ratio with MR, which could be used 
for quantification of hemodynamically significant in- 
stent stenosis [13]. A PSV-ratio of > 2.0 (100% increase 
of velocity) is generally indicative of a stenosis of 
approximately ~> 50% [18]. Therefore, despite the ob- 
served percentual difference in PSV measurements in the 
various stents ( - 1 5  to 21%), determination of the PSV- 
ratio might be used for evaluation of in-stent stenosis. 
Only for the Stainless Steel Corinthian | stent the MR- 
velocity measurement appears to be unreliable (Pitman 
test P << 0.05). 

Quantitative MR flow mapping has proven to be an 
accurate and reliable technique for estimating blood 
flow velocity as well as volume flow [14,19,20]. To our 
knowledge only two previous studies have used quanti- 
tative MR flow measurements before and after stent 
placement [21,22]. Velocity measurements were done 
proximally and distally to the stent, however, which 
implies that the site of maximum vessel stenosis was 
likely missed. The authors did not mention if velocity 
mapping inside the stent was possible. 

Whereas PSV measurements only rely on imaging the 
central part of the vessel lumen, measurements of 
volume flow involve quantification of the entire surface 
area of the vessel. As expected the stents showed 
magnetic susceptibility artifacts. The stents made of 
Stainless Steel caused more extensive magnetic suscept- 
ibility artifacts than the stents made of Nitinol 
[3,4,12,23]. These artifacts preclude the calculation of 
accurate volume flow inside stents because they cause 
lumen reduction on the image (Table 4). 

Evaluation of in-stent morphology using MRA with 
or without contrast-enhancement is limited because of 
image artifacts caused by metal alloys. The two main 
types of artifacts that are associated with metallic 
vascular implants in MR are the magnetic susceptibility 
artifacts and RF artifacts [24,25]. The magnetic suscept- 
ibility artifacts arise from metal induced local field 
inhomogenities and are located around the stent mate- 

rial. The RF artifact is caused by electromotive forces in 
stents, which are induced in loops of the vascular 
implant by the time-varying magnetic field component 
of the RF waves. These forces cause eddy currents, 
which cause attenuated signal inside the stent [25]. 
Especially stents made of ferromagnetic material such 
as Stainless Steel show extensive susceptibility artifacts. 
With the introduction of stents made of the more MR- 
compatible paramagnetic material NitinoL susceptibility 
artifacts became less of a problem. However RF  
artifacts remain an issue, as was also shown in the 
current study. 

Our results show that stents made of Nitinol as well as 
Stainless Steel are associated with RF artifacts. The 
extent of attenuation (caused by the RF artifact) inside 
the various stents varied with stent designs, even in 
stents made of the same material (Fig. 3). Thus RF 
artifacts in vascular stents depend on both stent design 
and stent material as a conclusion also put forward by 
others [24]. It is uncertain, whether our results can be 
applied to stents of other designs or dimensions. 

4.1. Practical application 

Central lumen PSV measurements with velocity 
encoded Phase Contrast-MR may become useful in the 
clinical setting to evaluate stent patency and quantify in- 
stent stenoses in Nitinol and even in some Stainless Steel 
vascular stents. 
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