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studies on intracoronary stents during MRI have been
performed (7-10). Some motion has been reported for
the Wictor stent, whereas the Palmaz-Schatz stent did not
show any displacement in a magnet field. There are theo-
retic calculations on induction of currents in metallic im-
plants during MRI (11,12). These calculations make no-
ticeable electrical stimulation during standard MRI
unlikely. The possibility of inducing electric fields near
or in metallic implants has been studied (11-13), and pa-
tients with electronic implants such as pacemakers, cardi-
overter defibrillators, or cochlear implants should not be
examined by MRI, although anecdotal reports on studies
in patients with cardiac pacemakers exist (14,15). In a
pilot study at 1.5 T, no complications within the first 3
days after stent implantation were reported (16).

Heating is induced by the rapidly changing magnetic
field, which is able to provoke a local current in electrical
conductors and subsequent eddy currents in adjacent ma-
terials or tissue. The amount of energy depends on the
electrical field and the conductivity of the material. There
are two situations relevant to patient studies (17). First,
energy is applied on a long device that forms a closed-
loop system with the scanner as the ‘‘ground’’ glectrode.
Under certain circumstances, current induced in this de-
vice may use the skin to bridge a small distance. Because
the electrical resistance of the skin is high, a significant
local temperature increase may occur. The impact on in-
terventional MRI is not fully assessed but may be severe
(18-21).

Straight conductant devices may also act like an an-
tenna when aligned to the B, field. When the frequency
of the field change equals the resonance frequency of the
device, a significant increase of local currents and heating
is detectable (22). Given a resonant behavior and a maxi-
mal radiofrequency (RF) power at 1.5 T/64 MHz by a
continuous RF pulse of 1-msec duration, the estimated
amount of energy applied would be approximately
0.25 W.

The resonance frequency depends on the length (L) of
the device, which can be calculated by the formula

_ c

T2 X VE

where ¢ is the velocity of light divided by the RF fre-
quency and E is the tissue constant, which is about 100.

As calculated by this formula, the length leading to
resonant behavior of a device in a '"H-MRI experiment
is 350 mm at 1.0 T/42 MHz and 230 mm at 1.5 T/64
MHz. Thus, it is very unlikely that coronary stents with
a length of up to 40 mm will get into resonance during
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MRI studies. However, this hypothesis must first be
proven, because even small temperature increases in-
duced by local currents may be hazardous in patients with
intracoronary stents. For example, a temperature of more
than 41°C is able to activate thrombotic processes (23—
25) and local activation of coagulation (26-28). Thus, a
local increase of temperature by just 4°C may lead to
endothelial activation and subsequent intravascular
thrombosis or restenosis of the stented vessel. This study
addresses the safety of curently used coronary stents with
a special focus on temperature changes during 'H-MRI
studies in two state-of-the-art clinical systems.

MATERIALS AND METHODS

We assessed 14 different intracoronary stents from 10
manufacturers currently available or tested on the Euro-
pean market (Table 1) in scanners with a field strength
of 1.0 T (Siemens Expert, |5 mT/m, Siemens AG, Er-
langen, Germany) and 1.5 T (Siemens Vision, 23 mT/m,
Siemens AG). The stents were placed into the magnet on
a small flexible MR coil (diameter 5 X 10 cm). MRI
studies were simulated with application of high energy
(clinical worst case MRI, estimated average specific ab-
sorption rate of 2.5 W/kg; estimated spatial peak specific
absorption rate of 7.5 W/kg) accomplished by using se-
quences originally dedicated for cardiac MRI; TE, TR,

Table 1

Manufacturer and Type of Stents

e JoStent (3.0 mm diameter, 16 mm length), SITO-Med
Germany, UnterschleiBheim, Germany

e Palmaz-Schatz stent, Johnson & Johnson Germany, Haan,
Germany

* AVE stent, A Vascular Engineering Germany, Neuss,
Germany

e NIR stent (3.5 mm diameter, 25 mm length), Boston
Scientific Corporation Germany, Ratingen, Germany

e beStent, Wiktor GX stent and Wiktor i stent, Medtronic
Germany, Diisseldorf, Germany

e Inflow stent (3.5 mm diameter, 15 mm length) and inflow

stent gold (3.5 mm diameter, 15 mm length), Inflow

Dynamics Germany, Munich, Germany

Wallstent, Schneider Germany, Diisseldorf, Germany

Tenax-Stent, Biotronik Germany, Monchengladbach,

Germany

¢ Gianturco-Roubin stent (3.5 mm diameter, 20 mm length),
Cook Germany, Ménchengladbach, Germany
Multilink stent (3.0 mm diameter, 15 mm length), Danimed
Germany, Isermhagen, Germany
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Table 2

MRI Parameters of Sequences Used for the Nonimplanted Stents at 1.0 T

Name TR TE FA ST FoV Pixel Matrix

T1 108 32 160 20 338 1.56 X 1.32 108 X 256
T2 800 64 180 20 329 1.57 X 1.29 105 X 256
STIR 306 64 180 20 250 1.67 X 1.29 75 X 256
Cine 15 © 7 30 10 170 0.66 X 0.66 128 X 256
Haste 627 60 160 7 300 1.46 X 1.17 128 X 256
3DA 32 1.1 35 60 250 1.95 X 0.98 80 X 256
IRM 340 20 20 300 1.17 X 1.17 256 X 256

TR, repetition time in msec; TE, echo time in msec; FA, flip angle in degrees; ST, slice
thickness in mm; FoV, field of view in mm X mm; Pixel, size of 1 pixel in mm X mm;
Matrix, size of matrix in mm X mm; 3DA, three-dimensional angiography; IRM, inversion

recovery measurement.

flip angle, numbers of acquisition, and slice thickness
were set as in clinical routine for cardiac imaging (Table
2). A thermodilution catheter for continuous cardiac out-
put measurements, equipped with a thermistor wire (Bax-
ter 7.5 F thermodilution catheter) was used as ‘‘positive
control”’ and folded into a loop to simulate the position
inside a patient’s pulmonary artery.

After implantation of the stents into the left anterior
descending arteries of freshly explanted pig hearts, we
repeated the experiments in the 1.5-T system using a head
coil to maximize energy transmission (Table 3). The cor-
onary arteries were not perfused to exclude temperature
dispersion to record the entire heating effect. The position
of the stents in the pig heart was comparable with the
most common sites of stenting in patients.

The noncontact temperature measurement of the stents

is based on the quantitative detection of the infrared (IR)
radiation emitted by the stents according to Plancks law
of radiation. The determination of the absolute stent tem-
perature requires the knowledge of the individual stent
emissivity and of the ambient temperature. The metal sur-
face of all stents exhibits low emissivity in a range from
0.1 to 0.3. Thus, all stents were blackened by using
graphite spray with an emissivity of e = 0.93 to equalize
the emissivity of the stents and to avoid ambient IR re-
flections.

A high-resolution IR imaging system consisting of a
PtSi 256 X 256 focal plane array (FPA) was used to de-
tect IR radiation emitted by the stents in a spectral range
from 1.9 to 5.4 um. The thermal resolution is approxi-
mately 60 mK, and the frame rate is 50 Hz. Averaging
consecutive frames improves the temperature resolution

Table 3

MRI Parameters of Sequences Used for the Implanted Stents at 1.5 T

Name TR TE FA ST FoV Pixel Matrix

Tl 92 32 160 20 197 1.22 X 0.77 81 X 256
T2 142 57 180 20 197 1.31 X 0.77 75 X 256
STIR 400 57 180 20 176 1.17 X 0.69 75 X 256
Cine 2.4 1.2 8 10 300 45 X 2.34 50 x 128
Haste 1 520 43 180 8 230 1.54 X 0.9 112 X 256
Haste 2 520 43 180 8 230 1.54 X 0.9 112 X 256
3DA 3.2 1.1 35 60 250 1.95 X 0.98 80 X 256
EPI 1.2 60 90 5 245 3.83 X 1.91 64 X 128

TR, repetion time in msec; TE, echo time in msec; FA, flip angle in degrees; ST, slice thickness
in mm; FoV, field of view in mm X mm; Pixel, size of 1 pixel in mm X mm; Matrix, size
of matrix in mm X mm; Haste 1, IR Haste with 21 slices; Haste 2, IR Haste with 7 slices;
3DA, three-dimensional angiography; EPI, echo planar imaging.
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Table 4
Technical Data of the IR System

Detector type: PtSi Schottky barrier focal plane array
Number of elements: 256 X 256 (65.536).

Pitch: 24 pm

Spectral range: 1.9-5.4 um

Digital output: 14 bit

Frame rate (image repetition): 50 Hz

Temperature resolution (NETD) (at 29°C): 60 mK (50 Hz)
Dynamic: 14 bit

IR objectives: 30 mm, /1.2, and 50 mm, f/1.5.

Long-term stability Ty;: > 25 hr

to values as low as 10 mK. The technical data of the IR
imaging system are summarized in Table 4, and a sche-
matic view of the experimental setup is shown in Fig. 1.
The camera head includes the FPA detector and the read-
out electronics, which is based on a switched MOS-FET
technology. Each individual detector pixel is connected
to its own preamplifying MOS-FET transistor. The ana-
log signal on the chip is directly converted in voltage
values, which are much more resistant to high magnetic
fields than charge values used in conventional CCD-read-
out electronics. There are no moving parts in the camera
head that can be disturbed by the magnetic field, except
for a linear Stirling cooler used for the cooling of the
FPA detector down to an operation temperature of 75 K.
The data acquired by the IR detector were transmitted by
shielded wires to the control unit, which includes the data
processing and data storing devices. The control unit was_
positioned approximately 3 m away from the IR camera
head.

The shortest distance between the IR camera head and
the MR scanner without interference with the data acqui-

Shielded Infrared

Camera
control unit wires camera

Figure 1. Experimental setup. The IR camera with the tele-
lens is positioned in front of the MR scanner at a distance of
0.75 m; the stents under test are in the scanner. The camera
control unit and the camera head are separated by a distance of
approximately 3 m and are connected by shielded wires.
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sition of the camera system by the magnetic field was 75
cm. The distance between the stents under investigation
and the camera was approximately 125 cm. The data
were recorded just before switching off the gradient sys-
tem by averaging 100 frames within 2 sec to detect the
maximum of temperature increase and to achieve a tem-
perature resolution of approximately 10 mK (29,30).
During the studies with the pig hearts, the camera posi-
tion was optimized to reflect the surface temperature of
the vascular wall at the stent locations.

RESULTS

All stents kept their initial position, and the images
did not reveal any displacement, suggesting no motion
during the scans. There was no significant warming of
the stents at 1.0 or 1.5 T. The initial small temperature
difference compared with the environment (probably due
to the ventilator placed at the other end of the scanner)
did not exceed 0.3 K, a value within the standard devia-
tion of the method (Figs. 1 and 2). There were no signifi-
cant differences for any investigated stents between the
temperatures before and after gradients were switched
on. The implanted stents did not show significant in-
creases in temperature during the scans and before and
after gradients switched on. Small motion of the im-
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gradients "off"

Figure 2. Difference (°C) between the stent temperature
and the background temperature with gradient system *‘off’’
(left) and “‘on’” (right) in the 14 stents at 1.5 T. Data shown
as mean = SD of 100 measurements within 2 sec. There were
no significant differences between gradient system ‘‘off’’ and
“on’” (all p = 0.05).
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Figure 3. Averaged infrared-image (100 single measure-
ments) of all non-implanted stents at 1.5 T, gradient system
“off” (Fig. 2A) and gradient system ‘‘on’’ (Fig. 2B). The
stent-surface temperature is shown in gray-scale. The back-
ground represents the temperature within the scanner, which is
cooled by a ventilation system. Gray-scale in degrees Celsius
below. There was no significant difference in temperature (all
p > 0.05).

planted stents (below visibility) could not be assessed
(Fig. 3). The thermodilution catheter showed a local tem-
perature increase of approximately 50°C or 120°F, re-
spectively (Fig. 4) within few seconds after switching the
gradients on the 1.5-T. system.

DISCUSSION

In our study we were not able to detect any motion
or change of temperature of implantable intracoronary
stents during 'H-MRI studies at 1.0 and 1.5 T. Intracoro-
nary stents are too short for the antenna effect, which is
to be expected for objects longer than 23 cm at 1.5 T and
64 MHz. Heating due to a closed-loop system is very
unlikely for intracoronary stents, which can only be im-
planted in straight parts of the coronary arteries and are
too short for looping (length up to 40 mm). Even a series
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Figure 4. Averaged infrared-image (100 single measure-
ments) of the positive control (thermodilution catheter) at 1.5 T,
gradient system ‘‘off”’ (Fig. 3A) and gradient system “‘on’’
(Fig. 3B). Gray-scale, see below. Local heating from 24°C to
more than 48°C was seen with the gradient system switched

‘e 1K)

on’’ within a few seconds (Fig. 3B).

of stents implanted in a row (as sometimes performed in
the right coronary artery) would probably not reach a to-
tal length of more than 15 cm. There was no significant
increase of temperature even in the implanted stents in
the no-flow coronaries, which were in the anatomically
correct position in the scanner. Thus, a relevant increase
of temperature in patients can be excluded, especially be-
cause coronary blood flow would further disperse
changes of temperature (at least in areas with preserved
blood flow).

The thermodilution cathether with the metallic probe
inside most likely heated due to the closed loop we
formed and emitted a high temperature within a few sec-
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onds. The used IR system is able to detect temperature
changes of 0.1 mK with a resolution of 256 X 256 pixels;
the touch-free measurement of the stents with an acqui-
sition of 50 frames/sec is able to detect the smallest
changes in temperature with a standard deviation of
0.1 mK. The measured temperature during the MRI ex-
cludes any significant changes in temperature of the in-
vestigated stents even under in vitro conditions without
the cooling effect of the blood.

. There are some limitations to out study. First, the
stents were not exactly aligned to the B, field. Thus, we
may have underestimated. the temperature, which could
have been reached under ideal alignment. However, this
possibility is also unlikely under clinical circumstances.
Second, we were not able to assess eddy currents adjacent
to the stent. However, the impact of small local currents
on tissue in vivo is probably low, although further studies
may be needed. Third, we did not calculate the exact
amount of energy applied by the MR experiments. How-
ever, the calculated results would not have had an impact
on our conclusion. The estimated local field strength with
a 180-degree high-frequency impulse did not exceed 12
[TH

Our study suggests that 'H-MRI at 1.0 and 1.5 T with
gradient systems up to 23 mT/m does not lead to motion
or heating of intracoronary stents. We conclude that MRI
is safe in patients with implanted intracoronary stents.
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