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Abstract: Nowadays, Magnetic Resonance Imaging (MRI) is considered the gold standard for imag-
ing the brain, spinal cord, musculoskeletal system, head and neck, and complex congenital heart
malformations; consequentially, the number of MRI scans in patients with implantable electronic
devices has simultaneously increased. During the entire length of the MRI exam, patients are exposed
to electromagnetic fields with different characteristics (static, low frequency, radiofrequency fields),
which are related to different risks. The scarce available literature about MRI-induced heating on
cardiac stents suggests that excessive temperature rise occurs only in unfavorable cases. Ideally, RF
safety assessment could be performed during the anamnestic process, but this simulation process’s
results are too slow to be performed before patient MRI examination. In this context, we developed
a dedicated measurement set-up by focusing our target on the measurement of the heating of a
cardiac stent during an MRI examination. Results for the temperature rise trend along the entire
stent length during a clinical MRI protocol are shown together with the local Specific Absorption
Rate (SAR) values and cumulative equivalent minutes at 43 °C (CEM43°C), in order to ensure the
safety of patients with MR-conditional devices, also with a view to not inappropriately preclude
their access to MRI scans. The obtained results show that the maximum temperature rise (4.12 °C) is
within the limit of 5 °C stated in the stent manual for 15 min of continued scanning with the specific
conditions. The maximum temperature rise was in correspondence with the stent tips and calculated
SAR confirms the fact that two hotspots are present near the tips of the stent. Finally, the calculated
CEM43°C remained well below the proposed threshold for muscle tissue.

Keywords: MRI; SAR; cardiac stent; RF deposition; exposure assessment; RF heating

1. Introduction

Magnetic Resonance Imaging (MRI) represents a diagnostic technique furnishing
images of the human body without applying ionizing radiation [1]; for this reason, we can
consider it a non-invasive diagnostic tool. But, this does not mean that MRI has no side
effects. The major risks are related to (a) the static magnetic field, which can contribute
to projectile effects; (b) the gradient magnetic field, which can cause current induction;
and (c) the radio frequency (RF) field, used for nuclei excitation and interact with patient
tissues causing heat [2-4]. In general, MRI staff are exposed to static magnetic field and,
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occasionally, to a radiofrequency field and time varying gradient fields [5], while patients
during the MRI scan are exposed to all the three kind of magnetic fields [1].

The rate of RF deposition is well determined in terms of the Specific Absorption Ratio
(SAR). Moreover, the accepted metric for thermal dose assessment that correlates well
with thermal damage in a variety of tissues is cumulative equivalent minutes at 43 °C
(CEM43°C). First proposed by Sapareto and Dewey [6], this metric quantifies thermal
exposure in terms of the number of minutes of heating at 43 °C needed to obtain equivalent
effects in biological tissues. CEM43°C thermal dose thresholds have been proposed as a
potential guide for magnetic resonance radiofrequency exposure levels [7].

It is important to underline that MRI is now considered the gold standard for imaging
the brain, spinal cord, musculoskeletal system, head and neck, and complex congenital heart
malformations [8,9]; consequentially, the number of MRI scans in patients with implantable
electronic devices has simultaneously increased [10]. Today, millions of patients have
implanted devices. Initially, implantable medical devices were a firm contraindication
for MRI [11], although advances in the technology have made sure that metallic implants
such as mechanical heart valves, coronary stents, and sternal sutures are compatible with
MRI because they are not ferromagnetic. On the other hand, these devices are electrically
conducting structures that may interact with the electromagnetic fields (RF) of the scanner.
They can concentrate the RF power, potentially causing high-power depositions in the
vicinity of these objects. Severe MRI-related RF heating of electrically conducting structures
and associated risks have been shown for interventional guide wires [12], implanted
electrodes for deep brain stimulators [13] and cardiac pacemaker leads [14].

The European Medical Device Regulation [15] identifies that electromagnetic immunity
is an essential requirement for both non-implantable and implantable medical devices.
Manufacturers follow harmonized standards (not mandatory) to obtain the presumption
of conformity [16]. Technical specifications for passive implanted medical devices and for
active ones are available, ASTM F2182 and ISO/TS 10974, respectively [17,18]. From the
above tests, an implantable device can obtain a label stating it is MRI safe, MRI conditional
or MRI unsafe. Cardiac stents are labelled as MRI Conditional and limitations are placed
during MRI scans (e.g., RF power). The RF field used during MRI examination can induce
currents and these induced currents cause charge accumulation, creating areas where
the temperature is drastically increased, causing tissue burns and damages [12]. Precise
in vivo measurements of MRI-related heating are hard to achieve with any technique
currently available.

Usually, these kinds of tests are conducted on phantoms during periodic quality
controls procedures [19,20] to ensure patients” safety and maintain acceptable diagnostic
equipment performances [21].

Up to now, not too many studies were published about the specific analysis of the tem-
perature changes and SAR on a cardiac stent during MRI examination [22-26]. One of these
examined RF heating effects of stents in a 7 Tesla MRI scanner was observed using electro-
magnetic field simulations and phantoms with properties that mimic myocardium [22]. The
authors then validated the simulation results with experimental RF heating paradigm using
fiber optic probes and MR thermometry on an agarose phantom containing coronary stents.
In this case, a single-pulse experiment, exceeding the regulatory limits, was performed
using a set up very different to standard clinical cardiac MRI protocols.

In another similar study [23], RF-induced heating of coronary stents at 7.0 T is exam-
ined using electromagnetic field simulations. For the assessment of RF-induced temperature
changes, RF heating experiments are executed using fiber optics and MR thermometry
for 2D temperature mapping. Even in this study, this was not used as a standard clinical
protocol in the experimental test.

Heating of a metallic coronary stent in MR was studied theoretically and experimen-
tally also in [24]. In this study, the stent was modelled as a tubular flow heater to calculate
the time-dependent temperature during an MRI examination. The model was tested ex-
perimentally by performing laboratory magnetic resonance heating in a standard 4.7 T
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vertical-bore NMR spectrometer. Once again, the exposure paradigm was far away from
the clinical standard procedure. Interestingly, the time-dependent stent’s temperature was
evaluated at different RF irradiation power levels.

Bassen et al. [25] performed experiments and computer modeling of heating of a
cardiovascular stent by RF fields in a 1.5 T MRI birdcage coil fed by a quadrature power
divider to allow the coil to produce circularly polarized Bl fields. The local (point) SAR was
calculated from the initial linear temperature rise. However, again, the exposure conditions
were very different to a clinical cardiac MRI examination paradigm.

RF-induced heating on cardiac stents has been evaluated also in vivo and post-mortem
on pigs [26] during MRI in a 3T scanner using a sequence with a console SAR of approxi-
mately 5.5 W/kg, achieved by overriding the system SAR monitor, to test the hypothesis
that the in vivo condition significantly reduces the RF-induced temperature rise near a
medical device.

All of the above studies differed in terms of exposure conditions, and none of them
used a standard clinical protocol typical of a comprehensive cardiac MRI examination.

In this context, we developed a dedicated measurement set-up by focusing our target
on the direct measurement of the heating of a cardiac stent during an MRI examination,
using a cardiac standard protocol. The main object of our study was to assess the tempera-
ture rise in exposure conditions as close as possible to reality. Starting from temperature
measurements in three different points, maximum temperature change, local SAR, and
thermal dose CEM43°C are calculated along the one-dimensional size of the stent.

2. Materials and Methods
2.1. Temperature Measurements

A commercial platinum—chromium metal cardiac stent, the SynergyTM XD Monorail
(Boston Scientific, Marlborough, MA, USA) with a length of 24 mm and a diameter of
2.5 mm, was used during the experiments. The measurements were performed using a
phantom consisting of an empty box (18.0 cm x 28.5 cm x 18.0 cm) and made in Polymetil-
metacrilate (PMMA) material. The PMMA box was filled with nongelled saline solution for
4 cm in height. The stent was placed on a polystyrene cube (1 cm side). The temperature
measurements were conducted using the M3300 fluorptic thermometer (Luxtron Corpora-
tion, Santa Clara, CA, USA). The device uses 4 channels coupled with fiber optic probes.
The measurement temperature range of the probes is 0 °C-120 °C with an accuracy of
£0.2 °C. The M3300 probes are entirely nonmetallic in construction and are only 0.5 mm in
diameter. The M3300 device was connected to a PC by a RS5-232 serial port in order to store
the acquired data. The four probes, named CH1, CH2, CH3 and CH4, were positioned in
the box: CHI far from the stent, to monitor the temperature of the environment surround-
ing the stent; on the tips of the stent (CH2 and CH4); and in the center of the stent (CH3),
respectively, as illustrated in Figure 1.

Three different measurements were performed, in three different days to test the
ability of the method to generate similar results for multiple experiments. This step was
essential to understand the reliability of probes to detect the temporal and spatial patterns
of temperature measurements. Before starting them, the box filled with saline solution and
the stent were positioned inside the magnetic room for two hours to allow the system to
reach thermal equilibrium.

2.2. Exposure System

All MRI measurements were performed on a 3.0 T scanner (Philips Achieva, New Bedford,
MA, USA).

The system body coil was used as transmit and receipt coil. A clinical protocol (Scan
protocol: HEARTH) was performed for a scan total length of 715 s. Table 1 shows the
sequences included in the protocol, with the specific parameters.
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Figure 1. (a) Experimental setup for direct temperature measurements; (b) enlargement of the details
on the stent highlighting the positioning of the temperature probes.

The total body SAR indicated for the specific protocol was 0.2 W/kg for a chosen
phantom weight of 11 kg.

The temperature and humidity of the MR scan room were controlled and maintained
at (22.0 = 0.5) °C and 46%, respectively.

2.3. Temperature Data Analysis and SAR Computation
The SAR can be expressed as follows:

2
SAR = ﬂ 1)
2p
where ¢ is the electrical conductivity and p is the mass density of the considered tissue; the
angle brackets represent the temporal averaging and E is the induced electric field.

The possible tissue hazard is related to power deposition and its temperature in-
creasing. In vivo conditions, changing in tissue temperature is balanced of heat diffusion,
perfusion cooling, metabolic heat and external heat, represented by SAR. Tissue parameters
can vary by orders of magnitude among tissue types [27]. In case the heat loss due to
thermal diffusion, heat radiation, or thermoregulation (blood flow, sweating, etc.) is absent
or not significant, the temperature rise dT/dt is directly related to SAR as follows:

aT
o= SAR )
where c is the heat capacity.

According to Equation (2), local SAR at the chosen locations was calculated by mul-
tiplying the initial slope of the temperature rise with the specific heat capacity of the
phantom material. For our phantom, the heat capacity was considered close to that of water,
4184 J/kg °C [17]. To avoid errors in the SAR estimation, we selected the initial linear por-
tion of the temperature rise, choosing as the starting point the first temperature increment
step (>0.2 °C) and using the number of samples that maximized the R coefficient of the
regression model (Pearson coefficient) [28]. The SAR estimation was considered reliable if
R > 0.95. Each sample represented the average of three temperature measurements.
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Table 1. Scan protocol characteristics.

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10
Scan ‘z:)rat“’“ 19 29 40 43 50 23 246 102 130 18
Whole body
SAR/level <0.2/normal <0.2/normal <0.2/normal <0.2/normal <0.2/normal <0.2/normal <0.1/normal <0.1/normal <0.1/normal <0.1/normal
(W/kg)
Max (TT; rms 238 2.34 239 238 2.34 233 1.60 128 181 1.54
Sequence T2W_TSE_Cor_BH T2W_SPAIR Cor BH T2W_TSE_BH  TW2_SPAIR BH BTFE_BH Dual FFE_BH  3D_MRCP_RT THRIVEe'dyn gy  DWLBbnav  E_THRIVE_BH
TR (ms) 741 14,508 20,190 21,495 32 146 1190 3.0 6198 3.0
TE (ms) 80 80 90 90 158 1.15 600 143 61 143
1.30 x 1.50 x 1.20 x 1.40 x 1.20 x 1.40 x 1.59 x 1.70 x 1.00 x 1.25 x 3.02 x 3.07 x 1.49 x 1.50 x
Voxel (mm) 00 1.70 x 1.91 x 6.00 00 600 600 1.99 x 1.90 x 7 180 1.49 x 1.50 x 3.00 600 300
FOV (mm) 375 x 375 x 174 375 x 450 x 174 375 x 332 x 237 375 x 332 x 244 375 x 328 x 244 375 x 297 x 199 260 x 300 x 81 375 x 299 x 200 375 x 313 x 244 375 x 299 x 200
Slice thickness 6 6 6 6 6 7 1.80 3 6 3
(mm)
Number of 25 35 34 35 35 25 na 133 35 133
slices
AC{%‘;:;E"“ 288 x 250 220 x 236 312 x 237 312 x 237 236 x 194 188 x 156 260 x 240 252 x 199 124 x 102 252 x 199
Bandwidth 586.5 502.8 381.6 381.6 2037.1 2606.9 149.1 718.9 31.9 718.9

(Hz)
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We also reported the difference between the baseline and the highest temperature
reached during the test for each probe (dTmax (°C)).

Using a thin-plate smoothing spline interpolation [29], we reconstructed the tempera-
ture trend along the entire length of the stent.

Since the thermal damage to tissue depends not only on the temperature rise but
also on tissue sensitivity and exposure time, cumulative equivalent minutes can be used
as a metric for thermal dose assessment [7]. To calculate this parameter, we converted
our temperature vs. time trends to an equivalent number of minutes of heating at 43 °C
(CEM43°C), according to this equation:

CEM43°C = Y ' t;« R~ ©)

where ¢; is the i-th time interval, R is a constant equal to 0.25 for T <43 °C and 0.5 for
T > 43 °C, and T; is the average temperature during the ¢; interval.

We assumed that the temperatures at the interface between tissue and device were
similar. Also, the initial value of temperature (22 °C) was scaled to 37 °C (assuming normal
human body temperature).

3. Results

Figure 2 shows the average temperature trend during MRI examination and standard
deviation (indicated as gradient color).

26.5
26.0-:
25.5—-
25.0—-
245
24.0—-

23.5 1

Temperature (°C)

23.0 1
22.5 4

22.0 +

21.5 1

T A T : T s 1
0 500 1000 1500
Time (s)

Figure 2. Raw temperature data as function of time: average temperature and standard deviation, as
gradient color, acquired during MRI examination. CH1 (black line), CH2 (red line), CH3 (blue line),
and CH4 (green line).

Figure 3 shows the temperature trend for each probe during the entire MRI pro-
tocol described in Table 1. The colored box indicates the RF exposure length. Each
temperature-versus-time curve was characterized by an initial base value (no RF exposure)
of 22 °C £ 0.2 °C for a period of 350 s, followed by 715 s of exposure (temperature rise) and
a 210 s cooling phase (temperature fall). The linear regression used for SAR calculation is
also shown for each channel. In Table 2, the resulting SAR values together with R Pearson’s
coefficient, dTmax, and CEM43°C are shown for each probe. CH2 and CH4 were located
at the tips of the stent and, for this reason, have similar trends. CH3 was located at the
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center of the stent. CHI is relative to the probe located in the phantom, away from the stent
location: this trend reflects the heating of the material surrounding the implant.

265 T T T T T
+ CH1 o,
26 [ i
+ CH2 }Wﬂfﬁ
25.5 \\\\ |
~. 25 % 4
O
<245 /\ -
5 [
5 24 '
g
e 235 Y\ 7
(0]
= 55 . 4
22.5 4
22 & .
21.5 : ' :
0 200 600 800 1000 1200
Time (s)

1400

Figure 3. The temperature trend during the MRI examination. For each probe, the linear regression

(red line) used for SAR calculation is shown.

Table 2. Maximum temperature change dTmax, calculated SAR (with R Pearson’s coefficient) and

CEM43°C, for each measurement location.

Probe dTmax (°C) SAR (W/kg) R pearson CEMA43°C
CH1 1.642 8.965 0.982 0.011
CH2 4.120 116.870 0.960 0.574
CH3 2.845 10.739 0.971 0.059
CH4 4.004 81.297 0.961 0.360

Figure 4 shows the reconstruction of the stent temperature during the test along the
stent length (0-2.4 cm). The horizontal lines show the start, the middle, and the end of the
RF exposure. Below is also shown the 1D plot of the temperature along the stent length at
different exposure times.

As expected, the maximum temperature changes during the RF exposure occur at the
tips of the stent, while in the center of the stent, the temperature reaches a lower value and

has a smoother trend.
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Figure 4. Reconstructed temperature trend along the entire stent length. (Goodness of fit: SSE: 32.2,

R-square: 0.9964).
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4. Discussion

Patients with a medical implant can be excluded for an MRI examination because of
the many safety concerns that exist when introducing metal inside the MRI room [30,31].

Short and compact passive metal implants, such as cardiac stent, do not appear to
pose substantial contraindications for MRI, since only minor temperature changes have
been reported and no cases of serious injuries have never been reported for this kind of
implant. However, implant manufacturers have to test and label each device according to
the standards: the evaluation of the device in terms of heating is particularly challenging
due to the many factors that may impact the RF-related temperature increase (the type and
the physical properties of the implant, its positioning inside the body and respect to the RF
coil, the RF frequency generated by the MRI system and the type of RF coil used).

Generally, the RF safety assessment of implants is performed using simplified scenarios
because the full analysis is computationally too time-consuming. Moreover, actual MR
thermometry technique is not suitable to obtain information about RF heating pattern on
the stent surface, due to the MR artifacts induced by the stent [23].

In this study, we have adopted a simplified state, leading to conservative results to
ensure safety, and using RF exposure conditions matching a real MR cardiac exam. In this
way, the obtained results are not relative to only one specific sequence but give indications
regarding the temperature rise due to the entire standard clinical protocol.

The obtained results show that the maximum temperature rise (4.12 °C) is within
the limit of 5 °C stated in the manual for 15 min of continued scanning with the specific
conditions (MR conditional: static magnetic field of 3.0 and 1.5 T only, maximum whole-
body SAR of <2 W/kg, maximum spatial gradient magnetic field of 23 T/m). As expected,
the maximum temperature rise was in correspondence of the stent tips [23,32]. Calculated
SAR confirms the fact that two hotspots are present near the tips of the stent.

Since the stent has a length shorter than A /47 of the RF wavelength in tissues, we can
use the local SAR at the tip of the device as surrogate metric for worst-case heating [32].

Regarding thermal dose assessment, for muscle tissue, CEM43°C > 80 min has been
reported to cause chronic damage, whereas 41 < CEM43°C < 80 min was associated with
acute but minor damages [7]. As can be observed in our study, CEM43°C remained
well below 40. CEM43°C has a physical meaning when it is evaluated in the tissue: as
an approximation, our calculation was based on the temperature measured on the stent
assuming the temperature at the interface of the metal and tissue to be similar.

From the literature, different studies were conducted on the stent during MRI exami-
nations. The comparison with our study is not simple because of the different setup used,
in particular, the strength of static magnetic field of the scanners, the exposure parameters
and the different stents used. However, although numerical results cannot be compared,
the trend of temperature increase (over time and along the entire length of the stent), is
consistent with that found in both simulation and experimental literature studies.

For example, in [23], the authors conducted experiments on RF heating induced by a
coronary stent using a 7 T scanner. They found a maximum temperature increase of about
3 °C. This result cannot be directly compared with our results for temperature rise, due to
the very different exposure conditions.

In [26], the authors measured the RF heating of a stents implanted on pigs and their
results showed an average temperature rise of 2.4 °C in vivo and 2.7 °C postmortem near
the distal end of the stent. In this case, the a 3T MRI scanner was used with an exposure
time of 10 min, so the exposure conditions were similar to those used in our study. The
temperature rise found in the postmortem test was comparable to that found in our study.

In [24], the authors investigated the heating of a coronary stent during an MRI ex-
amination (4.7 T and 200 MHz of proton resonance frequency). The experimental data
were used for theoretical computation and the results, in the normal situation of a fully
open stent, showed an increase in stent temperature of less of 1 °C. They also concluded
that there is a risk of hazardous heating when the stent in the vessel partially reoccluded.
The experimental results presented were valid for the particular geometrical parameters
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(length and diameter) and material of the stent, the exposure system and the average RF
irradiation power. Despite the different test conditions with respect to our study, we found
a very similar temperature trend.

In [33], the authors showed the cooling effect of the flow on RF-induced heating of a
vascular stent. The temperature rise was less than 4 °C. Our results show a 1D temperature
rise trend on the stent length very similar to that it is possible to obtain from the simulated
2D map of temperature rise on stent.

In [32], a numerical model of an RF birdcage body coil and an anatomically realistic
virtual patient were used to simulate the in vivo electric field at 64 MHz (1.5 T MRI system).
The results showed that peak SAR values in blood vessels were up to ten times higher
than those found in the ASTM standard gel phantom. Peaks were found in the anatomical
locations, where stents are usually implanted.

The above results indicate that the blood flow has a significant cooling effect that
reduces the overall temperature rise of a vascular stent due to RF emission during the MR
exam. On the other hand, the scenario changes in the event of partial reocclusion of the
stent. In particular, the increase in temperature due to RF may enable protein coagulation
and the formation of blood clots in stent surrounding (near the stent tips).

Limitations of This Study

The major limitation of this study is the material used for the phantom that is nongelled
and hence it is not compliant with the specific indicated in the ASTM F2182 standard.
Following the ACR magnetic resonance accreditation phantom [34] and other ones used
during quality controls [35-37], we have filled the phantom with saline solution. In general,
saline phantoms are easy and safe to handle, but they are influenced by vibrational effects.
Some studies in literature have demonstrated that the measurement of the MRI-induced
temperature changes is influenced by thermal convection but, if the phantom material
has a sufficient viscosity, thermal transport does not influence the measurements. In
case of nongelled phantom, such as our phantom, the measured temperature rise may
underestimate that which would occur in vivo [38]. On the other hand, in vivo conditions
are parameters (i.e., blood flow and perfusion) outside the scope of the standard test method
that significantly lessen the RF-induced temperature rise near a medical device [26].

Anyway, the temperature rise measured in our study for each probe has a trend very
similar to that obtained using standard phantom [38].

Another limitation of our study is relative to the position of the stent in the phantom:
since superficial tissue have higher exposure compared to deep tissues, the position of
the device plays a very important role in modelling for safety evaluation [33]. In our
study, testing is performed with the stent placed in the center of the phantom and in
correspondence of the center of the RF coil that is not the worst-case scenario.

An electromagnetic or thermal simulation approach, as well as an analytical mode,
would validate our findings. On the other hand, some previous literature studies used
RF heating experiments, very similar to those of the set-up described here, to validate an
analytical or computational evaluation and, in most cases, the theoretical and experimental
results were very similar [22-25]. Since the approach described here is based on a standard,
well-known and validated method, our findings are consistent.

5. Conclusions

The scarce available literature about MRI-induced heating on cardiac stents suggests
that excessive temperature rise occurs only in unfavorable cases. Nevertheless, such cases
are possible. Accurate numerical simulations are the key to implant safety.

Ideally, RF safety assessment could be performed during an anamnestic process,
but this simulation process’s results are too slow to be performed before patient MRI
examination.

This study can help better understand how the distribution of temperature rise occurs
during a real protocol used during clinical practice, along a cardiac “MR conditional” stent.
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This can be useful to ensuring safety of patients with MR-conditional devices also with a
view to not inappropriately preclude their access to MRI scans.
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