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Abstract:

Purpose: This paper studies the radio frequency (RF)-induced heating for modular external fixation devices applied
on the leg regions of the human bodies. Through numerical investigations of RF-induced heating related to different
patient orientations, landmark positions, and device positions under 1.5 T and 3 T magnetic resonance imaging (MRI)

systems, simple and practical methods to reduce RF-induced heating are recommended.

Methods: Numerical simulations using full-wave electromagnetic solver based on the finite-difference time-domain
(FDTD) method were performed to characterize the effects of patient orientations (head-first/feet-first), landmark
positions (the scanning area of the patient), and device positions (device on left or right leg) on the RF-induced heating
of the external fixation devices. The G32 coil design and three anatomical human models (Duke model, Ella model

and Fats model) were adopted to model the MRI RF coil and the patients.

Results: The relative positions of the patient, device and coil can significantly affect the RF-induced heating. With
other conditions remaining the same, changing device position or patient orientation can lead to a peak 1 gram (g)
averaged spatial absorption ratio (SAR) variation of a factor around 4. By changing the landmark position and the
patient orientation, the RF-induced heating can be reduced from 1323.6 W/kg to 217.5 W/kg for the specific scanning

situations studied.

Conclusion: Patient orientations, landmark positions, and device positions influence the RF-induced heating of
modular external fixation devices at 1.5 T and 3 T. These features can be used to reduce the RF-induced heating during

MRI simply and practically.

KEYWORDS: modular external fixation devices, patient orientation, landmark position, device position, magnetic

resonance imaging (MRI), RF-induced heating



1. Introduction

Although magnetic resonance imaging (MRI) scanners do not use the harmful ionizing radiation like X-rays and
computed tomography (CT) scanners, there are still some safety issues related to medical devices that are fully or
partially implanted in a human body undergoing MRI scan (1,2,3). One of these is the heating due to the interactions
between the RF field and gradient field from the MRI system and the devices (4). For the fully implanted devices or
partially implanted external devices in the human body, they usually do not have planar conductive surfaces and the
gradient-induced heating is ignorable (5). Thus, the safety concerns mostly come from the RF-induced heating. The
RF field will lead to high heating near the device, especially for metallic devices, and may result in the burn of tissue.
Research about RF-induced heating of medical devices has been widely conducted, particularly for implanted wires
or leads used for pacemakers or neurostimulators (6,7,8,9), implanted stents (10,11), and implanted plates and screws
used for trauma system (12). For external fixation devices, some research has been conducted to study the RF-induced
heating in a phantom using numerical simulations (13,14,15). However, the situations studied are limited and further

study in the human models is still needed.

External fixation devices are typically used to immobilize the broken bone segments and generally include screws,
clamps, and rods (16,17). Different from internal implants, external fixation devices can be quite large and very close
to the RF coils. These factors can lead to more severe RF-induced heating concerns, and the overall system can become
very sensitive to the relative positions of the RF coil, patient and external implant. The common factors affecting the
relative positions are the different patient orientations, landmark positions, and device positions. Here, the patient
orientation means the way that patients enter the MRI coil (head-first or feet-first), landmark position indicates the
scanning area of the patient, and device position denotes the location of the device (device on left or right leg in this
study). Since these factors can significantly affect RF-induced heating, such heating in the human body related to the
external device may be mitigated by carefully considering these external factors during imaging. In order to find
simple and practical methods to control the RF-induced heating near the external fixation devices, the influence of

patient orientations, landmark positions and device positions on RF-induced heating needs to be studied.

Related research has suggested that head-first and feet-first can result in different RF-induced heating for a fully
implanted device (18). But the study for the external fixation device is still needed. In addition to the patient orientation,
the landmark position of the human model in the coil also significantly affects the RF-induced heating (19,20,21). The
different landmark positions were modeled by moving the human model in the axial direction of the coil with a series
of distances in this paper (21). The different landmark positions will lead to varying field distributions (21) then can

influence the RF-induced heating.

In this study, firstly, a typical external fixation device used on the leg was simplified and modeled (22,23). Secondly,
numerical simulations were performed to reveal the relationships between the RF-induced heating and imaging
conditions. Specifically, the devices with different screw lengths and rod lengths were deployed in the Duke model
and simulated under different patient orientations, landmark positions, and device positions at both 1.5 T and 3 T.
Further, the Ella model and the Fats model with a specific device were also simulated to study the influence of patient

population. Here, the MRI RF coils were represented by the G32 model. All the simulated results for different loading



directions, loading positions, and device positions were compared in terms of peak SAR, near the device. Then a

strategy was developed to manage the RF-induced heating by choosing the appropriate imaging conditions.
2. Methods
2.1 Device introduction

The modular knee bridge studied in this paper is a modular external fixation device used on the leg region for
connection and fixation (24). The device mainly consists of rods, clamps, and screws as shown in Figure 1A. An

example of device placement on the human body is shown in Figure 1B.

Generally, the screws and the clamps are made of metallic materials and the rods can be made of metal, carbon fiber
or plastic glass (13). In this study, the rods of the devices were all chosen as carbon fiber and other parts were set to
be perfect electrical conductors (PEC). To validate the PEC assumption, the conditions for PEC material and stainless-
steel material were simulated. The relative errors of peak SAR |, and highest temperature rises near the device do not
exceed 0.5 % at 1.5 T and 3 T for the simulated situations. Thus, the contribution of the Joule heating in the clamps
and screws can be neglected and using PEC is reasonable. In the simulations, some typical lengths of the screws and
rods were chosen as (23): 140 mm,150 mm, 160 mm, and 170 mm for screws and 200 mm, 250 mm, and 300 mm for

rods.
2.2 Human models and coil

The three human models used for simulations (Duke model, Ella model and Fats model) are representative human
models from the Virtual Family (25). The Duke and the Ella model have the world-average weights and heights for
males and females respectively, and the Fats model is a typical obese male with high BMI. The Duke model was used
for simulations for all sizes of the device. Then the Ella model and the Fats model were simulated with a specific

device configuration (250 mm rods and 150 mm screws) to investigate the influence of different human models.

In order to get a circularly polarized and uniformly distributed §1 field inside the coil which can represent the field
inside the physical MRI RF coil, the G32 coil was chosen for simulations to balance the complexity and accuracy of
the modeling (26). The G32 coil design used in this study is a generic 32 port coil with 650 mm height and 740 mm
diameter as in Figure 2A and Figure 2B. The coil has 32 sources on the rings (16 in the upper ring and 16 in the lower
ring) and does not have any lumped elements. The sources are voltage source with 1 V amplitude and 50 Q resistor in

series. There is a successive phase delay of 22.5 degrees between adjacent sources. For any two sources on the top

and bottom rings at the same azimuthal position, the source on the top ring is advanced 180 degrees in phase. The §1

field distribution of the unloaded G32 coil used for simulations is shown in Figure 2C: the blue arrow is the polarization
direction of §1 field at the center of the coil (the element of §1 field along z axis is neglectable for z=0 cross-section),

and §1+ and El_ components in the coil at z=0 cross-section are also plotted. As shown in Figure 2C, the §1+ is the

principal component, and it is the same as that used in the clinical setting.

2.3 Simulation setup



All numerical simulations were conducted with the SEMCAD X (V14.8 SPEAG) software based on the Finite-
Difference Time-Domain (FDTD) method. The operating frequency is 64 MHz at 1.5 T and 128 MHz at 3 T.
Boundaries for all six directions were set as absorbing boundary conditions (ABC) to reduce simulation domains. The
simulation time was all set to be 30 periods for assuring convergence with the affordable computational burden. In
order to make sure that the simulations were converged, the currents, voltages, and E/H field signals of the sensors
versus time were checked after the simulations. The maximum mesh steps were 2.5 mm for the human models, 2 mm
in the x direction and 1 mm in the y and z directions for screws and clamps, and 2 mm for other parts of the device
with the adaptive meshing used. The human models were loaded in a series of positions along the z-direction as in
Figure 3A. The initial position would have the device at the center of the coil along the z-axis. Then the human models
with the device were moved along the z- direction (—z direction for head-first and +z direction for feet-first) for
distances of 100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 600 mm, respectively. To investigate the impact of the
patient orientation (head-first/feet-first shown in Figure 3B) and device position (device located on the left leg or on
the right leg), four scenarios, as shown in Figure 3C, were studied. All the results were normalized to a whole-body

average SAR of 2 W/kg.
3. Results

To quantify the RF-induced heating, the spatial averaged specific absorption rate over one gram (SARg) was proposed

as a standard (6,27,28,29,30). The SAR is calculated as (29):

SAR = W /kg)

o|E|?
p
where o is the conductivity of the tissue, p is the mass density, and £ is the root mean square of the electric field
strength. The SAR averaged over one gram is denoted as SAR;,. The simulation results of the peak SAR;, near the
device are shown as following and examples of SAR distributions over the three human models are shown in
Supporting Information Figure S1. An uncertainty analysis has been conducted to consider the uncertainty of the
human tissue, mesh resolutions, absorbing bounding conditions and temporal convergence, which shows the combined

standard deviation uncertainties are 10.0% at 1.5 T and 6.5% at 3 T.
3.1 Simulation results of the Duke model at 1.5 T

From the results in Figures 4 and 5, the values of peak SAR |, near the device are influenced by the length of the rods
and screws at 1.5 T. For all sizes of the studied device, the values of peak SAR; near the device at 1.5 T always
decrease with the human model moving away from the center of coil along z-direction for all four situations (feet-first
with device on the left leg, feet-first with device on the right leg, head-first with device on the left leg and head-first
with device on the right leg). For the four situations, the peak SAR g near the device are different for different patient
orientations (head-first or feet-first) and device positions (device on left or right leg). Although the difference is not
significant, patient orientation and device position still influence the RF-induced heating for the studied external
fixation device. At 1.5 T, the influence of landmark position on RF-induced heating is the most dominant factor.

Therefore, the most efficient way to control the RF-induced heating is to select appropriate imaging landmarks. At 1.5



T, the value of highest peak SAR |, near the device for the Duke model is 1472.7 W/kg. The worst case (highest peak
SAR, near the device) at 1.5 T occurs when the Duke model entered the coil by head-first and landmark position at
0 mm with device on right leg and the lengths were 300 mm for rods and 170 mm for screws. Thermal simulation was

conducted by continuous RF exposure for 900 s for the worst case and the maximum temperature rise is 82.7 K.
3.2 Simulation results of the Duke model at3 T

The results of the RF-induced heating vs landmark position, patient orientation, and device position are shown in
Figures 6 and 7 for the 3 T system. Similar to the results shown for 1.5 T, the sizes of the device (lengths of the rods
and screws) will affect the values of peak SAR|, near the device. The peak SAR;, values near the device at 3 T are
obviously lower than that at 1.5 T with the same size, patient orientation, landmark position, and device position. Also,
the values of peak SAR; near the device will decrease with the human model and the device moved out of the coil.
The SAR | value at the landmark position of 200 mm is much lower than that at the landmark position of 0 mm. The
values of peak SAR; near the device for different device positions or patient orientations are obviously different,
especially for landmark positions of 0 mm and 100 mm. From the simulation results at 3 T, the value of peak SAR,
near the device on the right leg can be 4.1 times as that of the device on the left leg with head-first, 300 mm-rod, 160
mm-screw and 0 mm-landmark position. For different patient orientations, the maximum ratio of the value of peak
SARg near the device for head-first to the value of peak SAR, near the device for feet-first is about 3.8. It occurs for
the device on the right leg, 300 mm-rod, 140 mm-screw and 0 mm-landmark position. For the landmark position at 0
mm and 100 mm, the values of peak SAR; for head-first are always lower than those for feet-first with the device
implanted on the left leg. With the device implanted on the right leg, the values of peak SAR |, for head-first are always
higher than those for feet-first. At 3 T, patient orientation and landmark position both influence the RF-induced heating
significantly, so both of them can be used to control the RF-induced heating effectively. The worst case at 3 T for the
Duke model is the head-first, landmark position at 0 mm and device on right leg with 300 mm rods and 160 mm
screws. The highest peak SAR, near the device is 589.3 W/kg at 3 T and the maximum temperature rise is 35.1 K

from the thermal simulation under continuous RF exposure for 900 s.
3.3 Simulation results of the Ella model and the Fats model

As shown in Figure 8, for the Ella model and the Fats model, the effects of patient orientations, landmark positions,
and device positions on the RF-induced heating are similar to those for the Duke model. Generally, the peak SAR 4
near the device will decrease with human models and device pulled out of the coil at 1.5 T and 3 T. The patient
orientations and device positions both affect the RF-induced heating at 1.5 T and 3 T, but the influence is more
obvious at 3 T for all studied human models. Thus, for the studied three human models with different gender or size,
the landmark positions at 1.5 T or the landmark positions and patient orientations at 3 T can be adjusted to

effectively get lower RF-induced heating.
3.4 RF-induced heating management

From the results, the imaging conditions in this study (patient orientation, landmark position, and device position)

affect the RF-induced heating near the studied external fixation device. Table 1 shows the ratios of the values of peak



SAR, near the device for different patient orientations and landmark positions normalized to the highest peak SAR |,
near the device at the same device position. In Table 1, the length of the rods is 250 mm and the length of the screws
is 150 mm for the three human models. At 1.5 T, the landmark position has the most significant influence on the RF-
induced heating and moving the human models and device from landmark position at 0 mm to landmark position at
100 mm will lead to a much lower RF-induced heating as shown in Table 1. For the landmark position at 300 mm, the
values of peak SAR | near the device will be reduced to around 13.3% — 22.5% compared with landmark position at
0 mm for the three human models at 1.5 T. For landmark position larger than 300 mm, the influence of landmark
position on RF-induced heating will be slight for 1.5 T MRI system. At 3 T, the landmark position and patient
orientation both have obvious influence on the RF-induced heating for the three studied human models from Table 1.
For landmark position at 0 mm and the device implanted on the left leg, the value of peak SAR, near the device for
head-first is only 37.9% of that for feet-first for the Duke model. The same ratios are 28.1% for the Ella model and
34.8% for the Fats model. While for the device on the right leg and the same landmark position, the values of peak
SARg near the device for feet-first are only 37.0% (Duke model), 37.2% (Ella model) and 41.6% (Fats model) of
those for head-first. Similar to 1.5 T, the values of peak SAR, near the device will decrease to 10.9% — 50.9% with
the landmark position changed from 0 mm to 300 mm for the three human models. After 300 mm the variation of the
peak SAR; near the device with landmark position will also be tiny at 3 T. Given that the quality of the imaging will
not be affected, the doctor can thus choose that the patients to enter the MRI bore by either a head-first or feet-first
manner for different device positions at 3 T, or the patients can be moved out of the coil at an appropriate distance for
1.5 T and 3 T to get lower heating. Although the existence of external fixation device in the field of view during MRI
may disturb the B+ field and affect the imaging quality, there are some new techniques that can be used to improve

the image quality such as carefully choosing the imaging parameters or using newly developed sequences (31).
4. Discussion

For different landmark positions, because the electric and magnetic field is mainly confined within the coil, with the
device moving out of the coil, the incident electric field around the device will be weaker so the less RF energy will

be absorbed. Thus, the peak SAR |, near the device will decrease.

The incident E-field distribution around the device is different for different patient orientations or different device
positions. That leads to various absorbed RF energy, so the RF-induced heating is different. The different incident E-
field distribution may come from the asymmetry of the human models (the human models have different dimensions
along the x and the y directions). The distributions of the root-mean-square of electric field strength (Erms) on a x-y
surface at 1.5 T and 3 T without and with the Duke model loaded were extracted as shown in Figure 9. Without the
Duke model, the distributions of Erwms are mirror-symmetrical about the y = 0 plane at both 1.5 T and 3 T. With the
Duke model loaded, the distributions of E-field become close to a rotational symmetry with a 180° rotational angle.
Thus, for different patient orientations or device positions, the device will be in regions with different incident electric
fields, which leads to different RF-induced heating. What’s more relevant is the fact that the incident electric field for

left and right sides of the human model is more different at 3 T than at 1.5 T, as shown in Figure 9. The distribution



of the incident electric field is consistent with the simulation results that the difference of peak SAR g near the device

for different patient orientations or device positions is more obvious at 3 T.
5. Conclusions

The modular external fixation devices investigated here are shown to have different RF-induced heating for different
landmark positions, patient orientations, and device positions at both 1.5 T and 3 T MRI systems for all studied human
models. Also, the RF-induced heating will be affected by the configuration parameters of the devices. As the device
moves out of the coil, the RF-induced heating near the studied device will decrease. For different patient orientations
(head-first or feet-first) or different device positions (device on left leg or right leg), the RF-induced heating is different,
especially for the 3 T system where the difference can be as high as four times. All the difference comes from the
different incident electric field. Future research related to RF-induced heating of medical devices under MRI exposure
may need to consider the landmark positions, patient orientations, and device positions. In addition, the significant
difference of peak SAR g near the studied modular external fixation device for different patient orientations at 3 T can
be used to decrease the RF-induced heating in clinical settings. Under the circumstance that the imaging will not be
affected, the doctor can direct that the patients enter the MRI equipment head-first or feet-first for different implant
positions to get less heating for the 3 T MRI system. Also, for both 1.5 T and 3 T, moving the human and the device
with a 100 mm — 300 mm distance from the center of coil along the axial direction can effectively result in much
lower RF-induced heating as indicated by the simulation results. Moving patient and device more than 500 mm away
from the center of coil with the device basically entirely out of the RF coil will leads to negligible RF-induced heating
near the device. Clinically less heating can result if the patient can be moved out of the coil at an appropriate position

without influencing the imaging.

DISCLAIMER

The mention of commercial products, their sources, or their use in connection with material reported herein is not to
be construed as either an actual or implied endorsement of such products by the Department of Health and Human
Services. The findings and conclusions in this article have not been formally disseminated by the Food and Drug

Administration and should not be construed to represent any Agency determination or policy.
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FIGURE 1 A, Simulated model of the modular external fixation device; B, An example of the studied device

implanted on the human body.

FIGURE 2 A, The height of the coil is 650 mm and the diameter of the coil is 740 mm. B, The 32 sources (red

arrows) are on the rings and the lumped elements (blue arrows) are zero (no lumped elements). C, The §1 field

distribution of the G32 coil.

FIGURE 3 A, Different landmark positions: the human model with the device was moved long the z-direction at
distances of 100 mm, 200 mm, 300 mm, 400 mm, 500 mm, 600 mm. B, The human model can enter the coil in two
directions: head-first and feet-first. C, Four scenarios of head-first/feet-first and device on left/right leg. (The human

model in the figure is the Duke model while the situations for the Ella model and the Fats model are the same.)
FIGURE 4. Peak SAR | near the device (W/kg) at 1.5 T for different lengths of rods.
FIGURE 5. Peak SAR ¢ near the device (W/kg) at 1.5 T for different lengths of screws.
FIGURE 6. Peak SAR; near the device (W/kg) at 3 T for different lengths of rods.
FIGURE 7. Peak SAR | near the device (W/kg) at 3 T for different lengths of screws.
FIGURE 8. Peak SAR ¢ near the device (W/kg) for the Ella model and the Fats model at 1.5 T and 3 T.

FIGURE 9. Electrical field distributions in V/m at 1.5 T (top) and 3 T (bottom) without and with the Duke model
loaded.

Supporting Information Figure S1 Top: the SAR distributions at 1.5 T for three human models. Bottom: the SAR
distributions at 3 T for three human models. (In this Figure, the human models were loaded as feet-first with
landmark position at 0 mm and device on left leg. The length of rods are 250 mm and the length of screws are 150

mm. The red cubes are the locations of peak SAR |, near the device.)



