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Purpose: The paper investigates factors that affect the RF‐induced heating for 
commonly used wire‐based sternal closure under 1.5 T and 3 T MRI systems and 
clarifies the heating mechanisms.
Methods: Numerical simulations based on the finite‐difference time‐domain method 
and experimental measurements in ASTM (American Society for Testing and 
Materials) phantom were used in the study. Various configurations of the wire‐based 
sternal closure in the phantom were studied based on parameter sweeps to under-
stand key factors related to the RF‐induced heating. In vivo simulations were further 
performed to explore the RF‐induced heating in computational human phantoms for 
clinically relevant scenarios.
Results: The wire‐based sternal closure can lead to peak 1‐g averaged spatial absorp-
tion ratio of 106.3 W/kg and 75.2 W/kg in phantom and peak 1‐g averaged specific 
absorption rate of 32.1 W/kg and 62.1 W/kg in computational human models near the 
device at 1.5 T and 3 T, respectively. In phantom, the simulated maximum tempera-
ture rises for 15‐minute RF exposure are 9.4°C at 1.5 T and 5.8°C at 3 T. Generally, 
the RF‐induced heating will be higher when the electrical length of the device is 
close to the resonant length or when multiple components are spaced closely along 
the longitudinal direction.
Conclusion: The RF‐induced heating related to wire‐based sternal closure can be 
significant due to the antenna effect and capacitive mutual coupling effect related to 
the specific geometries of devices.
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1  |   INTRODUCTION

Magnetic resonance imaging is one of the most effective, safe, 
and commonly used clinical imaging techniques for medical 
diagnosis and following‐up treatments. It is especially suit-
able for soft tissue imaging and does not use harmful ion-
ized radiations.1 However, there are still safety concerns for 
patients with implantable devices during MRI procedure be-
cause of the safety risks caused by interactions between the 
implanted devices and magnetic/electromagnetic fields from 
the MRI equipment.2-5 Various statements and guidelines 
have been proposed to manage the safety issues regarding 
MRI examinations in patients with implants.5-9 In these, un-
derstanding the interactions between implants and MRI envi-
ronments is the basis and key point. Among all of the safety 
concerns, the RF‐induced heating is a major concern due to 
the complex relationships between the RF heating and MRI 
environments.10-12 For implantable devices, especially those 
with metallic components, the RF‐induced energy from MRI 
may lead to hot spots near the devices and generate a high 
temperature rise in the surrounding lossy human tissues.13-16 
This can lead to instant patient tissue damage.

To determine conditions under which the patients can 
be safely scanned, the RF‐induced heating for the implants 
should be carefully and comprehensively evaluated. Once the 
safe conditions are determined, the appropriate MR condition 
can be labeled per ASTM (American Society for Testing and 
Materials) standards.4 In literature, work has been conducted 
to assess the RF‐induced heating for passive implantable 
medical devices such as stents and orthopedic devices,17-19 
and active implantable medical devices such as deep brain 
stimulation systems and cardiac pacemakers.20,21 Most pas-
sive devices have a single configuration after implantation 
and can be evaluated using the standard ASTM procedure,4 
and typical MRI safety test results can be found online at 
www.MRIsa​fety.com.

Sternal closures are used for the median sternotomy to 
close the 2 severed or separated sternal halves22 or to treat 
the sternal dehiscence.23,24 Patients with sternal closures 
generally need to undertake the MRI examination after 
the implantation to follow up the conditions of human tis-
sues and devices. There are several different sternal clo-
sure techniques, such as wire closure,24,25 band closure,25 
and rigid plate closure.24,26 For wire closure, it does not 
have predetermined shapes and dimensions, as the clo-
sure needs to be adjusted according to anatomical struc-
tures of human bodies. The wire closure can have a simple 
wire configuration,27,28 figure‐of‐8 configuration,28,29 and 
Robicsek configuration.28,30 Among them, the simple wire 
configuration and figure‐of‐8 configuration are commonly 
used standard closure techniques, and the Robicsek config-
uration and its modifications are often used for patients with 
high dehiscence risks.30 A study showed that 776 of 1336 

patients needing the sternum closing procedures could have 
high risk of sternal dehiscence.31

Because wire‐based sternal closure is usually made of 
non‐ferromagnetic or weak‐ferromagnetic materials and no 
significant heating effects in wire‐based sternal closure were 
documented, it is widely accepted that wire‐based sternal 
closure is not a contraindication for MRI.32-37 However, the 
quantitative and accurate analysis of the MRI RF‐induced 
heating for the different sternal closure techniques is still 
missing. Patients with these implants are usually scanned 
with low‐power protocols due to cautious and conservative 
considerations, which may limit the flexibility and capability 
of the imaging procedures. The mechanisms and possible ex-
tents of the MRI RF‐induced heating for these 3 techniques 
vary significantly. Therefore, to ensure that patients can be 
scanned under MRI normally, a thorough study of the RF‐ 
induced heating of all wire‐closure configurations needs to 
be performed to explore the intrinsic heating mechanisms 
and determine the worst‐case situations.

In this study, sizes of the wire‐based sternal closure were 
determined based on the anatomically accurate Fats and 
Billie (girl) models from the virtual population V3.0,38,39 as 
these models represent the big and small human body sizes 
that wire‐based sternal closure may be used in. Based on the 
closure sizes, 3 types of configurations of the large and small 
wire‐based sternal closure with different numbers of closures 
as well as different spacing for the figure‐of‐8 configuration 
were studied in ASTM phantom at 1.5 T and 3 T to determine 
the possible worst‐case heating devices in phantom. With the 
worst‐case heating configurations obtained inside the ASTM 
phantom, these configurations were simulated in the corre-
sponding human body models (i.e., computational human 
phantom), to assess the clinically relevant RF‐induced heat-
ing. To validate the results of these numerical studies, exper-
imental investigations in ASTM phantom were performed. 
The mechanisms of the RF‐induced heating for wire‐based 
sternal closure were further discussed based on the numer-
ical and experimental results. Then, practical advice on the 
safety of magnetic resonance imaging in patients with wire‐
based sternal closures was presented for MRI technicians to 
reference.

2  |   METHODS

2.1  |  Device introduction
The commonly used wire‐based sternal closure can be 
classified as 3 main types: simple wire, figure‐of‐8, and 
Robicsek.27-30 Models of these configurations are shown in 
Figure 1. To meet the need for clinical requirements, vari-
ous numbers of closures can be used. For the figure‐of‐8 
closures, the spacing between the adjacent closures can also 
be variable.

http://www.MRIsafety.com
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In the study, the dimensions of the simple wire, figure‐
of‐8, and Robicsek closures were determined according to  
2 human models: the FATS model and the girl model from 
the virtual population V3.0,38,39 as shown in Figure 2. The 
measured small and large sizes of the wire‐based sternal clo-
sure were 20 × 8.2 × 21.6 mm (width × depth × length) for 

the girl (small) model and 35.2 × 14.4 × 30 mm for the FATS 
(big) model. To round off the digits, the 20 × 8 × 22 mm 
closure was chosen as the small‐size closure, while the 35 ×  
14 × 30 mm closure was chosen as the large‐size closure. 
The basic parameters of the human models are provided in 
Table 1.38,39 Furthermore, the number of closures in the in 

F I G U R E  1   Top: Simulated models: simple wire closure (A), figure‐of‐8 closure (B), Robicsek closure (C). Bottom: Clinical situations: 
simple wire closure (D), figure‐of‐8 closure with touch (left) and without touch (right) (E), and Robicsek closure (F)

F I G U R E  2   A, Girl model (left) and Fats model (right). B, Measurements for the dimensions
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vitro simulations were set as 1 to 5 with increments of 1 for 
the simple wire closure, and 1 to 4 with increments of 1 for 
the figure‐of‐8 and Robicsek closures. For the figure‐of‐8 
closure, the spacing can be 0.5, 2.5, 5.0, 7.5, and 10 mm. 
Because the sternal wire is very thin (usually about 0.7‐ 
0.9 mm) compared with the dimensions of the wire‐based 
sternal closures, the ideal wire model was used to represent 
the wire to avoid the meshing problem. That meant the thick-
ness of the wire was set to 0 mm in the study.

2.2  |  Simulations and experiments

2.2.1  |  Numerical in vitro simulations
Numerical simulations were conducted using the SEMCAD 
(V14.8 SPEAG) software package based on the finite‐ 
difference time‐domain method. The RF coils operated at  
64 MHz for the 1.5 T system and 128 MHz for the 3 T system.  
For the in vitro study, the devices were placed inside the ASTM 
phantom, which was symmetrically loaded in the center of the 
RF coil.40 In this study, the coils at 1.5 T and 3 T were high‐
pass RF transmit body coils, both constructed with 8 parallel 
rungs, which is a tradeoff between accuracy and complexity.  
The radius of the coil was 315 mm and the length of the 
coil was 650 mm. The standard ASTM phantom used in 
the study was an acrylic container with dielectric constant 
of 3.7 and electrical conductivity of 0 S/m. The gelled‐ 
saline with dielectric constant of 80.4 and conductivity of 
0.47 S/m was used to fill the acrylic container. The simulation 
boundaries enclosing the coil and phantom were all set to be  
absorbing boundary conditions, and the modes were cho-
sen to be uniaxial perfectly matched layers, which can  
absorb incoming waves without reflection. The simulation 
time for each modeling was set to be 25 periods for the RF 
signals. After the simulations were finished, the currents, 
voltages, and E/H field signals were examined to guarantee 
the convergence of all simulations. This modeling has been 
validated by comparing the strength of the electric field and 
temperature rises of a reference device at multiple locations  
inside the phantom from simulations and measurements.

The wire closures are usually made of metallic mate-
rials and were set to be PEC (perfect electric conductor) in 
the simulations. As mentioned previously, the thickness 
of the wire was set to 0 to avoid the mismatch between the  
actual wire and the voxelized wire model (which leads 
to an effective wire thickness around 0.4 × mesh step).  
The devices were placed in the ASTM phantom at the middle 

in the y‐direction and z‐direction and 2 cm away from the 
longest side wall, as shown in Figure 3, according to the ASTM 
standard F2182‐11a.40,41 Adaptive meshing was adopted, the 
maximum mesh step for the sternal closures was set at 0.5 mm, 
while the maximum mesh steps of the phantom were set at  
5 mm and 10 mm. Baselines (enforced meshing reference) 
were generated on the bounding box of the wire to guaran-
tee the correct distances between the 2 wires. All of the vox-
elized models were checked to avoid the meshing errors. Once 
simulations were finished, all the results were normalized to a 
whole‐body specific absorption rate (SAR) of 2 W/kg.

2.2.2  |  In vitro experiments
In vitro experiments were conducted using the standard ASTM 
phantom40,41 for both 1.5 T and 3 T for the validation of in vitro 
simulations. In the experiments, the temperature rises related 
to MRI RF‐induced heating for the devices were measured 
and compared against those from simulations. The material of 
the phantom container is electrically insulated, nonmagnetic, 
and nonmetallic.40 The phantom was filled with a gelled sa-
line whose relative permittivity is 80.4 and conductivity is 
0.47 S/m,40 as those in simulations. For the device heating meas-
urement, the temperature probes were placed at the maximum 
heating location (obtained from simulation result) near the  
device, as shown in Figure 4. Because the actual absorbed 
power inside the phantom is not available, the measured 
temperature rises for a 1/8‐in. diameter × 10‐cm‐long rod 
made from titanium were used as a reference to estimate the 
absorbed power and local incident field in the phantom as 
follows41:

where Td
meas

 and Tr
meas

 are the measured temperature rises of 
the device under test and the reference rod with the same im-
aging settings, Tr

simu,wSAR=2
 is the simulated temperature rise 

of the reference rod with a whole phantom–averaged SAR 
of 2 W/kg, and Td

meas,wSAR=2
 is the calibrated measured tem-

perature rise of the device under test with a whole phantom– 
averaged SAR of 2 W/kg.

2.2.3  |  Numerical in vivo simulations
The worst‐case heating configurations at 1.5 T and 3 T  
determined from the in vitro simulations were placed inside 

(1)Td
meas,wSAR=2

=

Td
meas

Tr
meas

Tr
simu,wSAR=2

,

T A B L E  1   Basic parameters of the human models17,18

Name Age (years) Sex Height (m) Mass (kg) Body mass index (kg/m2)

Fats 37 Male 1.84 119 35.1

Billie (girl) 11 Female 1.46 36 16.7
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the human body models as in Figure 2 to assess the clini-
cally relevant RF‐induced heating. The RF coils for 1.5 T 
and 3 T used in the in vivo simulations were the same as 
those used in the in vitro simulations. The human models 
were placed in 3 different loading positions in the RF coil 
to present the different imaging regions (Figure 5A). These 
loading positions would have the closures loaded at the bot-
tom, the center, and the top of the coil. The simulation time 
was also set to be 25 periods of the RF signals. The wire‐
based sternal closures were placed in the clinically relevant 
locations in the human models (Figure 5B,C). Similarly, the 
mesh sizes for the human body at 1.5 T and 3 T were set at 
2 mm, and the maximum mesh steps for the sternal closures 
were set at 0.5 mm at 1.5 T and 1 mm at 3 T, respectively. 
All of the results were normalized to a whole‐body SAR of 
2 W/kg.

3  |   RESULTS

3.1  |  Results of in vitro simulations
In the in vitro simulations, 8 different closure configurations 
were investigated. These 8 configurations are the simple wire 
configurations with large and small loop sizes, Robicsek 
configurations with large and small loop sizes, and figure‐
of‐8 configurations with small and large loop sizes, and with  
0‐mm and 5‐mm spacing. All 8 configurations were also stud-
ied with different number of closures. The results of these in 

F I G U R E  3   Position of the device in 
the phantom

F I G U R E  4   Devices in the experiments and the temperature 
probes near the devices. Top: 1.5 T; bottom: 3 T
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vitro simulations are shown in Figure 6. Figure 6A shows the 
peak 1‐g averaged specific absorption rate (SAR1g) values for 
different configurations of these sternal closures for both 1.5 T 
and 3 T. To further investigate the effect of spacing of the fig-
ure‐of‐8 configuration, Figure 6B shows the peak SAR1g re-
sults of the figure‐of‐8 closure with spacing starting at 0.5 mm 
internal up to 10 mm.

As shown in Figure 6A, for the 3 closure configurations, 
the peak SAR1g of the simple wire closures are much lower 
than the peak SAR1g values from other types of closures. For 
the 2 different closure sizes, the bigger closure configuration 
generally has the higher peak SAR1g values than those from 
the smaller‐sized closures at 1.5 T, except for the simple wire 
configuration. As the number of elements for the closure 
increases, the peak SAR1g values of the small‐size closures 
may exceed those from the large‐size closures. In addition, 
the peak SAR1g will increase as the number of the closures 
increases in most cases.

For the figure‐of‐8 closures, to investigate the effect of 
spacing of the adjacent closures on the RF‐induced heat-
ing, the number of closures were all set to be 4 and the 

simulations were conducted for different spacing of small and big  
figure‐of‐8 closures. From the results shown in Figure 6B, 
the peak SAR1g will decrease with the increasing of the spac-
ing in most conditions.

From all of these studies, it was determined that the 
worst‐case (highest‐peak SAR1g) configurations are small 
figure‐of‐8 with 4 closures and spacing = 0 at 1.5 T, and 
big figure‐of‐8 with 4 closures and spacing = 2.5 mm at 
3 T. The SAR distributions of the worst‐case configura-
tions at 1.5 T and 3 T are shown in Figure 7. Thermal 
simulations were conducted for the worse cases under a 
continuous 15‐minute RF exposure for the temperature‐
rise evaluations. It was determined that the maximum tem-
perature rises for 15 minutes are 9.4°C at 1.5 T and 5.8°C 
at 3 T.

3.2  |  Results of experiments
The temperature rise of the worst‐case configuration at 1.5 T 
was measured in the ASTM phantom under continuous 1.5 T  
MRI RF coil emission for 15 minutes. However, due to the 

F I G U R E  5   A, Top: Positions of the human model in coil at 1.5 T. The implants were put in the bottom, center, and top of the coil from left to 
right. Bottom: Positions of the human model in the coil at 3 T. The implants were put in the bottom, center, and top of the coil from left to right.  
B, Wire closures in human model at 1.5 T. C, Wire closures in human model at 3 T
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difficulty in constructing the worst‐case heating configu-
ration, the construct with the second‐highest peak SAR1g 
value was measured for 3 T, which is a small Robicsek with 
4 closures. The results of the experiments and correspond-
ing simulations are given in Table 2. All of the results were 

normalized to a whole body–averaged SAR value of 2 W/kg.  
From the results, the temperature rises obtained from the 
simulations and experiments agree very well with each other 
under both 1.5 T and 3 T system exposures. This demon-
strates the accuracy of the numerical modeling results.

F I G U R E  6   A, Peak 1‐g averaged specific absorption rate (SAR1g) results of different configurations (simple wire, figure‐of‐8 with 0‐mm and 
5 mm‐spacing, and Robicsek for 2 sizes) and different number of closures. Top: Results at 1.5 T. Bottom: Results at 3 T. B, Peak SAR1g results of 
the figure‐of‐8 closures with different spacing. Left: Results at 1.5 T. Right: Results at 3 T
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3.3  |  Results of in vivo simulations
In previous investigations, the devices were placed inside 
the ASTM phantom for measurement and modeling. ASTM 
testing/modeling provides an overestimated estimation of the 
temperature rises. To understand the clinically relevant tem-
perature rises, additional in vivo modeling was performed. 
As described in the Methods section, the RF‐induced heating 
at 3 different loading positions was investigated. The results 
of the electromagnetic simulations are shown in Supporting 
Information Figure S1. The whole body–averaged SAR, 
overall peak SAR1g inside computational human models, 

peak SAR1g near devices, and the magnitude of B1 are pro-
vided in Table 3. The temperature rises near devices were 
also calculated using a generic bioheat transfer function ther-
mal model for reference.42

As indicated in Table 3, because the sternal closures were 
placed at the center of the human body models, we observed a 
significant reduction in peak SAR1g values as compared with 
those from the ASTM phantom modeling. This indicates that 
the RF‐induced heating for clinically relevant scenarios for 
sternal closures would be lower than those from the ASTM 
phantom testing, further confirming that the ASTM testing 
is conservative for this type of implantable devices. In many 
cases, it was observed that the maximum SAR1g values are not 
near the implanted devices. Therefore, the RF‐induced heating 
under those conditions would not lead to tissue damage.

4  |   DISCUSSION

Based on the results from in vitro simulations, the simple 
wire closure always has the lower peak SAR1g values as com-
pared with the figure‐of‐8 and Robicsek closures. Because the 
element for simple wire closures has no metallic contact to 
its adjacent element and the adjacent elements are not close 
to each other, there would be no antenna effect or capaci-
tive coupling (i.e., adjacency) effect, which are the 2 very 
important factors increasing the RF‐induced heating near 
the device.18,43,44 The antenna effect refers to the scenario in 
which the entire device can be considered as a single antenna 
if the construct electrical length is close to the resonant length. 
The resonant length is approximately equal to half of the inci-
dent signal wavelength, which can be calculated as follows:43

where f is the operating frequency of MRI (64 MHz for 1.5 T 
and 128 MHz for 3 T); µ is the permeability of the gel and 
equal to the permeability of the vacuum; εc is the effective 
permittivity of the gel and εc = ε – jσ/2πf, in which ε is the 
electrical permittivity of the gelled‐saline and σ is the con-
ductivity of the gelled saline. Under the ASTM testing condi-
tion, the resonant lengths were calculated around 216.2 mm 
for 1.5 T RF signal and 122.0 mm for 3 T RF signal. As the 
number of closure elements increases, the peak SAR1g will 
always increase at 1.5 T, because the electrical length of the 

(2)Lresonant=
�

2
=

1

2 ⋅Re

�

f
√

��c

� ,

F I G U R E  7   Specific absorption rate distributions of the worst‐
case configuration in phantom. Top: 1.5 T. Bottom: 3 T

T A B L E  2   Temperature rises of the experiments and corresponding simulations

Device Simulated ΔT (°C) Measured ΔT (°C) Relative error (%)

Worst case at 1.5 T (small figure‐of‐8 with 4 closures and spacing = 0) 9.4 7.4 –21.3%

Second worst case at 3 T (small Robicsek with 4 closures) 5.7 5.5 –3.5%
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configurations will be getting closer to the resonant wave-
length. However, the resonant length at 3 T is shorter, and the 
electrical length of the configurations can be longer than the 
resonant length at 3 T. Therefore, with the increasing number 
of closures, the peak SAR1g value may increase before the 
device length reaches resonant length and then decrease after 
reaching the resonant length.

The capacitive coupling or adjacency effect refers to the 
interaction effect between adjacent closures that are closely 
aligned along the longitudinal direction but not connected. 
The charges near the adjacent ends of the closures are opposite 
and the spacing is very small; thus, a strong electric field oc-
curs between the 2 ends, which leads to high RF‐induced heat-
ing. This is similar to a capacitor. Furthermore, the capacitive 
mutual coupling between the 2 closures can also increase the 
effective electric length of the devices. If the mutual coupling 
between the adjacent elements increases, the more RF energy 
will be stored, which will lead to higher RF‐induced heating 
in the small spacing among elements. Thus, for the figure‐
of‐8 structure, the peak SAR1g generally decreases with the 
increasing of spacing due to such capacitive coupling effect.

The mutual capacitance between the 2 closely spaced 
wire‐based sternal closures is determined primarily by the 
mutual capacitance between the 2 parallel wires at adjacent 
ends of the closures, which is45:

where C is the mutual capacitance between the 2 parallel 
wires; d is the center‐to‐center distance between the 2 wires; 
a and l are the radius and length of the wire; and ε is the 
electrical permittivity of the gelled‐saline. When d = 0.5 mm,  
a = 0.2 mm, and l = 30 mm, the mutual capacitance C = 96.8 pF; 
when d = 5 mm, a = 0.5 mm, and l = 30 mm, the mutual 
capacitance C = 29.3 pF.

The results of the in vitro experiments match those from the 
in vitro simulations. The mechanisms of the RF‐induced heating 
can be analyzed accurately. In addition, because of the antenna 
effect and the capacitive mutual coupling effect, the peak SAR1g 
should always locate toward the end of the entire structure or 

between the spacing of 2 adjacent closures. This is further il-
lustrated in Figure 7 (in vitro) and in Supporting Information 
Figure S1 (in vivo). The results of the in vivo simulations also 
support the heating mechanisms discussed previously.

5  |   CONCLUSIONS

The in vitro simulations were conducted to determine the 
possible worst‐case heating configurations for wire‐based 
sternal closure under RF exposure for 1.5 T and 3 T systems. 
Based on the results of these investigations, it was deter-
mined that the antenna effect and capacitive mutual coupling 
effect can be used to explain the configurations’ influence on 
RF‐induced heating. In vitro experiments at 1.5 T and 3 T  
were conducted to validate the in vitro simulation results. 
The in vivo simulations at 1.5 T and 3 T were used to analyze 
the SAR distributions of clinically relevant scenarios.

From the study, the peak SAR1g of 106.3 W/kg at 1.5 T 
and 75.2 W/kg at 3 T were observed when the ASTM phan-
tom was used. This leads to temperature rises as high as 9.4°C 
at 1.5 T and 5.8°C at 3 T. Furthermore, based on the results 
obtained from the in vivo investigations, the peak SAR1g val-
ues of 32.1 W/kg at 1.5 T and 62.1 W/kg at 3 T were observed 
near the devices. Such lower peak SAR1g values indicate 
much lower temperature rises. Therefore, it is possible that 
patients with sternal closure configurations can be safely 
scanned under MRI under certain restricted conditions.

The following guidelines can be followed to perform an 
MRI scan for patients with wire‐based sternal closures:

Non‐clinical testing demonstrated that the wire‐
based sternal closure is MR conditional. A pa-
tient with this device can be scanned safely in a 
MR system immediately after placement under 
the following conditions:

•	 Static magnetic field of 1.5‐Tesla and 3 ‐Tesla, only
•	 Maximum MR system reported, whole body averaged spe-

cific absorption rate (SAR) of 2 W/kg for 15 minutes of 

(3)C=

��l

cos h−1
(

d

2a

) ,

T A B L E  3   Simulated results in human models

Whole‐body SAR 
(W/kg)

RMS |B1+|  
(Vs/m2)

Overall peak 
SAR1g (W/kg)

Peak SAR1g near 
devices (W/kg)

Peak ΔT near 
devices (°C)

Device in the bottom of coil at 1.5 T 2 9.656 74.2 29.9 1.53

Device in the center of coil at 1.5 T 2 5.356 139.2 32.1 1.64

Device in the top of coil at 1.5 T 2 4.696 94.3 7.3 0.37

Device in the bottom of coil at 3 T 2 6.916 84.9 29.2 1.50

Device in the center of coil at 3 T 2 2.726 62.1 62.1 3.18

Device in the top of coil at 3 T 2 2.026 49.0 2.3 0.12
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scanning in the Normal Operating Modes of operation for 
the MR system

•	 Under the scan conditions defined above, the wire‐based 
sternal closure is expected to produce a maximum tempera-
ture rise of 9.4°C after 15‐minutes of continuous scanning.

Specifically, the patients with simple wire closures can be 
scanned without any restrictions, whereas the patients with 
multiple figure‐of‐8 and Robicsek closures are generally 
safe to be scanned in normal operating modes, based on 
the results of this study. If the total length of the multiple 
figure‐of‐8 or Robicsek closures is close to the resonant 
length (i.e., about 216.2 mm and 122.0 mm at 1.5 T and 
3 T), or the adjacent figure‐of‐8 closures are very close to 
each other, carefully considerations are needed to ensure 
that the power is not beyond the normal operating mode. 
An X‐ray scan may be needed to determine the dimensions 
and locations of the wire‐based sternal closures before 
planning a high‐power scan for patients with the closures. 
External cooling methods, such as using an ice pack, may 
be useful for the sternal closures usually close to the skin 
surface. However, the external cooling equipment may 
also change the RF field near the implants and therefore 
affect the RF exposure and image quality. Further studies 
are needed to thoroughly understand the effects of external 
cooling methods.
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SUPPORTING INFORMATION

Additional supporting information may be found online in 
the Supporting Information section at the end of the article.

FIGURE S1 Top: the SAR distributions at 1.5 T in human 
model: left: the device was in the bottom of the coil; center: 
the device was in the center of the coil; right: the device was 
in the top of the coil. Bottom: the SAR distributions at 3 T 
in human model: left: the device was in the bottom of the 
coil; center: the device was in the center of the coil; right: the  
device was in the top of the coil
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