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ABSTRACT 

Magnetic resonance imaging (MRI) has become an important diagnostic tool with an ongoing dynamic development 
towards application of increasing static magnetic flux densities and consequently, exposures to electromagnetic fields 
(EMF) of increasing radio frequencies (RF). This raises particular concern metallic implants could lead to excess tissue 
heating and consequently, to thermal tissue damage. In thorax surgery the intersected sternum is reconnected by metal- 
lic sutures (cerclages). To investigate whether patients with such implants can be accepted for MRI and whether there 
may be limitations with regard to static magnetic fields, by numerical anatomical and thermal modelling MRI induced 
tissue heating was assessed for magnetic flux densities 1.5 T, 3 T, 4 T and 7 T. Results show that overall tissue tem- 
perature increased with increasing RF EMF frequency. However, even for setting MRI exposure parameters at maxi- 
mum permissible level partial body heating remained marginally affected and even at local level the additional contri- 
bution of the presence of the metallic cerclage remained below 1˚C. This allows concluding that from a heating point of 
view metallic sutures as used to fix the sternum after thorax surgery are no contraindication for MRI with static mag- 
netic flux densities up to 7 T. 
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1. Introduction 

Magnetic resonance imaging (MRI) has become an im- 
portant diagnostic tool with an ongoing dynamic devel- 
opment towards application of increasingly higher static 
magnetic flux densities. In addition to static magnetic 
fields and rapidly switched gradient magnetic fields, 
MRI exposes patients also to radio frequency (RF) elec- 
tromagnetic fields (EMF) which induce tissue heating. 
Due to physical laws the frequency of RF EMF propor- 
tionally increases with static magnetic flux densities by 
42.6 MHz/Tesla. Consequently, tissue heating increases 
with increasing static field levels. Particular concern is 
raised about MR imaging of patients with metallic im- 
plants and the associated risk of excess tissue heating and 
subsequent thermal tissue damage. Studies concentrating 
on 1.5 T MRI showed that tissue heating critically de- 
pends on size, shape and orientation of metallic implants. 
However, reported quantitative results were quite differ- 

ent. Metallic implants were considered acceptable for  
MRI based on calculated temperature elevations below 
1.5˚C [1-3] while others concluded they were counter- 
indicated because of calculated temperature elevations up 
to some 13˚C. Highest temperature increases were re- 
ported at tips of straight metallic wires [4-8]. Particular 
concern was also raised with regard to implanted metallic 
loops [9]. The diverging results demonstrate the need for 
case-by-case risk assessment. 

In thorax surgery the dissected sternum is reconnected 
by metallic sutures (cerclages) in terms of metallic wires 
wrapped around the bone (Figure 1). Therefore, it needs 
to be analysed whether patients with such metallic im- 
plants could be accepted for MRI in particular at higher 
static magnetic flux densities. This paper quantitatively 
investigates potential health risks with regard to excess 
tissue heating. 

2. Method 

Based on X-ray images cerclages were modelled by el- 
liptic metallic wire loops which were numerically in-  
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Figure 1. Post surgery X-ray thorax image with metallic su- 
tures (cerclages). 
 
serted into a numerical anatomical model of a 34-year- 
old adult man (DUKE, 180 cm height, 72.25 kg body 
mass), segmented into 1 × 1 × 1 mm voxels and 84 dif- 
ferent tissues [10]. Dielectric values of body tissue para- 
meters were taken from [11-13]. This anatomical model 
was placed into a numerical model of frequency-specific 
resonant birdcage coils to represent the source of RF 
EMF used for MRI. The induced intracorporal distribu- 
tions of the rate of specific energy absorption (SAR) 
were calculated with a commercial software package 
SEMCAD X (speag, Zeughausstrasse 438004 Zürich 
Switzerland) by solving Maxwell’s equations by the well 
established FTDT (finite-difference time-domain) me- 
thod. 

Tissue heating is caused by two sources, by RF EMF 
directly absorbed by the tissue and by the direct and in- 
direct effects of the metallic implant such as Ohm’s 
power loss caused by induced electric eddy currents 
within the wire, and local field enhancement due to elec- 
tric field distortion. Calculation was performed in two 
steps. First, the intracorporal SAR distribution was cal- 
culated. In a second step, the resulting temperature eleva- 
tion after 30 min exposure was determined by a self- 
written software based on the modified bioheat equation 
[14] which allowed accounting also for dynamic physi- 
ologic thermoregulatory responses. While the well-known 
bio-heat equation [15] estimates tissue heating under 
steady state conditions and considers heat transfer by 
simplified static terms for metabolic heat generation and 
heat dissipation by conduction and perfusion only, the 
used modified thermal model allowed not only account- 
ing for dynamic changes of metabolism and blood perfu- 
sion but also for additional thermoregulatory mecha- 
nisms such as heat exchange at tissue/air interfaces (with- 
in the lung, the respiratory tract and at the body surface) 
as well as for cooling by insensible water loss, by radia- 
tive heat dissipation and by sweating.  

Calculations were made at magnetic flux densities 1.5 

T, 3 T, 4 T and 7 T with RF EMF emissions scaled to the 
highest permissible level as defined in the specific MRI 
device safety standard [16] for normal operation mode 
and for MRI exposure limits recommended by the Inter- 
national Commission on Non Ionizing Radiation Protec- 
tion (ICNIRP), respectively [17,18]. The specific absorp- 
tion rates in particular the partial body SAR which is 
averaged over the exposed part of the body (SARPB) are 
limited depending on the ratio of exposed partial body 
mass MPB to the whole body mass MWB as follows  

PB,limit PB WBSAR 10 8 M M    

From this, the maximum permitted SARPB for the ex- 
posed anatomical model resulted in 7 W/kg. 

The cerclage was characterised by physical parameters 
and dimensions as listed in the data sheet of cerclages 
used in medical surgery, in particular a stainless steel 
nonabsorbable suture with 0.8 mm diameter (Syneture 
Monofilament 316L). 

Wire heating was calculated with two approaches. First, 
a simplified theoretical approach was used based on 
Faraday’s law of induction which is frequently chosen in 
the literature but ignores retroactions of induced eddy 
currents (extremely low frequency (ELF) simplification) 
which results in eddy currents which remain constant over 
the wire’s cross section. Second, a more realistic RF ap- 
proach based on Maxwell’s equations was used which 
accounted for the retroaction of RF eddy currents with 
consequential displacement of eddy currents towards the 
wire’s surface (skin effect).  

To assure comparability of results, numerical calcula- 
tions were made with identical modelling including 
meshing to calculate heating with and without the cer- 
clage just by assigning to cerclage-related voxels dielec- 
tric properties of either body tissue or stainless steel, re- 
spectively. 

In addition, also potential excess heating in the single 
fault condition in terms of breakage of the cerclage was 
investigated which could cause high current densities 
interacting with biological fluids or tissue entering the 
gap. In this case to avoid limitations in spatial resolution 
analytical calculations were performed at loop models 
immersed in homogeneous tissue. 

3. Results 

Due to the presence of the metallic cerclage additional 
tissue heating is caused by three different mechanisms: 
First, by directly heating the wire due to Ohm’s power 
loss caused by induced electric eddy currents. Second, by 
distorting and concentrating the electric field component 
of the RF EMF caused by the metallic implant. This sub- 
sequently increases local SAR. Third, by altering path- 
ways of intracorporal eddy currents induced by RF EMF. 
The results demonstrate that temperature elevation 
caused by the presence of the cerclage is moderate. The 
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locally increased SAR and the associated temperature 
change around the cerclage can be seen in the distribu- 
tions of SAR presented in Figure 2 and tissue tempera- 
ture shown in Figure 3 within a cross-sectional plane 
across the cerclage.  

For quantitative assessment the temperature distribu- 
tion along a line across the cerclage calculated for 1.5 T 
MRI is shown in Figure 3 without and with the cer- 
clage. The wire heating was calculated both with the ELF 
and RF approach, respectively. It can be seen that the 
impact of the cerclage on SAR and temperature distribu- 
tion remains restricted to the adjacent region only and 
that the simplified ELF approach considerably overesti- 
mates heating compared to the more realistic RF approach 
(Figure 4).  

As a consequence of the RF skin-effect, Ohm’s heat- 
ing of the wire loop reduces with increasing frequency. 
Therefore, it does no longer increase with the square of 
frequency (f2) but with the lower exponent (f3/2). This ex- 
plains why the temperature increase is smaller in the 
more realistic RF approach which accounts for the RF 
skin effect. Under such realistic conditions at 1.5 T, at 
the cerclage maximum tissue temperature increase was 
up to 0.85˚C. In contrast, ignoring the RF skin effect 
leads to overestimating heating by 80% and to a tem- 
perature increase of up to 1.53˚C (Figure 4). 

Tissue heating was investigated for MRI with static 
magnetic flux densities 1.5 T, 3 T, 4 T and 7 T. These 
magnetic field levels were associated with magnetic reso- 
nance RF EMF frequencies of 63.9 MHz, 127.8 MHz, 
170.4 MHz and 298.2 MHz, respectively. As expected, 
with increasing frequency the RF skin effect becomes 
increasingly relevant and so does the difference of calcu- 
lated temperature changes of the RF and ELF approach. 
Overall, the tissue temperature increased with increasing 
RF EMF frequency, but the additional contribution due 
to the presence of the cerclage remained below 1˚C (Fig- 
ure 5).  

The investigation of the single fault condition, namely 
breakage of the cerclage revealed that this causes ap- 
pearance of a section of poorer tissue conductivity within 
the electric eddy current pathway. Since electric conduc- 
tivity is much poorer within tissue compared to the me- 
tallic wire, this reduces the electric eddy current ampli- 
tude but also concentration of the heating within the 
small volume of the gap which decreases with increasing 
gap length. The results of analytical modelling showed 
that already at gap lengths larger than 0.1 mm the result- 
ing SAR within the gap becomes lower than the local 
SAR maximum encountered around the uninterrupted wire 
(Figure 6). Therefore, the single fault condition breakage 
of the cerclage does not cause unacceptable risks. 

4. Discussion 

The numerical calculation is based on well-established  

 

Figure 2. Distribution of the specific absorption rate (SAR) 
in a cross sectional plane across the cerclage, calculated for 
3 T MRI. 
 

 

Figure 3. Distribution of tissue temperature in a cross sec- 
tional plane across the cerclage, calculated for 3 T MRI. To 
indicate isothermal lines the number of grey scales was re- 
duced for temperature presentation. 
 

 

Figure 4. Temperature distribution along the centre line 
across the cerclage calculated for 1.5 T MRI. Dotted line … 
without cerclage, full thick line  cerclage heating 
based on RF skin effect, full thin line  cerclage heating 
based on ELF approach with ignored skin effect. 
 
numerical models with fairly good spatial resolution. 
However, any modelling whether numerical or not is 
inherently suffering from unavoidable simplifications 
and restrictions which lead to deviations from the real 
world, and consequently to uncertainties [19]. In the pre- 
sented study, sources of uncertainty may be discretiza- 
tion, meshing, computational space limitation, boundary  
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Figure 5. Maximum tissue temperatures at cerclages with- 
out the implant (broken line) and with the heated metallic 
cerclage calculated with the simplified ELF approach (dia- 
monds) and with the realistic RF approach accounting for 
electromagnetic skin-effects (circles). 
 

 

Figure 6. Calculated specific absorption rate (SAR) in the 
single fault condition of a gap of the implanted metallic cer- 
clage, depending on the gap width Δd. 
 
conditions, physical tissue properties, and computational 
algorithms, both for EMF interaction, heating and ther- 
mal regulation. To minimize these uncertainties, a high 
spatial resolution of 1 mm of the anatomical model was 
chosen, which among others allowed minimizing stair- 
case effects. Meshing was made such as to avoid com- 
promising the high spatial resolution. Boundary condi- 
tions were non-reflective and isothermal. This allowed 
limiting modelling uncertainty to about 1% [20]. The 
uncertainty with regard to tissue properties is caused by 
their measurement, extrapolation from analysed animal 
tissues to human tissue, and interpersonal variability. The 
related uncertainty can be estimated to about 10% - 15% 
for physical and about 10% for thermal parameters, re- 
spectively [12,13]. The uncertainty of the numerical al- 
gorithm was minimized by carefully setting the termina- 
tion criteria. It can be estimated to less than 5% [21]. 
These contributions result in an overall uncertainty of 
about 19%. 

The results are in good agreement with existing litera- 

ture. Diverging results in particular those reporting high- 
er temperature increases can be explained by overestima- 
tions due to application of the simplified ELF induction 
approach and by ignoring dynamic thermoregulatory re- 
sponses due to static thermal modelling. The presented 
results and basic physics show that accounting for the RF 
EMF skin effect leads to lower heating. This can be ex- 
plained by the fact that RF EMF induction is associated 
with a reduction of the effective cross sectional area of the 
wire and consequential increase of the electric loop re- 
sistance. At sufficiently high RF frequencies the full wire 
conducts electric currents like a hollow tube with a wall 
thickness inversely proportional to the root of EMF fre- 
quency. As a consequence, with increasing frequency the 
electric resistance of the wire increases, and overall heat- 
ing reduces.  

In contrast to other implants with a wide variance of 
potential position the position of the cerclage is clearly 
defined and restricted by the anatomy and its purpose, 
namely, fixing the dissected sternum. Therefore, the vari- 
ance of placement was limited but the cerclage was placed 
in the region with highest RF EMF. 

For the “normal MRI operation mode” limits of expo- 
sure conditions are defined by the specific MRI device 
standard [16] which contains restrictions with regard to 
SARPB and SARWB, the maximum body core temperature 
and the maximum local tissue temperature. Although the 
presented results are based on RF RMF exposure at the 
given SARPB limit, the other SAR limits remained met 
without and with cerclage. The impact of the cerclage on 
additional local tissue heating at to partial body parame- 
ters was low and lead to an increase of the body-core 
temperature TBC of less than 0.1˚C which remained in 
compliance with the requirement. 

With regard to local tissue temperature, in the existing 
regulations a specific definition of the size of the aver- 
aging region is missing. However, since local SAR is de- 
fined by averaging over any 10 g tissue and temperature 
rise is linked to SAR, it has been decided to use the same 
averaging volume also for assessing “local” tissue tem- 
peratures. Based on this definition, it followed that in 
normal operation mode an implanted cerclage does not 
lead to non-compliant conditions. The impact on tissue 
heating is limited to the local region around the implant 
only. Even next to the cerclage temperatures remain be- 
low existing limits. Adverse heating is prevented also 
under single fault conditions such as breakage of the me- 
tallic suture. 

5. Conclusion 

From the heating point of view metallic sutures (cercl- 
ages) as used to fix the sternum after thorax surgery are no 
contraindication to magnetic resonance imaging with 
static magnetic flux densities up to 7 T. 
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