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Abstract: Metallic implants in magnetic resonance
imaging (MRI) are a potential safety risk since the energy
absorption may increase temperature of the surrounding
tissue. The temperature rise is highly dependent on
implant size. Numerical examinations can be used to
calculate the energy absorption in terms of the specific
absorption rate (SAR) induced by MRI on orthopaedic
implants. This research presents the impact of titanium
osteosynthesis spine implants, called spondylodesis,
deduced by numerical examinations of energy absorption
in simplified spondylodesis models placed in 1.5 T and
3.0 T MRI body coils. The implants are modelled along
with a spine model consisting of vertebrae and disci
intervertebrales thus extending previous investigations
[1, 2]. Increased SAR values are observed at the ends of long
implants, while at the center SAR is significantly lower.
Sufficiently short implants show increased SAR along the
complete length of the implant. A careful data analysis
reveals that the particular anatomy, i.e. vertebrae and
disci intervertebrales, has a significant effect on SAR. On
top of SAR profile due to the implant length, considerable
SAR variations at small scale are observed, e.g. SAR values
at vertebra are higher than at disc positions.

Keywords: SAR; MRI; osteosynthesis implants; numerical
simulation.

1 Introduction

MRI is considered as a secure imaging method in medical
diagnosis [3]. However the electromagnetic fields might
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be safety hazards for the human body. Particularly the
energy of the high frequency field B; might by absorbed
by metallic structures like implants. The absorbed energy
is converted to heat resulting in potential temperature in-
crease of tissue [4]. In medical application the body tissue
temperature should not increase more than 1°C. It approx-
imately corresponds to SAR = 4 W/kg in whole body or,
dependent on region, SAR = 4-10 W/kg dependent on the
body weight. Temperature of 43°C or more causes tissue
injury [4, 5]. MRI examinations on patients with metal-
lic implants are at discretion of medical professions and
associated with individual risk.

Numerical modelling and simulation is a technique
to access the impact of B; field on SAR and temperature.
Only very few studies investigate numerical modelling of
orthopedic implants. For an implant consisting of a rod
with pins at its ends and placed in aqueous gel increasing
SAR is observed at the ends of a conductive bar [1]. For ex-
ternal fixation device SAR depends on pin spacing and in-
sertion depth (into the gel) [2]. In both studies spine is not
modeled. This research focuses on the calculation of en-
ergy absorption of different simplified models of spondy-
lodesis exposed to B; field. Spondylodesis is an implant
where concerned spine segments are fixed with screw-rod-
system. Thus, all models explicitly include vertebrae and
disci intervertebrales.

2 Methods

Numerical examinations of energy absorption via MRI
simulations are executed with the software Electromag-
netic Suite 15 from ANSYS, Inc. Various models of
MRI body coils, spine and spondylodesis implants have
been developed and examined for 1.5 T/64 MHz and
3 T/128 MHz.

2.1 MRI coil models and SAR

The high frequency field of the MRI body coil model
for 1.5 T MRI calculations is generated by a quadrature
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Figure 1: Model of MRI body coil with RF shield.

birdcage coil [6]. The high frequency field for the 3 T
MRI simulations is generated by a model of a multi-
transmit coil. It divides the B; field into separate B; sub-
fields by using the ports as independent power supply
channels. The induced electrical field is Epax = 90 V/m.
Both body coils (1.5 T and 3 T) are cylinders with height
h = 650 mm and diameter d = 620 mm (Figure 1). Inside
the quadrature coil an almost homogeneous magnetic
field By = 1.4 pT is generated. Inside the multi-transmit
coil an almost homogeneous magnetic field B; = 1.5 pT is
generated.

Electromagnetic fields are calculated by solving
Maxwell equations. For SAR calculation first the particular
tissue densities and local SAR in finite elements must be
determined. Then the SAR algorithm runs on voxels, which
are generated from finite elements [8]. Local SAR is defined
as the dissipated power Pg; per mass m at the point
r. It depends on intensity of the induced electrical field
E and specific electrical conductivity o of tissue and its
density p.
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It is specified by international safety norm IEC 60601233
[9]. Here we use m = 10 g. Along with the tissue density
this mass defines a volume V around this tissue point.
Specific physical and electrical parameters, mass density,
conductivity, permittivity, and permeability of each tissue
or material of the model has to be set. Values can be found
in literature, e.g. [10, 11].

2.2 Spondylodesis models
The torso phantom is a plexiglas body filled with lig-

uid. The electromagnetic parameters of liquid are sim-
ilar to those of tissue [6]. Its electrical conductivity is
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Figure 2: Top: Simplified spondylodesis model, the description

is given in the main text. Bottom: Part of torso phantom with
imbedded large spondylodesis over nine vertebrae, positions of
vertebrae in Table 1. The red line indicates layer where SAR profiles
are examined.

Table 1: Positions of vertebrae in torso phantom.

Model Position [mm]

Distal Proximal
2 vertebrae 141.7-151.7 155-165
9 vertebrae 48.6-58.6 155-165

0 = 047 (Qm) ! and relative permittivity e, = 81 F/m.
The torso phantom is placed in the body coil in order to
represent a human torso lying on his back in the MRI.

Simplified models for multi-vertebrae sections of
spine are developed and combined with a simplified
model of osteosynthesis spine implants:

1. a two vertebrae model and a nine vertebrae model
concentrated on the ventral static support motion
elements of spine

2. asmall spondylodesis over two vertebrae and a large
spondylodesis over nine vertebrae

3. additionally two vertebrae positioned at both edges of
the spondylodesis models (only for 1.5 T MRI)

The simplified spondylodesis model concentrates on the
ventral static support of the movement elements of spine.
The blue discs represent disci intervertebrales, the white-
grey cylinder medulla spinalis, the brown cylinders corpus
vertebrae and foramen vertebrae and the grey rods repre-
sent screws and frame rods of the implant (Figure 2). The



— 655

DE GRUYTER N. Hadert et al.: Numerical examinations of SAR in MRI
140 ¢ T i 1 I ! === Empty coil
Two vertebrae
" without implant
120 - 4
100 - <
< 80 . A7 4
(9] -~
© . -~
5 60" . .
= '
0 1 ! it ! 1 |
0 50 100 150 200 250 300
Distance (mm)
’g 250 | | | | | —Ninele v?rtebraewithout
S 200 Nir'?e vertebrae withimplant;
g 1501 I
2
e 100 -
g L'Jtr
Bl u;g §
0 |
0 100 150 200 250 300

Distance (mm)

Figure 3: Medial layer of electrical fields examined in direction of the coil axis. Top: Dashed line indicates electrical field in empty coil and
black line in two vertebrae model. Scale of amplitude [0, 140] V/m and distance [0, 325] mm. Bottom: Black line indicates electrical field in
nine vertebrae model and dashed line in nine vertebrae spondylodesis model. Scale of amplitude [0, 250] V/m and distance [0, 325] mm.
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Figure 4: SAR in medial implant layer in 1.5 T MRI. SAR hotspots at rod edges spread posterior between implants and MRI table. SAR [0.01,

4.6) W/kg.

spondylodesis model consists of six or twenty titanium
rods. Two rods along multi-vertebrae as frame rods
with length L, = 23.3 mm, Iy = 116.4 mm and diameter
d = 2 mm and four or eighteen rods with tip orthogonal
to the frame rods as screws with length | = 13.33 mm and
diameter d = 1 mm.

3 Results

The electromagnetic fields are examined in direction of the
coil axis. In the empty coil the electrical field decreases
linear to its minimum at the center and then increases
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Figure 5: SAR profile in posterior layer between bones and tissue in 1.5 T MRI. Spondylodesis models are indicated as black line and models
with additional vertebrae as blue line. Spondylodesis models with additional vertebrae are shown as an overlay to indicate the position

for SAR variations. Top plot: models of small implant over two vertebrae. Scale of SAR [0, 1] W/kg and distance [0,325] mm. Bottom plot:
models of large implant over nine vertebrae. Scale of SAR [0, 4.5] W/kg and distance [0, 325] mm.

with same gradient value. In vertebrae models along the
coil axis the electrical field shows the posterior shape of
vertebrae and spinal discs with high values at vertebrae
and low values at spinal discs. In spondylodesis models
this structure is still visible but with decreasing trend
from distal to the model center and increasing to proximal
(Figure 3).

The SAR is examined in direction of the posterior
sagittal spine layer between bones and tissue (Figure 2).
Along the implant SAR hotspots appear near the titanium
rod edges and spread posterior between implants and
MRI table (Figure 4). Between bones and tissue the SAR
describes positions of vertebrae and disci intervertebrales.
Maximum values are detected at vertebrae and minimum
values at disci intervertebrales. Towards the model center
values decrease (Figures 4-6). The SAR profile in spondy-
lodesis models with additional vertebrae shows hotspots
at vertebrae positions near rod edges with a slight decrease
to the outer vertebrae, indicated as blue lines in Figure 5.

Compared to the spondylodesis model without additional
vertebrae in Figure 6 the maximum intensity is lower.

4 Discussion and conclusion

SARvaluesin 1.5 T MRI are up to 600% higher with implant
models than without [12]. Values in Table 2 distinguish the
large scale variations due to the impact of implant size.
In the spondylodesis model over nine vertebrae in 1.5 T
SAR varies about 840% and in 3 T about 255%. The mul-
tiplyer of SAR in spondylodesis models over two vertebrae
between 1.5 T and 3 T is five.

The results shown in Figures 5 and 6 approve the
global pattern that energy deposition is related to the im-
plant size [2]. SAR hotspots appear at implant edges and
with sufficient rod length, here over nine vertebrae, extinc-
tion to the model center occures (Figures 4-6). Figure 3
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Figure 6: SAR profile in posterior layer between bones and tissue in spondylodesis models in 1.5 T MRI indicated as black line and 3 T MRI
as blue line. Spondylodesis models are shown as an overlay to indicate the position for SAR variations. Top plot: models of small implant
over two vertebrae. Scale of SAR [0, 4] W/kg and distance [0, 325] mm. Bottom plot: models of large implant over nine vertebrae. Scale of

SAR [0, 6] W/kg and distance [0, 325] mm.

Table 2: SAR Hotspots near titanium rod edges at distal vertebrae,
proximal vertebrae and extinction in model centers. All values are in

[W/kg].

Layer Model SARis SARprox SARin
1.5 TMRI

Between bones 2 vertebrae 0.68 0.69 0.2

and tissue 9 vertebrae 2.55 4.2 0.05

2 additional vertebrae at implant edges

Between bones 2 vertebrae 0.9 0.905 0.55

and tissue 9 vertebrae 3.55 3.8 0.1
3 TMRI

Between bones 2 vertebrae 3.6 3.8 2.45

and tissue 9 vertebrae 2.9 5.1 0.2

compared to Figures 5 and 6 show that extinction in SAR
relates to electrical field profile in spondylodesis models.
Further more the results lead to conclusion that energy
absorption depends on bone and tissue geometry, since

the SAR profile between bones and tissue describes po-
sitions of vertebrae and disci intervertebrales with high
values at vertebrae and low values at disci intervertebrales
similar to the electrical field profile. Due to the fact that
bone influences electrical fields the spine model needs to
be enhanced.
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