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1 Introduction

Computational modeling is widely used to assure patient safety with respect to radio-
frequency (RF) related concerns during magnetic resonance imaging (MRI). It
allows for evaluation of RF power absorption and specific absorption rate (SAR)
in anatomically detailed numerical human models. Such evaluations are especially
important for safety of patients with implantable devices.

RF-induced heating depends on the physical characteristics of the patient [1], and
as such, it is expected that numerical human models are sufficiently detailed to be
able to estimate the differences across the patient popupation; however, the time-
consuming model generation process prevents achieving a realistic safety
evaluation.

A limited number of anatomically realistic numerical human models are available
for research and development use. Currently available whole-body numerical
models have 26–77 anatomical structures [2–5]. A previous study showed that
three different dielectric properties (muscle, fat, and lung) were sufficient to estimate
SAR with a 5-mm resolution [6]; yet there are implantable devices with dimensions
of less than 5 mm that can be implanted in very thin anatomical structures such as
arteries and veins. Thus, a more detailed model may be needed for robust
RF-induced heating evaluation. Moreover, a study using a higher resolution model
showed that the blood vessel SAR can be up to ten times higher than the maximum
standard gel phantom SAR value [7]. Knowing the limits of simplification in a
numerical model can help not only to reduce the time needed for segmentation for
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model generation but also to fabricate a standard phantom which can accurately
reflect the in vivo result.

In this study, we used the k-means clustering method, one of the commonly used
vector quantitization methods for cluster analysis, to reduce the number of anatom-
ical structure types with different dielectric properties in a detailed human model.
Then we investigated the resulting differences in SAR with respect to the number of
clusters. The simplified models were then used to simulate a test senario for
RF-exposure by calculating background tangential electric field (Etan) along five
stent trajectories in selected arteries.

2 Methods

2.1 k-means Clustering

The k-means clustering was applied on the electrical conductivity and permittivity of
anatomical structures of the AustinMan model [5] with 61 different anatomical
structures in MATLAB (The MathWorks Inc., Natick, MA, United States). Ten
model variations with different dielectric property configurations were used in the
simulations: one full model with the original 61 anatomical structures with 51 dielec-
tric properties and nine models with varying number of dielectric property clusters
(k ¼ 33, 30, 27, 24, 21, 18, 15, 12, and 9). The total sum of distances was used as a
distance measure, and the model with 33 clusters was chosen as a starting point
because the distance was less than 0.5 for numbers of clusters above 34. The
example of clustering for k ¼ 9 is shown in Fig. 1(a).

2.2 Computational Modeling Setups

The computational modeling setups were implemented using the commercially
available finite-difference time-domain platform Sim4Life (Zurich Med Tech, Swit-
zerland). A 32-port 16-rung birdcage coil, 700 mm in length and 650 mm in
diameter, with idealized excitation was modeled. All the current carrying coil
structures were modeled as perfect electric conductors (PEC). Electromagnetic
simulations were performed by feeding the coil with a continuous sinusoidal wave
at 128 MHz.

The Huygens’ approach [8] was applied to facilitate a fair comparison between
full and simplified models. The incident field was calculated with an unloaded coil
first, then used to compute electromagnetic fields within body models, with 1-mm
isotropic grid. The modeling software could estimate electomagnetic fields with a
coarser grid, especially with the clustered models, which would reduce computa-
tional burdens. However, to facilitate fair comparisons between the full model and
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the clustered models, the same resolution of the AustinMan model was used to
discretize the models in this study. All the models were simulated at the hip bone
imaging landmark.

2.3 SAR Calculation

The single-voxel SAR (SARraw), 1 g-averaged SAR (SAR1g), and 10 g-averaged
SAR (SAR10g) results were compared by calculating the mean and maximum
percentage difference between the full model and the clustered models. Voxel-
wise comparison of each pair was performed by linear regression of the SAR values.
All SAR values were computed with original mass density values of the model and
normalized to a whole-body averaged SAR equal to 2 W/kg [9]. All the analyses
were performed in MATLAB.

2.4 Electric Field Tangential to Stents in Blood Vessels

To simulate a test case of RF heating assessment, stent trajectories were chosen in
the five locations in the arteries of AustinMan as described in Fujimoto et al.
[10]. Five case studies were analyzed for the ascending aorta, the brachial, the
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Fig. 1 (a) Example of the k-means clustering based on the sum of absolute differences. Different
colors represent different clusters. Calculated centroid values were used in the simulation for
anatomical structures within clusters. (b) The coronal view of the segmented model with full
properties and nine properties is shown
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femoral, the iliac, and the popliteal arteries. Stent trajectories were created based on
the centerline of each blood vessel that was calculated in MATLAB by binarizing a
selected vessel and determining the centroid of the consecutive axial slices of the
model. The centerline was then imported into Sim4Life to create a smooth trajectory.
The Etan value was calculated along each trajectory using the IMSAFE module in
Sim4Life. The magnitudes of Etan values were calculated offline for each number of
clusters.

3 Results

The values of dielectric properties for each k-clustered model were determined by
the k centroids. The example of clustering plot and coronal slices of full and k ¼ 9
models are shown in Fig. 1. The centroids as shown in Fig. 1(a) are distributed across
the range of the original permittivity values from 1 (air) and 90 (kidney) and the
original conductivity values from 0 (air) to 2.1 (cerebrospinal fluid). For example,
with these centroids, skin, muscle, diaphragm, and liver became one cluster in the
k¼ 9 clustered model. The maximum intensity projection of each SAR map showed
that the SAR1g and SAR10g maps were qualitatively similar among different models
regardless of numbers of dielectric properties used (Fig. 2).

The mean and maximum percentage difference (Table 1) revealed that there were
up to 15.3% mean difference in SAR. The example cross-sectional (transverse slice)
SAR maps are shown in Fig. 3. The 12-clustered models estimated higher SARraw

values compared to the full model on the skin, whereas the values for SAR1g and
SAR10g were similar. This trend was observed when compared between the rest of
the simplified models and the full model. The SAR values from the full model
plotted against the SAR values from each clustered model revealed that all the
clustered models showed high correlations with the full model (Fig. 4). The Etan

values calculated in selected stent paths were similar among the full and
clustered models (Fig. 5).

4 Discussion

The clustered analysis showed that reducing the number of dielectric properties from
51 (original) to 30 has less than 0.2% effect on the mean SAR results. Further
reduction in the number of dielectric properties was not linearly correlated with
mean and maximum SAR differences. The greatest mean SAR difference was 15.3%
for k ¼ 18. Each voxel pair between the full and the 30-clustered SAR values was
highly correlated. Our results suggest not only reducing the segmentation time on
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generating models but also using existing models with less anatomical structures
which result in reduction in computational time.

The Etan results (Fig. 5) showed that they were not linearly correlated with the
number of clusters. In other words, as shown with the ascending aorta, the iliac, and
the femoral artery trajectories, the models with small numbers of clusters can
estimate the Etan results as the full model simulation does.

Fig. 2 Maximum intensity
projection of SAR1g and
SAR10g from the
simulations with the models
with full, 33-clustered, and
nine-clustered properties.
No subjective differences
were observed among the
three SAR1g and
SAR10g maps
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All the results in this study were simulated at the hip bone landmark. The optimal
number of clusters may change depending on the imaging landmarks as electric field
distribution varies depending on the exposed mass. Another limitation of this study
was that only one set of dimensions of RF coil and one field strength were studied.
As a previous study showed [11], both can affect the field distribution and the
resulting optimal number of clusters.

Our k-means clustering approach was only based on dielectric properties. Incor-
porating the location of the dielectric property may help improve the clustered
models. Different approaches such as the Gaussian hidden Markov random field
models may be able to help the generation of clustered model based on not only the
dielectric properties but also spatial constraints based on neighboring voxels.

Table 1 Percent differences for mean and maximum values computed between full and clustered
SARraw, SAR1g, and SAR10g maps

Percent difference between full and clustered SAR maps

# Clusters

SARraw SAR1g SAR10g

Mean Maximum Mean Maximum Mean Maximum

33 0.0% 54.9% 0.0% 114.8% 0.0% 152.7%

30 0.2% 56.9% 0.2% 114.8% 0.1% 152.7%

27 3.0% 177.8% 2.8% 115.0% 2.3% 152.6%

24 2.7% 53.8% 2.5% 115.1% 2.1% 152.6%

21 15.1% 151.8% 11.7% 117.4% 9.4% 156.3%

18 15.3% 168.9% 11.8% 116.5% 9.3% 156.6%

15 8.1% 171.8% 6.3% 115.4% 4.8% 152.6%

12 12.0% 183.7% 10.0% 118.0% 8.0% 153.9%

9 10.4% 183.5% 8.4% 116.6% 6.7% 153.6%

Fig. 3 Cross-sectional SAR
maps for the full model and
clustered k ¼ 12 model. The
slice shown includes the
voxel with the maximum
difference in SARraw maps
between full and
12-clustered models (see
Table 1). The maximum
difference resides on the
skin of AustinMan where
the arm and torso are in
contact
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Fig. 4 Scatter plots
between full and clustered
SAR1g and SAR10g values.
The linear fit is shown with
the lines and R2 values. All
of the slope values showed
close to 1. Therefore, there
was a one-to-one correlation
between each pair. The 33-,
30-, and 15-clustered
models showed especially
high correlation
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Fig. 5 Etan on selected blood vessel paths where short stents are commonly implanted are
calculated
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5 Conclusion

Simplified numerical models based on dielectric properties can show equivalent
SAR result. Further investigation of the clustering method may enable efficient MRI
safety assessment by simplifying the model generation and reducing
computational time.
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