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ABSTRACT

RF-induced heating is an important safety concern for patients with implantable
medical devices under magnetic resonance imaging (MRI) scanning. The implanted
device may lead to a high temperature rise near device edges and cause tissue damage.
Thus, the RF-induced heating near the device needs to be properly evaluated for the
safety of patients. The study in ASTM phantom and human models is adopted to evaluate
the RF-induced heating near the medical implants.

To make the experiment in human models more practical, the tissue-reduced virtual
family models were proposed for RF-induced heating simulation and possible
experiments in the future. Simplified human body models with a reduced number of
tissues were developed using the Gaussian Mixture Model (GMM). Different tissues
were grouped into several clusters based on the electrical parameters. Using three human
body models (the Duke, the Ella, and the FATS) from the virtual family, electromagnetic
simulations were conducted for the original and simplified human models under 1.5 T
and 3 T MRI systems. The electric field distributions were extracted for comparison.

To investigate the performance of the proposed tissue-reduced virtual family models
on RF-induced heating evaluation for the passive device, some representative passive
device systems were implanted in the original virtual family models, tissue-reduced
virtual family models, and ASTM phantom for simulation. The studied device systems
are the standalone screw system, the pedicle screw system, the plate and screw system,
and the stent system. They were implanted in the clinical positions in the human models
and in the fixed position in the ASTM phantom as required by the ASTM standard. The

simulated results of specific absorption rate averaged to 1 gram (SARig) near the device



at 1.5 T and 3 T in the human models and ASTM phantom were extracted for

comparison.
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Chapter 1.  INTRODUCTION: THE ASTM PHANTOM AND HUMAN MODELS

FOR RF-INDUCED HEATING EVALUATION

1.1. Introduction
There are some common safety concerns for the MRI examination due to the
interaction between electromagnetic field and medical device, such as
displacement force, torque, RF heating, image artifact, and so on [1]. The
emphasis of this study is on RF-induced heating. The medical device made of
metallic materials may induce quite high heating to burn the human tissues [2],
[3]. Related research about the RF-induced heating of the implanted device has
been conducted on passive devices, such as the stent system [4] and the external
fixation system [5], and active devices, such as the DBS [6] and the pacemaker [7]
[8]. These studies reveal that the RF-induced heating could lead to a quite high
temperature rise near the device, which is harmful to the human body. To assure
the safety of the patients undertaking MRI examination, the RF-induced heating
needs to be properly evaluated, and the medical device needs to be labeled as MR
safe, MR conditional, or MR unsafe according to the ASTM standard [1], [9].
1.2.  The study in the ASTM phantom
Traditionally, to evaluate the RF-induced heating for medical implants, the
ASTM phantom is often used for both simulation and experiment to obtain the
prediction [9], [10]. Previous research was conducted in the ASTM phantom for
RF-induced heating evaluation with simulation [11] and experiments [12]. The

structure of the ASTM phantom and an example of a device in the phantom are
1



shown in Figure 1-1 [13]. The ASTM phantom has a simple shape and consists of
a shell that is uniformly filled with gelled-saline. Obviously, the ASTM phantom
can be easily built in the simulation and experiment. However, the device in the
ASTM phantom is placed in a fixed position as required by the ASTM standard
[9], [13], where the incident electric field could be different from that of the
clinical position. In addition to this, the uniformly filled gelled-saline will lead to
different power dissipation compared to that of the non-uniform human tissues.
Thus, the evaluated RF-induced heating from the ASTM phantom is not perfectly
accurate. If we want to get more accurate results of the RF-induced heating near

the device, the human models are necessary.

2cm

Figure 1-1. ASTM phantom with a device implanted.



1.3.  The study in the human models

The 3D high-resolution realistic human models are used for accurate
RF-induced heating evaluation. A commonly used series of these human models
are the virtual family human models from IT’IS Foundation, Switzerland [14], [15].
The Duke, Ella, and FATS models are three representative human models from this
virtual family. The duke is an adult male human model, the Ella is an adult female
human model, and the FATS is an adult fat male human model. These human
models consider the influence of the realistic human body’s shape and the
non-uniform human tissues on RF-induced heating. Research on RF-induced
heating in human models is conducted mainly with numerical simulations [16],
[17]. Although some experiments in human models were conducted, the used
fabricated human models are greatly simplified to only keep the human shape and
part of the body [18], [19].

1.4. Comparison of the ASTM phantom and human models

An earlier study has compared the simulated RF-induced heating in vitro and in
vivo for a 1.5 T MRI system. This study used the plate and screws system implanted
on the humerus and the femur [20]. From the results, the ASTM phantom
overestimates the heating while the human models give more accurate results but
are more complex for simulation setup and experiment.

Another previous research for the passive device in ASTM phantom and
human models shows more details. A series of wire-based sternal closures were

studied in ASTM phantom and human models [13]. Numerical simulations in

3



ASTM phantom were conducted using the SEMCAD (V14.8 SPEAG) software
package based on the Finite-Difference Time-Domain (FD-TD) method. The RF
coils operate at 64 MHz fora 1.5 T system and 128 MHz for a 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 [9]. In this study, the coilsat 1.5 T
and 3 T were high pass RF transmit body coils constructed with eight 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 a dielectric constant of 3.7 and an
electrical conductivity of 0 S/m. The gelled-saline with a dielectric constant of 80.4
and an electrical conductivity of 0.47 S/m was used to fill the Acrylic container.
The simulation boundaries enclosed the coil and phantom were all set to be
absorbing boundary conditions (ABC) and the modes were chosen to be uniaxial
perfectly matched layers (UPML) 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 the 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 materials and were set to be

PEC (perfect electric conductor) in the simulations. The devices were placed in the

4



ASTM phantom at the middle in the y and z direction and 2 cm away from the
longest side wall as shown in Figure 1-1, according to the ASTM standard [9].
Adaptive meshing was adopted. The maximum mesh size for the sternal closures
was set at 0.5 mm while the maximum mesh sizes of phantom were set at 5 mm for
the gelled-saline and 10 mm for the shell. Baselines (enforced meshing reference)
were generated on the bounding box of the wire to guarantee the correct distances
between the two wires. And all the voxelized models were checked to avoid the
meshing errors. Once simulations were finished, all the results were normalized to a
whole-body averaged specific absorption rate (SAR) of 2 W/kg. As the simulation
results in vitro, the peak SARignear the studied worst-case device and the SARIg
distribution around the device is shown in Figure 1-2.

The worst-case heating device at 1.5 T and 3 T determined from the in vitro
simulations were placed inside the two human body models with corresponding
sizes as in Figure 1-3 to assess the clinically relevant RF-induced heating [14]
[15]. The sizes of the device were set as the sizes fitting to the FATS model and
the girl model because they are the largest and smallest human models in the
Virtual Family respectively. And the in vitro simulations shows that the
worst-case device at 1.5 T fits the girl model while the worst-case device at 3 T
fits the FATS model. 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 three different loading positions in the RF coil as shown in

Figure 1-4 (a) to present the different imaging regions. These loading positions
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would have the closures loaded at the bottom, 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 clinical relevant locations in the
human models as shown in Figure 1-4 (b) and (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 sizes
for the sternal closures were set at 0.5 mm at 1.5 T and 1 mm at 3 T, respectively.

All the results were normalized to a whole-body averaged SAR of 2 W/kg.
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Figure 1-2. The peak SAR;near the studied worst-case device and the SAR g distributions around the
device. Top:1.5 T with peak SAR, near the device as 106 W/kg; Bottom:3 T with peak
SAR g near the device as 75.2 W/kg.




Figure 1-3. The two human models for simulation: Left: the girl model; Right: the FATS model.
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Figure 1-4. (a) The positions of the human model in coil at 1.5 T (top) and at 3 T (bottom), the

implants were put at the bottom, center, and top of the coil from left to right. (b) The wire

closures in the human model at 1.5 T. (¢) The wire closures in the human model at 3 T.



The results of the electromagnetic simulations in human models are shown in

Table 1-1.

From this study, for the same device, the simulation results in ASTM

phantom and human models are quite different.

Table 1-I.  The simulated results in human models.
Whole body SAR | Overall peak SARig | Peak SARig near devices
(W/kg) (W/kg) (W/kg)
Device in the bottom of coil at | 2 74.2 29.9
1.5T
Device in the center of coil at | 2 139.2 32.1
1.5T
Device in the top of coil at 1.5T | 2 94.3 7.3
Device in the bottom of coil at | 2 84.9 29.2
3T
Device in the center of coil at | 2 62.1 62.1
3T
Device in the top of coil at 3T 2 49.0 2.3

In general, the in vitro study in the ASTM phantom is simple and convenient

for both simulation and experiment. But the results from the ASTM phantom are

not accurate. The human models from the Virtual family have relatively accurate

details of the human tissues. They consider the geometrical shape of the realistic

human body, the non-homogeneity of the human tissues, and their parameters.

Thus, the in vivo simulation with these human models gives a more accurate

evaluation of the RF-induced heating. However, study with the human models

requires higher computational resources and these human models are difficult to

fully fabricate and apply into experiments.




Thus, simplified human models need to be proposed to bridge the gaps
between the in vitro and in vivo study.

In this study, the simplified human models will keep the shape of the original
human models but reduce the types of the tissues by grouping similar tissues
together. The human tissues are clustered, and the types of the tissues are reduced.
The simplified human models are named as Tissue-reduced Virtual Family
Models. Previous studies have proposed some simplified human models with 4, 8,
or more types of tissues [21]-[23]. They are still complicated for the experiment
to fabricate the models. And research about the simplified human models for

evaluating RF-induced heating near the medical implants is still needed.



Chapter 2. DEVELOPMENT OF THE TISSUE-REDUCED VIRTUAL FAMILY

MODELSAT1.5T

2.1. Method
2.1.1. Original human models from Virtual Family
This study focuses on the three representative human models from the virtual
family (the Duke, Ella, and FATS models). According to the electrical
conductivity and relative permittivity, the tissues in the original human models
can be assorted as 34 types for the Duke and FATS models as in Figure 2-1 A and

36 types for Ella model as in Figure 2-1 B.
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Figure 2-1. Scatter plots for the tissue properties at 1.5 T.
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Instead of directly fitting the electrical conductivity and relative permittivity,
the real and imaginary parts of the relative effective permittivity were chosen for
fitting. From the Ampere’s law, the curl of the magnetic field is equal to the sum
of the source current density, the conduction current density, and the displacement
current density as

Vxﬁ=f+jw£E)=]_:+]j+jw£E (2-1)

Combining the conduction and displacement parts and taking the €0 out, we will
get the relative effective permittivity (er —j wigo) as

VxH =] +joe, (er—jwigo)f. (2-2)

Obviously, the electric field and magnetic field are related to each other via
the relative effective permittivity. Thus, we will fit the real and imaginary parts of
the relative effective permittivity. The scatter plots of the tissues’ properties based
on the relative effective permittivity are shown in Figure 2-1 C and Figure 2-1 D.

The volume percentages or the volume weights are different for different
tissues in a certain human model or a certain tissue across different human
models. The detailed volume weights for the tissues of the three human models
are shown in Figure 2-2. For example, the fat tissue’s volume weight in the FATS

model is obviously higher than those in the Duke and Ella models. The volume

weight of tissues may be considered for simplifying the human models.
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Figure 2-2. Volume weight for tissues.
2.1.2. Gaussian mixture model and three tissue cluster methods

For the previous study, the human tissues were naturally grouped according to
the electrical conductivity and relative permittivity [22] or grouped based on the
k-means clustering method [23]. The k-means clustering method tends to group
the points with the closest distance to each other to form a cluster and is more
suitable for the data points with circular form [24], [25]. As shown in Figure 2-1,
the data points of the tissues’ properties are not circular form. So instead of using
the model based on the distance like the k-means method, the Gaussian mixture
model (GMM) based on the Gaussian distribution for clustering was tried in this
study. A Gaussian distribution is also called a normal distribution and can be
multivariate depending on the dimensions of the data. In this study, the data of the
real and imaginary parts of the relative effective permittivity is 2-dimensions.

Thus, every Gaussian distribution in the GMM for this study is 2-variate and has a
12



mean vector and a covariance matrix. Every Gaussian distribution in the GMM
has its weight, and the weighted sum of the probability densities of these Gaussian
distributions is a GMM [26]. The GMM assumes a certain number of Gaussian
distributions, and each distribution represents a cluster. The covariance matrixes
of these Gaussian distributions can be full or diagonal. The diagonal matrix means
that except for the elements of the main diagonal, the other elements are 0 in this
matrix. And for these Gaussian distributions in a GMM, they can have the same or
different covariance matrixes. Clustering by GMM tries to put the data points
belonging to the same Gaussian distribution in one cluster [24], [26]. To get the
simplified human models, the data points should first be fitted with GMM to get
the clusters. Then the electrical parameters need to be calculated for every cluster.
According to whether considering the volume weight of every tissue during the

two processes, there are three tissue cluster methods as in Table 2-1.

Table 2-1. Three tissue cluster methods.

Whether consider the Fitting data matrix Calculating the electrical parameters
volume weight for every cluster
Cluster method 1 No No
Cluster method 2 No Yes
Cluster method 3 Yes Yes

There are some detailed settings for the GMM, such as the number of clusters,
the type of covariance matrix (full or diagonal) and the shared or unshared
covariance matrix (whether all the covariance matrix for every Gaussian
distribution in GMM is identical). To find the suitable settings, the Akaike’s

Information Criterion (AIC) and the Bayesian Information Criterion (BIC) were
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used [27]-[29]. The AIC and BIC are closely related to the likelihood, which is a
measure of model fit. A higher likelihood means a better fit. But if we only
concentrate on finding the maximum likelihood, we would get a model with one
data point solely in one cluster [29]. That will not simplify the human models.
Thus, the criteria which do not only depend on the likelihood are adopted such as
the AIC and BIC. The AIC is defined as
AIC = 2K — 2In (likelihood), (2-3)
where K is the number of the parameters [29]. The BIC is defined as
BIC = KIn(N) — 2In (likelihood), (2-4)
where K is the number of the parameters and N is the sample size of the data [29].
Thus, the lower AIC and BIC mean a better fit for the data. An example of AIC

and BIC for the Duke model using cluster method 3 is shown in Figure 2-3.

x108 AlIC <108 BIC

M Diagonal-shared
Full-shared J
[CIDiagonal-unshared

[ IFull-unshared

Il Diagonal-shared
Full-shared .
[IDiagonal-unshared

[ Full-unshared

1 2 3 4 5 6 7 8 2 3 4 5 6 7 8
Number of clusters Number of clusters

Figure 2-3. AIC and BIC.
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As in this example, the full covariance matrix should be chosen for a number
of clusters as two, and not all covariance matrices are identical (unshared). For
cluster number, the eight clusters have the smallest AIC and BIC. In this study, to
make the experiment in the human models more practical, the number of clusters
as 1, 2 and 3 was focused on. And to get a reference, the number of eight was also
considered for electromagnetic simulations.

For 1, 2, 3, and 8 clusters, the scatter plots for the three cluster methods and

three human models are shown in Figure 2-4 to Figure 2-6.
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Figure 2-6. The scatter plots for the three cluster methods for the FATS model.
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2.1.3. Electromagnetic simulation setup

The electromagnetic simulations were conducted for the three original human
models (Duke, Ella, and FATS) and the simplified tissue-reduced human models
for them with three cluster methods and 1, 2, 3 and 8 clusters. The SEMCAD X
(V14.8 SPEAG) software was used for simulations based on the Finite-Difference
Time-Domain (FDTD) method. The three representative human models were
loaded under three landmark positions as shown in Figure 2-7 based on the
position of the thalamus. At 1.5 T, the frequency is 64 MHz. The boundary
conditions for six directions were set to be absorbing boundary conditions (ABC),
which can absorb incoming waves without reflection. The simulation time was all
set to be 30 periods. After the simulations were finished, the currents, voltages,
and electrical/magnetic field signals were examined to guarantee the convergence
of all the simulations. Adaptive meshing was adopted and the maximum mesh size
for the human models is 2 mm. The results were all normalized to a whole-body
SAR value of 2 W/kg. The head SAR and partial body SAR were checked to
ensure that they do not exceed the limits under NORMAL OPERATING MODE

according to the standard IEC 60601-2-33 [30].
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Figure 2-7. Three landmark positions.

2.2.  Results and discussion: a correlation analysis
Based on the results of electromagnetic simulations, the electric field in
several different body regions was extracted for both the simplified and original

models. These body regions are shown in the Figure 2-8.
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Figure 2-8. The body regions for electric field extraction.
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To evaluate the performance of the tissue-reduced human models, a
correlation analysis between the electric field of the original and simplified human
models was conducted. The correlation coefficients of the electric field in the
original and simplified human models were calculated for the analysis. The
formula for calculating the correlation coefficient of variable 4 and variable B is
[31]

p(4,B) = <222, (2-5)
where the o4 and o are the standard deviations of the variable 4 and B,
respectively, and cov(4,B) is the covariance of 4 and B. The cov(4,B) is
calculated by [32]
cov(4, B) = E[(A — 1) (B — up)], (2-6)
where (4 and up are the means of variables 4 and B, respectively and E[] is the
expected value (mean) of the variable inside the brackets. In this study, the
variables 4 and B are the electric field in the original and simplified human
models. The results of the correlation analysis for the Duke model in terms of the
module of electric field are shown in Figure 2-9. Generally, cluster number as 1
has a poor correlation for all the three cluster methods as shown by the solid red
line. For the cluster method 3, the number of clusters as 2 indicated by the solid
black line already has a good correlation. In detail, the correlation coefficients for
the cluster method 3 with 2 clusters are higher than 0.95 for all studied conditions.

The same correlation analysis was conducted for both the Ella and FATS

models. And the same conclusion was obtained like the Duke model, that is, the
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cluster method 3 with 2 clusters has a good correlation and has only 2 clusters.
The results of the correlation coefficients for the cluster method 3 with 2 clusters
in terms of the module of electric field are shown in Figure 2-10 A and B. For all
studied conditions, the correlation coefficients are higher than 0.96 for the Ella
model and are higher than 0.85 for the FATS model. Thus, for the three human
models, to get a balance between better correlation and fewer clusters, the cluster
method 3 with 2 clusters is chosen.

For the FATS model, because the fat tissue has a volume weight as high as
45.07%, the GMM will put the fat tissue in an independent cluster. But
considering that the fat and the bone have similar electrical parameters, an
adjustment was conducted to the clusters and the bone was moved into the same
cluster as the fat. Electromagnetic simulations were also performed for the
adjusted simplified FATS model, and the correlation coefficients are shown as in
Figure 2-10 C. For the adjusted FATS model, the modules of the correlation
coefficients are higher than 0.92. It has an overall better electric field correlation
with the original FATS model than that of the simplified FATS model with only

fat in a cluster.
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Figure 2-9. The correlation coefficients for the Duke model in terms of the module of electric field.

For more details of the correlation analysis, the correlation coefficients for the
electric field along the x, y and z directions were also calculated. The results for

those of the chosen cluster method with 2 clusters are attached in Table 2-11, Table
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2-1IT and Table 2-IV. More results for the correlation analysis of electric field are

attached in the Appendix I.
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Figure 2-10. The correlation coefficients for the Ella and FATS models.
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Table 2-1I. The correlation coefficients between the original Duke model and the chosen

tissue-reduced Duke model at 1.5 T.

Landmark positions 400mm 600mm 800mm
Correlation module phase module phase module phase
coefficient

R of Ex_left arm 1.00 -0.02 1.00 0.00 1.00 0.01
R of Ey_left arm 0.99 0.00 1.00 0.00 1.00 0.00
R of Ez_left arm 1.00 -0.01 1.00 0.00 1.00 0.00

R of E_left_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 -0.01 0.99 0.03 0.99 0.04
R of Ey right_arm 0.99 0.01 0.99 0.02 0.99 0.01
R of Ez_right arm 0.99 0.01 0.99 0.01 0.99 0.01
R of E_right_arm 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_left tibia 0.99 -0.05 0.98 -0.02 0.99 0.00
R of Ey left tibia 0.98 -0.02 0.98 0.05 0.98 0.05
R of Ez_left tibia 0.96 0.10 0.97 0.14 0.97 0.14
R of E_left_tibia 0.98 0.00 0.97 0.00 0.98 0.00

R of Ex_right_tibia 0.99 0.04 1.00 0.01 1.00 0.00

R of Ey right tibia 0.99 0.03 1.00 0.00 1.00 0.00

R of Ez_right_tibia 0.97 0.16 0.96 0.11 0.96 0.09

R of E_right_tibia 0.98 0.00 0.99 0.00 0.99 0.00

R of Ex_hip_femur 0.99 -0.02 0.99 -0.01 0.99 0.00

R of Ey_hip_femur 0.99 0.00 0.99 0.00 0.99 -0.01

R of Ez_hip_femur 0.99 -0.05 1.00 -0.04 1.00 -0.04

R of E_hip_femur 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_body 0.98 0.01 0.97 0.04 0.97 0.04
R of Ey_body 0.97 0.01 0.97 0.01 0.97 0.01
R of Ez_body 0.99 0.00 0.99 -0.01 0.99 -0.02

R of E_body 0.96 0.00 0.97 0.00 0.98 0.00
R of Ex_head 0.99 0.00 0.99 -0.01 0.99 -0.02
R of Ey_head 0.99 0.00 0.99 0.00 0.98 0.00
R of Ez_head 0.99 -0.02 0.99 -0.01 0.98 -0.03
R of E_head 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.99 0.00 0.98 0.00 0.99 0.00
R of Ey_total 0.98 0.00 0.99 0.00 0.99 0.00
R of Ez_total 0.99 0.00 0.99 -0.01 0.99 -0.02
R of E_total 0.99 0.00 0.99 0.00 0.99 0.00
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Table 2-I1I. The correlation coefficients between the original Ella model and the chosen tissue-reduced

Ella model at 1.5 T.

Landmark positions 400mm 600mm 800mm
Correlation module phase module phase module phase
coefficient

R of Ex_left arm 0.99 -0.02 1.00 -0.01 1.00 0.00
R of Ey_left arm 0.99 -0.02 1.00 0.00 1.00 0.00
R of Ez_left arm 0.99 -0.03 0.99 -0.02 0.99 -0.01

R of E_left_arm 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 0.05 0.99 0.00 1.00 0.00
R of Ey right_arm 0.99 0.01 1.00 0.01 1.00 0.01
R of Ez_right arm 0.99 -0.01 0.99 0.00 0.99 0.00
R of E_right_arm 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_left tibia 0.99 -0.01 0.99 0.01 0.99 0.00
R of Ey left tibia 0.99 0.04 0.99 0.05 0.99 0.02
R of Ez_left tibia 0.98 0.08 0.97 0.07 0.98 0.04
R of E_left_tibia 0.99 0.00 0.98 0.00 0.99 0.00

R of Ex_right_tibia 1.00 -0.01 1.00 0.00 1.00 0.00

R of Ey right tibia 0.99 -0.01 1.00 0.00 1.00 0.00

R of Ez_right_tibia 0.97 0.04 0.97 0.01 0.97 0.01

R of E_right_tibia 0.99 0.00 1.00 0.00 1.00 0.00

R of Ex_hip_femur 1.00 0.00 1.00 0.00 1.00 -0.01

R of Ey_hip_femur 1.00 0.00 1.00 0.00 0.99 0.00

R of Ez_hip_femur 1.00 0.01 1.00 0.00 1.00 0.00

R of E_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.98 -0.03 0.97 -0.03 0.98 -0.02
R of Ey body 0.96 -0.03 0.96 -0.01 0.97 0.00
R of Ez_body 0.99 -0.03 0.99 -0.01 0.99 0.01

R of E_body 0.97 0.00 0.97 0.00 0.99 0.00
R of Ex_head 0.98 -0.02 0.98 -0.04 0.98 -0.02
R of Ey_head 0.98 -0.01 0.97 -0.01 0.95 -0.01
R of Ez_head 0.98 -0.02 0.98 -0.04 0.95 -0.02
R of E_head 0.98 0.00 0.99 0.00 0.97 0.00
R of Ex_total 0.99 -0.01 0.99 -0.01 0.99 -0.01
R of Ey_total 0.98 -0.01 0.98 0.00 0.99 0.00
R of Ez_total 0.99 -0.03 0.99 -0.01 1.00 0.00
R of E_total 0.99 0.00 0.99 0.00 0.99 0.00
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Table 2-IV. The correlation coefficients between the original FATS model and the chosen

tissue-reduced FATS model at 1.5 T.

Landmark positions 400mm 600mm 800mm
Correlation module phase module phase module phase
coefficient

R of Ex_left_arm 0.99 -0.01 0.99 -0.01 1.00 -0.01
R of Ey_left arm 0.98 -0.02 0.99 -0.01 0.99 0.00
R of Ez_left_arm 0.99 -0.01 0.99 -0.01 0.99 -0.02

Rof E_left arm 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_right_arm 0.99 0.02 0.99 0.01 0.99 -0.01
R of Ey right arm 0.99 -0.01 0.99 0.00 0.99 0.00
R of Ez_right_arm 0.99 -0.02 0.99 -0.02 0.99 -0.03
R of E_right_arm 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_left tibia 0.99 0.00 0.96 0.05 0.96 0.05
R of Ey left tibia 0.99 0.01 0.95 0.07 0.95 0.07
R of Ez_left_tibia 0.96 0.07 0.92 0.08 0.92 0.06

R of E_left_tibia 0.99 0.00 0.93 0.00 0.93 0.00

R of Ex_right tibia 1.00 -0.01 0.99 -0.01 0.99 0.00

R of Ey_right tibia 0.99 -0.01 0.99 0.00 0.99 0.01

R of Ez_right_tibia 0.98 0.01 0.93 0.04 0.93 0.04

R of E_right_tibia 1.00 0.00 0.98 0.00 0.98 0.00

R of Ex_hip_femur 1.00 -0.03 1.00 -0.02 0.99 -0.01

R of Ey_hip_femur 0.99 -0.01 0.99 -0.01 0.98 -0.01

R of Ez_hip_femur 0.99 -0.02 1.00 -0.01 1.00 -0.01

R of E_hip_femur 1.00 0.00 1.00 0.00 0.99 0.00
R of Ex_body 0.98 -0.02 0.98 -0.02 0.98 -0.02
R of Ey_body 0.97 -0.02 0.97 -0.02 0.97 -0.01
R of Ez_body 0.99 -0.01 0.99 -0.01 0.99 -0.02

R of E_body 0.97 0.00 0.97 0.00 0.98 0.00
R of Ex_head 0.97 -0.01 0.97 -0.02 0.98 -0.01
R of Ey_head 0.97 0.00 0.98 0.00 0.98 0.00
R of Ez_head 0.98 -0.01 0.99 -0.01 0.98 0.01
R of E_head 0.97 0.00 0.98 0.00 0.99 0.00
R of Ex_total 0.99 -0.02 0.99 -0.02 0.99 -0.02
R of Ey_total 0.98 -0.01 0.98 -0.01 0.98 0.00
R of Ez_total 0.99 -0.01 0.99 -0.01 0.99 -0.01
R of E_total 0.99 0.00 0.99 0.00 0.99 0.00
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2.3.  Conclusions

Based on the electric field correlation analysis, the chosen tissue-reduced

virtual family models mainly use the cluster method 3 with 2 clusters, so we

named them as Volume-Weighing Tissue-Cluster models with 2 clusters

(VWCKk2). The details of the electrical conductivities and relative permittivities

are as in Table 2-V. For cluster 1, the main tissues are the bone and fat with

smaller values of electrical conductivity and relative permittivity. For cluster 2,

the main tissues are the muscle and skin with larger values of electrical

conductivity and relative permittivity. The detailed tissues in the two clusters are

attached in the Appendix II.

Table 2-V. Detailed parameters for the chosen tissue-reduced virtual family models at 1.5 T.

Cluster 1 Cluster 2
Bone, fat, ... Muscle, skin, ...
&r o (S/m) &r o (S/m)
Duke 18.38 0.11 76.58 0.67
Ella 14.11 0.07 72.03 0.63
FATS 13.88 0.07 72.97 0.63
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Chapter 3.  TISSUE-REDUCED VIRTUAL FAMILY MODELS’ APPLICATION

ON RF-INDUCED HEATING EVALUATION OF PASSIVE MEDICAL IMPLANTS

AT15T

3.1. Introduction

There are some common safety concerns for the MRI examination. One of
which is the RF-induced heating coming from the interaction between the medical
implanted device and the electromagnetic field [33]. The heating can be quite high
if the device is made of metallic materials. Related research about the RF-induced
heating of the implanted device has been conducted about the passive devices,
such as the stent system [4], [34], the wire-based sternal closure [13], and the
active devices such as the DBS [35], the pacemaker [36]. These studies reveal that
the RF-induced heating could lead to a quite high temperature rise near the device
and burn the human tissue. To assure the safety of the patients undertaking the
MRI examination, the RF-induced heating should be properly evaluated, and the
medical device needs to be labeled per the ASTM standard [1], [9].

To evaluate the RF-induced heating for medical implants, the ASTM phantom
is often used for both simulation and experiment to yield a fast prediction of the
RF-induced heating [9]. Several previous research was conducted in the ASTM
phantom for RF-induced heating evaluation with simulation [10], [11] and
experiments [12]. But if the more accurate results of the RF-induced heating are
needed, the high-resolution anatomically realistic human models such as the

virtual family human models [14], [15] should be used to take the human
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geometrical shape, properties of the human tissues into account. Research on the
RF-induced heating in human models is conducted mainly with numerical
simulations [16], [17]. Although some experiments in human models were
conducted but the fabricated human models are greatly simplified to only keep the
human shape and part of the body [18], [19]. The virtual family human models
have relatively accurate details of the human tissues, but they require high
computational resources and are difficult to be fully fabricated and applied to
experiments. Thus, the human models need to be simplified to make the
fabrication more feasible for experiments but should still be able to evaluate the
RF-induced heating relatively accurately, that is, more accurate than that of the
ASTM phantom at least. There are some previous studies about the simplified
human models for MRI safety study and SAR investigation [21]-[23]. However,
the study about simplified human models’ application on RF-induced heating
evaluation of medical device is still necessary. In our previous study, the
Volume-Weighing Tissue-Cluster Models with 2 clusters (VWCk2) based on the
Gaussian mixture method were proposed for evaluating the RF-induced heating of
some active devices (AIMDs) [37]. The correlation coefficients between the
incident electric field inside the original human models and the simplified human
models are higher than 0.96 for the studied three human models (the Duke model,
Ella model, and FATS model). The correlation coefficients of RF-induced heating
are higher than 0.997 with absolute error less than 1 °C [37] for all studied

AIMDs. Thus, the proposed VWCk2 models have a good performance on
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evaluating the RF-induced heating of the studied AIMDs and have only two types
of tissues. It is relatively practical for the experimental study in the future.
However, for the VWCk2 models, the performance on the RF-induced heating
evaluation for passive device system is unknown and needs to be investigated.

The method to evaluate the RF-induced heating of passive device is quite
different from that of the active device. For passive device, the spatial averaged
specific absorption rate (SAR) is used to quantify the heating [38]. The incident
electric field near the implanted device determines the input energy while the
surrounding human tissues’ properties especially the electrical conductivities will
influence the power dissipation and distribution [39]. Both will influence the
values of SAR near the device. Considering the high correlation of electric field
between the original and simplified human models (the VWCk2 models), the
VWCk2 models will have a quite similar distribution of the incident electric field.
However, a scaling needs to be conducted to consider the influence of the
surrounding tissues’ electrical conductivities, which will be explained in detail in
the Method part.

In this paper, four common representative passive device systems are
investigated using simulations: the standalone screw system, the pedicle screw
system, the plate and screw system and the stent system. Every type of passive
device was implanted in the clinical positions of the original and simplified human
models (the Duke, Ella and FATS models). And the human models were loaded in

the 1.5 T G32 birdcage coil at three landmark positions. To make a comparison

31



between the simplified human models and the ASTM phantom, the studied
passive device was also placed into the ASTM phantom and a scaling using the
incident tangential electric field was also conducted for the results of the ASTM
phantom.
3.2. Method
3.2.1. Tissue-Reduced Virtual Family Models by tissue clustering method

The three representative human models from the virtual family are used as the
original models for simplification. They are the Duke model (adult male), the Ella
model (adult female) and the FATS model (adult fat male) [14], [15]. According
to our previous study, the tissue clustering method based on the Gaussian Mixture
Method (GMM) is a suitable method to determine the simplified human models
for the electromagnetic simulations [37]. In this study, the GMM was
implemented by the function of MATLAB to fit the Gaussian mixture distribution
to the data of real part and imaginary part of the complex relative effective
permittivity. The Akaike Information Criterion and Bayesian Information
Criterion were used to find the most suitable GMM model. And the simplified
human models (VWCk2 human models) considering the volume weighting of
every type of tissue have a great performance on the electric field correlation and
evaluation for the RF-induced heating of AIMDs [37]. The tissue-reduce virtual
family models (the VWCk2 models) have only two types of human tissues so they
simplify the simulation setup significantly and make the experimental study in

human models more practically in the future. The detailed tissue clusters (the
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Duke model is used as an example) and their relative permittivities (&), electrical
conductivities (o) and mass densities (p) are shown in Figure 3-1. Figure 3-1 A
shows the main tissues in the two clusters of the tissue-reduced Duke model in the
SEMCAD software, Figure 3-1 B shows the scatter plot of the two clusters for the
tissue-reduced Duke model, and Figure 3-1 C shows the detailed parameters of the

tissue-reduced Duke, Ella, and FATS human models.
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Cluster 1 Cluster 2
Bone, fat, ... Muscle, skin, ...
g o(S/m) pkgm®) & o(S/m) pkgm?)
Duke 18.38 0.11 1000.6 76.58 0.67 1090.5
Ella 1411 0.07 10646 72.03 0.63 1082.4

FATS 13.88 0.07 9893 7297 0.63 1062.0

Figure 3-1. A, The main tissues in the two clusters of the tissue-reduced Duke model in the SEMCAD
software. B, The scatter plot of the two clusters for the tissue-reduced Duke model. C, The

detailed parameters of the tissue-reduced virtual family human models.

3.2.2. Passive device systems
To investigate if the tissue-reduced virtual family models can accurately
evaluate the RF-induced heating of the passive device, four types of common
passive systems were studied: the standalone screw system, the pedicle screw
system, the plate and screw system and the stent system. The standalone screw
system is generally the simplest passive implanted system and is always used for
the fixation of the bone to treat the fracture. The screws can be implanted in many

regions inside the human body with different sizes [40]—[43]. In this study, the
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screws were placed around the ankle and the pelvic in the original and
tissue-reduced human models as shown in the Figure 3-2 A. The pedicle screw
system was implanted near the lower back and the neck in this study as shown in
Figure 3-2 B. Another common passive device system is the plate and screw
system used for fracture treatment. In this study, the plate and screw system was
implanted near the fibula [44]-[46], the rib [47] and the cervical vertebrate C4
[48], [49] as shown in Figure 3-2 C. And the stent system is placed in the three
positions of the human models: the iliac artery, the thoracic aorta, and the carotid
artery [50], [51]. The detailed implanted positions of the stent system are shown in
Figure 3-2 D. For all studied passive device systems, the device’s models were
simplified and implanted around the clinical positions inside the human models.
The detailed sizes of the device are adaptative to different human models (the
Duke, Ella, and FATS models). But for the same human models with original

tissues or simplified tissues, the sizes of the device are identical.

34



(A)

Pelvic

Ankle 4\

.
&

(D) Carotid artery

lliac artery

B 4
-,

Thoracic aorta

Figure 3-2. A, The implanted positions of the standalone screw system. B, The implanted positions of
the pedicle screw system. C, The implanted positions of the plate and screw system. D,

The implanted positions of the stent system.

3.2.3. Electromagnetic simulation setup
The G32 birdcage coil was used for simulations in this study to model the
practical RF coil [52]. The sizes of the G32 coil are: 650 mm in length and 700
mm in diameter for FATS model, 650 mm in length and 630 mm in diameter for
Duke and Ella models. To better model the practical MRI equipment, a metal
shield with 1500 mm length was used to confine the electromagnetic field inside

the coil.
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The original and tissue-reduced human models were loaded in the G32 coil at
three landmark positions for more comprehensive investigation as shown in
Figure 3-3. The implanted passive device was in the center of the coil in the z
direction and moved with the human models by 100 mm along the -z and +z
directions, respectively. Similarly, for the in vitro simulation, the device was
placed in the ASTM phantom at the middle in the y and z directions and 2 cm
away from the longest side wall as required in the ASTM standard [9]. Then the
ASTM phantom was also placed at three landmark positions to make the device at
the 0 mm, 100 mm, and -100 mm along the z direction. The standard ASTM
phantom is an Acrylic container with a relative dielectric constant of 3.7 and an
electric conductivity of 0 S/m. The Acrylic container is filled with gelled-saline.
The relative dielectric constant and conductivity of the gelled-saline are 80.38 and
0.47 S/m, respectively. For both in vivo and in vitro, the passive devices were all

set as perfect electric conductor (PEC).
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Figure 3-3. The studied three landmarks in simulations: the implanted passive device was in the center
of the coil in the z direction (0 mm) and moved by 100 mm along the -z (-100 mm) and +z

(100 mm) directions.
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The electromagnetic simulations were conducted using the SEMCAD X
(V14.8 SPEAG) software. For the simulated MRI system at 1.5 T, the operating
frequency is 64 MHz. The boundary conditions for six directions were set to be
absorbing boundary conditions (ABC). The simulation time was all set to be 30
periods. After the simulations were finished, the currents, voltages, and E/H field
signals of the sensors versus time were checked to confirm that the simulations
were converged. Adaptive meshing was adopted. The maximum mesh sizes were
2 mm for the human models, 5 mm for gelled-saline and 10 mm for shell of the
phantom. The maximum mesh sizes for the studied passive device systems are
shown in Table 3-1. All the results in the ASTM phantom were normalized to a
whole-body average SAR of 2 W/kg. Considering that the head and the leg of the
human models could be placed around the center of the coil, the head SAR limit
and the partial body SAR limit should be checked. Thus, all the results in human
models were normalized to the NORMAL OPERATING MODE [30]. The mesh
size of the human models was checked for convergence using extrapolation for

peak SAR1g near the device and the incident electric field as in Appendix III.

Table 3-I1. Maximum mesh sizes for the studied passive device systems.

Duke Ella FATS
Screw system Ankle 0.7 mm 0.7 mm 0.7 mm
Pelvic 0.7 mm 0.7 mm 0.7 mm
Pedicle screw Neck 1 mm 1 mm 1 mm
system
Lower back 1 mm 1 mm 1 mm

37



Table 3-1. Maximum mesh sizes for the studied passive device systems. (continued)

Plate and C4 1 mm for plate, 1 mm for plate, 1 mm for plate,
serew system 0.7 mm for screws 0.7 mm for screws 0.7 mm for screws
Fibula 1 mm for plate, 1 mm for plate, 1 mm for plate,
0.7 mm for screws 0.7 mm for screws 0.7 mm for screws
Rib 0.8 mm for plate, 0.8 mm for plate, 0.8 mm for plate,
0.7 mm for screws 0.7 mm for screws 0.7 mm for screws
Stent system Carotid artery 0.5 mm 0.5 mm 0.5 mm
Iliac artery 0.5 mm 0.5 mm 0.5 mm
Thoracic aorta 0.5 mm 0.5 mm 0.5 mm

3.2.4. SAR analysis

To quantify the RF-induced heating, the spatial averaged specific absorption

rate over one gram (SARig) was proposed as a standard [38] as

SAR = %”"'2 W /kg), (3-1)
where o is the conductivity of the tissue, p is the mass density and E is the root
mean square of electric field strength. The SAR averaged to one gram is SARig.
An uncertainty analysis was conducted for the peak SAR1g near the device as in
Appendix IV.

The SARig used to quantify the RF-induced heating near the device is the
absorbed power averaged to a volume with 1 gram mass. The absorbed power
(0lE]* in (3-1)) is greatly related to the incident electric field and electrical
conductivities of the surrounding tissues. The most important difference affecting
the peak SARig near the device between the ASTM phantom and original human

models are the geometrical shape and non-homogeneity of the tissues.
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For the geometrical shape: the ASTM phantom has a simple geometrical
shape, which means the implanted position of the device cannot be the same as the
clinical position in the human models. That directly leads to the different incident
electric fields near the device. It influences the absorbed power near the device.

For the non-homogeneity of the tissues: the ASTM phantom is filled with
uniform gelled-saline. And the original human models have non-uniform tissues
with different parameters. That means the tissues near the implanted device in the
ASTM phantom and human models have different parameters. The most
important parameter influencing the SAR1g is the electrical conductivity because it
will influence the electric field distribution and is directly related to the absorbed
power. The electrical conductivities of tissues near the device will influence the
power deposition and dissipation around the device.

Thus, because the geometrical shapes of the ASTM phantom and human
models are different and the tissues in the human models are non-homogenous,
the incident electric field and electrical conductivities of the tissues near the
device are different in the human models and ASTM phantom. That means
different absorbed power and different RF-induced heating. To calibrate the
influence of the incident electric field and electrical conductivities of tissues near
the device on the SARig, two scaling methods were proposed. For the ASTM
phantom, the scaling should be conducted to consider the incident electric field
and electrical conductivities of tissues near the device. For the tissue-reduced

human model, the scaling should be conducted to consider the electrical
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conductivities of tissues near the device since the incident electric field inside the
tissue-reduced human models is highly correlated to that inside the original human
models.

For the simulation in ASTM phantom, a scaling method was applied using the
incident electric field and was named as E-scaling. The averaged values of the
incident electric field along the tangential direction of the device were extracted in
the ATSM phantom and original human models. The detailed formula for the

E-scaling value of SAR1g is illustrated as

. . 2
(lAveraged incident Eoriginal human models D)

(|Averaged incident E gsTM phantom|)?

SAR1g scating = SAR1g phantom »(3-2)
where the SAR, g scqiing 18 the scaled result of the SARyg, the SAR 4 prantom 18
the  simulated value of SAR;; in the ASTM phantom, the
Averaged incident Eriginal human models and
Averaged incident E sy phantom are the averaged values of the tangential
incident electric field along the device in the original human models and the
ASTM phantom, respectively. The ASTM phantom has one main drawback. That
is, its shape is too simple and the device in the phantom is not implanted in the
clinical position. Thus, the incident electric field will be different from that in the
real human body. The E-scaling method is an improvement for the ATSM
phantom to calibrate the influence of the incident electric field.

For the simulations in the phantom and tissue-reduced human models, another

scaling for considering the electrical conductivities of the surrounding tissues was

proposed and was named as o-scaling. Although the tissue-reduced virtual family
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models have a great correlation for incident electric field with the original models,
the RF-induced heating is also significantly related to the electrical properties of
the surrounding tissues [37], [39]. For the implanted passive device, the incident
electric field will determine the input power, while the electrical conductivities of
the surrounding tissues will influence the power deposition and dissipation [39].
Both the incident electric field and surrounding tissues’ electrical conductivities
will affect the absorbed power around the implanted passive device. The tissues’
electrical conductivities range from 0 (the internal air, the pharynx, and so on) to
2.07 S/m (cerebrospinal fluid) for the original human models and range from 0.07
S/m to 0.67 S/m for the simplified human models. Thus, around the same location,
the ratio of averaged electrical conductivity in the original models to that in the
tissue-reduced models can be as large as around three times. To calibrate the
influence of the electrical conductivities of surrounding tissues on SAR1g, a series
of simulations in the ASTM phantom were conducted for a standard rod made
from titanium [9]. The rod has a length of 10 cm and a diameter of 1/8 inches. The
electrical conductivity of the gelled-saline near one end of the rod in a 15 mmx15
mmx15 mm cubic was changed from 0 to 1.80 S/m. The hotspot located at this
end (the top end of the rod in Figure 3-4 A) when the electrical conductivity of the
gelled-saline was all set to 0.47 S/m. The rod and the phantom are shown in
Figure 3-4 A. The peak SARigat this end versus the electrical conductivity of
surrounding gelled-saline is shown in Figure 3-4 B. The curve in Figure 3-4 B

shows a simple relationship between the electrical conductivity of tissue and
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SARig. Then for the original human models, the tissue-reduced human models,
and the ASTM phantom, the averaged electrical conductivities in a 10 mmx10
mmx10 mm cubic near the hotspots (positions of peak SARigaround the device)

in the original human models were extracted. The formula for the o-scaling is

SAng_scaling = SAng_simulated X

SARFigure 3—4B averaged o of original human models (3 3)

SARFigure 3—-4B averaged o of tissue—reduced human models or ASTM phantom

where the SAR;4 scaling is the scaled value of SARig for the simplified human
models or ASTM phantom, the SAR, g simuiatea 1 the simulated value of SARig
for the simplified human models or the ASTM phantom. The
SARggure 3-4B averaged o of original human modets 15 the value of SARig in the
Figure 3-4 B corresponding to the extracted averaged electrical conductivity of the
surrounding tissues near the hotspot in the original human models. The
SARFigure 3-4B averaged o of tissue—reduced human models or ASTM phantom 18 the
value of SARig in the Figure 3-4 B corresponding to the extracted averaged
electrical conductivity of the surrounding tissues in the simplified human models
or ASTM phantom. To show the o-scaling can make the peak SARig near the
device in the tissue-reduced human models match better with that in the original
human models, the results with and without the o-scaling in tissue-reduced human

models are attached in the Appendix V.
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Figure 3-4. A, The rod and the phantom used for o-scaling. B, The SAR |, at the top end of the rod
versus the electrical conductivity of surrounding gelled-saline in the 15 mm*15 mm*15

mm cubic.

43



3.3.  Results and discussion
3.3.1. Peak SARjg near the device comparison

The values of peak SARig near the implanted passive device in the original
human models were extracted. And the values of SAR1¢ near the same locations as
in the original human models of the simplified human models and the ASTM
phantom were also extracted for comparison. The extracted values of SAR1g in the
ASTM phantom were scaled using the incident electric field (the E-scaling) for a
more comprehensive comparison as explained in the Method part. In this study,
the influence of surrounding tissues’ electrical conductivities on the SARig was
considered and another scaling (the o-scaling) to the results of the simplified
human models and the ASTM phantom was conducted as illustrated in the
Method part. The results are shown in Figure 3-5. As shown in Figure 3-5,
compared to the results of the ASTM phantom with or without E-scaling, the
values of SARig of the tissue-reduced virtual family models have the best
correlation with those of the original human models. In detail, the correlation
coefficient between the SARigof the original human models and the SARigof the
tissue-reduced human models is as high as 0.99. And the correlation coefficients
between the SARig of the original human models and the SARig of the ASTM
phantom are 0.65 and 0.94 without and with E-scaling respectively. The
least-square fit polynomial coefficients of the first degree were calculated for the
data represented by the black circles, red squares, and blue triangles, respectively.

The polynomial coefficients with the highest power are the slopes of the fitting

44



straight lines and are shown in Figure 3-5 as the s of the legend. The slopes are
0.97 for the tissue-reduced virtual family, 0.58 for the ASTM phantom, and 2.34
for the ASTM phantom with E-scaling. From the correlation coefficients and the
slopes, the tissue-reduced human models can evaluate the peak SARig near the
studied passive device more accurately than that of the ASTM phantom even with
the E-scaling to calibrate the incident electric field along the device inside the
phantom.

Generally, the SAR1g evaluated in the ASTM phantom without E-scaling is
conservative except some special cases like the device implanted in the fibula
region or the neck region. Compared to the SARig in the original human models,
the relative errors of the SARig in the ASTM phantom without E-scaling can be
lower than -10%. The most extreme outlier in the lower right corner in Figure 3-5
is the plate and screw system implanted in the fibula region of the FATS model at
100 mm landmark position. That outlier has a relative error as -37.15%, which is
the lowest relative error among the results in the ASTM phantom without
E-scaling. Other cases that the ASTM phantom without E-scaling is obviously not
conservative (with a relative error lower than -10%) are the pedicle screw system
implanted in the neck region of the Duke model at 0 mm and -100 mm landmark
positions, the plate and screw system implanted in the fibula region of the Ella
model at 100 mm landmark position, the pedicle screw system implanted in the
neck region of the Ella model at 0 mm landmark position, the plate and screw

system implanted in the fibula region of the FAST model at 0 mm landmark
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position, and the plate and screw system implanted in the fibula region of the
Duke model at 100 mm landmark position. These results show that the ASTM
phantom is mainly not conservative for the plate and screw system implanted in
the fibula region and the pedicle screw system implanted in the neck region. For
these cases, the main trunk of the body is not inside the coil, which leads to very
high input power for normalization to the Normal Operating Mode. And that leads
to stronger incident electric field near the device in the original human models
than that in the ASTM phantom. It will result in higher SARig in the original
human model than that in the ASTM phantom without the E-scaling. When the
device is a standalone screw implanted in the pelvic region, the ASTM phantom is
overly conservative. The value of SARig in ASTM phantom can be 2402.57%
higher than that in original Ella model with the standalone screw implanted in the
pelvic region at 0 mm landmark position. For the tissue-reduced human models,
they are not aimed at getting conservative results but aimed at getting more closer
SARig evaluation to that in original human models. From the Figure 3-5, the
tissue-reduced human models are not conservative for many cases, but the
evaluated SARig values in the tissue-reduced human models have a high

correlation with those in the original human models.
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Figure 3-5. Results of the SAR |, for all simulations at the positions of peak SAR, near the implanted

passive device in the original human models at 1.5 T. The R is the correlation coefficient,

and the s is the slope of the fitting straight line in the legend.

For a more comprehensive investigation, SAR1g in the tissue-reduced human
models were compared to those in ASTM phantom with and without E-scaling.
The comparison is shown in Figure 3-6. From this figure, the ASTM phantom
without the E-scaling has more conservative results of the SAR g than those of the
tissue-reduced human models for most cases except that the device implanted in
the fibula region. With the E-scaling, the results of the ASTM phantom become
less or more conservative depending on the implanted positions of the device.
Because the implanted positions of the device will directly influence the incident
electric field near the device, the evaluated SARig with E-scaling will be

influenced.
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To consider the uncertainty coming from the loading position, grid resolution
and tissues’ properties, an uncertainty analysis was conducted as in Appendix IV

[53]-[56]. The combined uncertainty was calculated as 4.12% at 1.5 T.
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Figure 3-6. Comparison of the SAR, in tissue-reduced human models and ASTM phantom with or
without E-scaling at 1.5 T. The R is the correlation coefficient, and the s is the slope of the

fitting straight line in the legend.

3.3.2. SARy distribution near the device comparison
Besides the peak SARig near the implanted passive device, the SARig
distribution near the device was also used for comparison. As shown in Figure
3-7, the plate and screw system on the fibula at 0 mm landmark position was used
as an example. Obviously, the tissue-reduced human models have quite similar
SARIg distributions near the implanted passive device compared to those of the

original human models. While the SARig distributions near the device in the
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ASTM phantom are significantly different from those in the original human

models.
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Figure 3-7. SAR, distributions near the device for the plate and screw system on fibula under 0 mm
landmark position in Duke model.
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One main reason could be that the passive devices in the original or
tissue-reduced human models were placed in identical clinical positions and the
devices in the ASTM phantom were placed in a fixed position required by ASTM
standard [9]. Thus, the incident electric field will be quite different for the human
models (original or tissue-reduced) and the ASTM phantom. And for the original
and simplified human models, they have a high correlation in terms of the incident
electric field. So, the input power from the RF coil is quite similar for the original
and simplified human models. Another main reason for the different SARig
distribution in the original human models and the ASTM phantom can be that the
gelled-saline in the ASTM phantom is uniform. Thus, the method using the
ASTM phantom to evaluate the SARig will not account the influence of the
non-homogeneity of the human tissues on the SARig. The parameters of the
tissues near the device are pretty different in ASTM phantom and human models.
And the most important parameter to the SAR1g is the electrical conductivity
which will influence the electric field distribution and is directly related to the
absorbed power (o|E[?). Although the tissue-reduced human models simplify the
human tissues to two types, it still partly considers the non-homogeneity of the
human tissues and should have better performance on the SARig evaluation than
that of the uniformly filled ASTM phantom.

The moduli of tangential incident electric field along devices implanted in
three representative regions were extracted and plotted in Figure 3-8. The three

representative devices are the plate and screw system implanted near the fibula,
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the standalone screw system implanted near the pelvic and the stent system
implanted in the carotid artery near the neck. These devices were implanted in the
tibia, trunk, and neck regions in the human models, respectively. From Figure 3-8,
the tangential incident electric field near the devices in the original human models
and tissue-reduced human models has a high correlation. While the tangential
incident electric field near the devices in the ASTM phantom is obviously

different from that in the original and tissue-reduced human models.
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Figure 3-8. The moduli of tangential incident electric field along devices comparison.

In this study, the tissue-reduced virtual family models using the Gaussian
Mixture Method were investigated for evaluating the peak SAR1g near the passive

device. As in our previous study, the VWCk2 human models only have two types
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of tissues and have a great correlation with the original human models in terms of
the electric field. The VWCk2 human models also perform well in evaluating the
RF-induced heating for the AIMDs. For the passive device, the SAR is used for
quantifying the RF-induced heating coming from the implanted device. From the
simulated results of the peak SARig neat the device as in Figure 3-5 and the
SARig distribution near the device as in Figure 3-7, the tissue-reduced human
models can evaluate the SARig near the studied passive device more accurately
than the ASTM phantom. The tissue-reduced virtual family models have more
accurate predictions for the peak SARig near the device than those of the ASTM
phantom. They also have significantly fewer types of tissues (2 types) compared
to those in the original human models (34 types for Duke and FATS, 36 types for
Ella). Thus, the tissue-reduced human models can bridge the gap between the
original human models and the ASTM phantom to get a balance between accuracy
and complexity. That will make the experimental study in the human models more
feasible and yield a more accurate evaluation for the peak SARig near the device
than that of the experiment inside the ASTM phantom.

Compared to the ASTM phantom with a simple geometrical shape and
uniformly filled gelled-saline, the tissue-reduced virtual family models keep the
geometrical shape of the human body and partly considers the non-homogeneity
of the human tissues. That makes the tissue-reduced human models have more
similar incident electric field and surrounding tissues’ properties around the

device compared to those in the original human models than those in the ASTM
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phantom. The incident electric field and surrounding tissues’ properties near the
implanted passive device are the two key factors to influence the RF-induced
heating near the device. The incident electric field determines the input power
while the surrounding tissues’ properties especially the electrical conductivity
influence the power dissipation and distribution. Totally, compared to the ASTM
phantom, the proposed tissue-reduced virtual family models (VWCk2 models)
have a better performance on accurately evaluating the peak SARig near the
device .
3.4. Conclusions

For the studied four passive device systems, compared to the ASTM phantom,
the proposed VWCk2 models have:

a. higher correlation in terms of the peak SARig near the device with that of

the original human models.

b. more similar SAR1g distribution near the device with that of the original

human models.

To balance complexity and accuracy for evaluating the RF-induced heating
and make the experimental study in human models more practical, it is necessary
to propose the simplified human models. The simplified human models should
have fewer types of tissues compared to the original human models and have
enough accurate results for heating evaluation. The VWCk2 human models using
the Gaussian Mixture Method based on the real and imaginary parts of the relative

effective permittivities of the tissues were proposed as a tissue-reduced version of
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the virtual family human models. This study tried to investigate the possible
application of the tissue-reduced human models on the RF-induced heating
evaluation for the passive device. Electromagnetic simulations were conducted for
the original human models, the tissue-reduced human models, and the ASTM
phantom with four common and representative passive device systems implanted.
The results of SAR1g were used to access the performance of the tissue-reduced
human models on evaluating the RF-induced heating.

A o-scaling was conducted for the results of peak SAR1g near the device to
take the surrounding tissues’ electrical conductivities into consideration. From the
results of the peak SARig near the device, the correlation coefficient is as high as
0.99 between the SARig of the original human models and the tissue-reduced
human models and are 0.65 and 0.94 between the SARigof the original human
models and the ASTM phantom without and with E-scaling respectively.
Compared to the ASTM phantom, the SARig distribution near the implanted
device of the simplified human models matches better that of the original human
models. In conclusion, the proposed tissue-reduced virtual family models are prior
to the ASTM phantom to evaluate the peak SARig near the device accurately
because the tissue-reduced human models keep the geometrical shape of the
human body and partly consider the non-homogeneity of the human tissues. The
tissue-reduced human models are also greatly simpler than the original human
models. It makes the fabrication of the human models for experimental study in

the future more feasible and practical.

54



Chapter 4.  TISSUE-REDUCED VIRTUAL FAMILY MODELS AND THEIR
APPLICATION ON RF-INDUCED HEATING EVALUATION OF PASSIVE

MEDICAL IMPLANTS AT3 T

4.1. Introduction

To make the experimental study more practical, the tissue-reduced virtual
family models were proposed for RF-induced heating evaluation at 1.5 T. In
previous study, the peak SARig near the device of some representative passive
device systems was evaluated inside the original virtual family models,
tissue-reduced virtual family models and ASTM phantom. The simulated results
were compared to each other for investigating the performance of the
tissue-reduced virtual family models on evaluating the peak SAR ¢ near the passive
devices and making the experimental study more practical for the 1.5 T MRI
system. The Volume-Weighing Tissue-Cluster models with 2 clusters (VWCk2)
developed based on the Gaussian mixture model (GMM) were adopted as the
tissue-reduced virtual family models at 1.5 T. Numerical electromagnetic
simulations based on finite-difference time-domain (FDTD) method were
conducted in the G32 birdcage coil at 1.5 T. Four representative passive device
systems, the standalone screw system, the pedicle screw system, the plate and screw
system and the stent system, were implanted in the original virtual family models,
tissue-reduced virtual family models and ASTM phantom at three landmark

positions for comprehensively study.
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From the results at 1.5 T, compared to the values of peak SAR ¢ near the device
in the original human models, the values of SAR at the same position around the
device in the tissue-reduced virtual family models have a great correlation
coefficient as high as 0.99. While the correlation coefficients between the peak
SARIg near the device in the original human models and the SAR1g around the same
positions near the device in the ASTM phantom are 0.65 for results without
E-scaling and 0.94 for results with E-scaling. For the studied four passive device
systems, the tissue-reduced virtual family models have a more accurate evaluation
of the peak SARi¢ near the device than that of the ASTM phantom. And compared
to the ASTM phantom, the tissue-reduced virtual family models have a more
similar SAR1g distribution around the device and incident electric field distribution
along the device to those of the original human models. The proposed
tissue-reduced virtual family models at 1.5 T have only two types of tissues. It
shows that developing the tissue-reduced virtual family models for the
experimental study is feasible and practical at 1.5 T.

The common MRI systems can operate at 64 MHz (1.5 T) and 128 MHz (3 T).
Thus, for more comprehensively investigation of the tissue-reduced virtual family
models, the Volume-Weighing Tissue-Cluster models with 2 clusters (VWCk2)
were also developed based on the Gaussian mixture model (GMM) at 3 T. After
that, EM simulation will be conducted in a G32 coil and a correlation analysis for
the electric field between the original human models and tissue-reduced virtual

family models will also be conducted. The same passive device systems as those at
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1.5 T were also implanted in the original virtual family models, tissue-reduced

virtual family models and ASTM phantom at three landmark positions for the 3 T

system. That aims to investigate the performance of the tissue-reduced virtual

family models on RF-induced heating evaluation for passive device at 3 T. The

results will show us the feasibility of using tissue-reduced models for the

RF-induced heating testing of implantable medical devices at 3 T.

4.2.  Tissue-reduced virtual family models for 3 T MRI system

4.2.1.

The original human models and the tissues’ parameters at 3 T

The operating frequency at 3 T is 128 MHz. The frequency will influence the

electrical conductivities and relative permittivities of the human tissues. The

comparison of the electrical conductivities and relative permittivities at 1.5 T and 3

T is shown in Table 4-I with the Duke model as an example [57].

Table 4-1.

The electrical
Duke model.

conductivities and relative permittivities at 1.5 T and 3 T of tissues in the

Tissues in Duke model

Electrical

conductivity in

Electrical

conductivity in

Relative permittivity

at1.5T

Relative permittivity

at3 T

S/matl5T S/mat3T

Adrenal gland 0.78 0.80 73.95 66.78
Air_internal 0.00 0.00 1.00 1.00

Artery 1.21 1.25 86.44 73.16
Bladder 0.29 0.30 24.59 21.86
Blood vessel 1.21 1.25 86.44 73.16
Bone 0.06 0.07 16.68 14.72
Brain_grey matter 0.51 0.59 97.43 73.52
Brain_white_matter 0.29 0.34 67.84 52.53
Bronchi 0.53 0.56 58.89 50.57
Bronchi_lumen 0.00 0.00 1.00 1.00

Cartilage 0.45 0.49 62.91 52.92
Cerebellum 0.72 0.83 116.35 79.74
Cerebrospinal_fluid 2.07 2.14 97.31 84.04
Commissura_anterior 0.29 0.34 67.84 52.53
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Table 4-1.  The electrical conductivities and relative permittivities at 1.5 T and 3 T of tissues in the

Duke model. (continued)

Commissura_posterior 0.29 0.34 67.84 52.53
Connective_tissue 0.47 0.50 59.49 51.86
Cornea 1.00 1.06 87.38 71.46
Diaphragm 0.69 0.72 72.23 63.49
Ear_cartilage 0.45 0.49 62.91 52.92
Ear_skin 0.44 0.52 92.17 65.44
Epididymis 0.88 0.93 84.53 72.13
Esophagus 0.88 0.91 85.82 74.90
Esophagus_lumen 0.00 0.00 1.00 1.00

Eye lens 0.29 0.31 50.34 42.79
Eye_Sclera 0.88 0.92 75.30 65.00
Eye_vitreous_humor 1.50 1.51 69.13 69.06
Fat 0.07 0.07 13.64 12.37
Gallbladder 1.48 1.58 105.44 88.90
Heart_lumen 1.21 1.25 86.44 73.16
Heart_muscle 0.68 0.77 106.51 84.26
Hippocampus 0.51 0.59 97.43 73.52
Hypophysis 0.78 0.80 73.95 66.78
Hypothalamus 0.78 0.80 73.95 66.78
Intervertebral disc 0.45 0.49 62.91 52.92
Kidney_cortex 0.74 0.85 118.56 89.62
Kidney medulla 0.74 0.85 118.56 89.62
Large_intestine 0.64 0.71 94.66 76.57
Large intestine_lumen 0.69 0.72 72.23 63.49
Larynx 0.45 0.49 62.91 52.92
Liver 0.45 0.51 80.56 64.25
Lung 0.29 0.32 37.10 29.47
Mandible 0.06 0.07 16.68 14.72
Marrow_red 0.15 0.16 16.44 13.54
Medulla_oblongata 0.72 0.83 116.35 79.74
Meniscus 0.45 0.49 62.91 52.92
Midbrain 0.72 0.83 116.35 79.74
Mucosa 0.49 0.54 76.72 61.59
Muscle 0.69 0.72 72.23 63.49
Nerve 0.31 0.35 55.06 44.07
Pancreas 0.78 0.80 73.95 66.78
Patella 0.06 0.07 16.68 14.72
Penis 0.43 0.48 68.64 55.99
Pharynx 0.00 0.00 1.00 1.00

Pinealbody 0.78 0.80 73.95 66.78
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Table 4-1.  The electrical conductivities and relative permittivities at 1.5 T and 3 T of tissues in the

Duke model. (continued)

Pons 0.72 0.83 116.35 79.74
Prostate 0.88 0.93 84.53 72.13
SAT 0.07 0.07 13.64 12.37
Skin 0.44 0.52 92.17 65.44
Skull 0.06 0.07 16.68 14.72
Small_intestine 1.59 1.69 118.36 87.97
Small_intestine lumen 0.69 0.72 72.23 63.49
Spinal_cord 0.31 0.35 55.06 44.07
Spleen 0.74 0.84 110.56 82.89
Stomach 0.88 0.91 85.82 74.90
Stomach_lumen 0.69 0.72 72.23 63.49
Teeth 0.06 0.07 16.68 14.72
Tendon_Ligament 0.47 0.50 59.49 51.86
Testis 0.88 0.93 84.53 72.13
Thalamus 0.51 0.59 97.43 73.52
Thymus 0.78 0.80 73.95 66.78
Thyroid_gland 0.78 0.80 73.95 66.78
Tongue 0.65 0.69 75.30 65.00
Trachea 0.53 0.56 58.89 50.57
Trachea lumen 0.00 0.00 1.00 1.00

Ureter Urethra 0.43 0.48 68.64 55.99
Vein 1.21 1.25 86.44 73.16
Vertebrae 0.06 0.07 16.68 14.72

Moreover, the real and imaginary parts of the relative effective permittivity
(er —J wieo) were chosen for fitting since the electric field and magnetic field are
related to each other via the relative effective permittivity. The frequency will
influence the imaginary parts (j (DLSO), which will also influence the fitting of the
data.

The scatter plots for the tissues’ properties based on the -electrical
conductivities and relative permittivities are shown in Figure 4-1 A for the Duke

and FATS models and in Figure 4-1 B for the Ella model. And the scatter plots for

the tissues’ properties based on the real and imaginary parts of the relative effective
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permittivity are shown in Figure 4-1 C for the Duke and FATS models and in

Figure 4-1 D for the Ella model. Compared to Figure 2-1, the tissues’ scatter plots at

3 T are slightly different from those at 1.5 T. Those could affect the results of

clustering and the electrical parameters of every cluster. However, the volume

weights of all tissues are identical for the human models at 1.5 T and 3 T.
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Figure 4-1. Scatter plots for the tissue properties at 3 T.
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4.2.2. Tissue-reduced virtual family models development at 3 T

Based on the research at 1.5 T, the chosen tissue-reduced virtual family models

have only two types of tissue to make the experimental study feasible in the future.

And their electric field is highly correlated to that in the original models. Thus, the

chosen tissue-reduced virtual family models are a great choice to balance the
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accuracy and complexity for RF-induced heating evaluation. At 3 T, to make the
experimental study feasible and yield a high correlation for the electric field, the
same cluster method as for 1.5 T (cluster method 3) with 2 clusters was adopted for
the 3 T MRI system. The details of the clusters are shown in Table 4-II.
Electromagnetic simulations were also conducted to investigate the correlation of
electric field. Similar to the clusters at 1.5 T, the main tissues in cluster 1 are the
bone and fat with smaller values of electrical conductivity and relative permittivity.
And the main tissues in cluster 2 are the muscle and skin with larger values of

electrical conductivity and relative permittivity.

Table 4-11. Detailed parameters for the chosen tissue-reduced virtual family models at 3 T.

Cluster 1 Cluster 2
Bone, fat, ... Muscle, skin, ...
&r o (S/m) p (kg/m®) er o (S/m) p (kg/m?)
Duke 15.87 0.12 1001.00 64.74 0.72 1090.80
Ella 14.04 0.09 992.90 64.03 0.71 1126.00
FATS 12.60 0.07 991.01 63.03 0.69 1063.50

4.2.3. Electromagnetic simulations and correlation analysis
The electromagnetic simulations were conducted for the three original human
models (the original Duke, Ella, and FATS models) and the three tissue-reduced
human models (the tissue-reduced Duke, Ella, and FATS models) at 3 T. The
SEMCAD X (V14.8 SPEAG) software was also used for simulations at 3 T. The
Duke, Ella and FATS models were also loaded under three landmark positions as
shown in Figure 2-7. At 3 T, the frequency was set to 128 MHz. The boundary

conditions for six directions, simulation time and maximum mesh size for the
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human models were all set the same as those at 1.5 T. All the results in human
models were normalized to the NORMAL OPERATING MODE [30].

The same correlation analysis between the electric field in the original and
tissue-reduced human models as at 1.5 T was conducted at 3 T. The electric field in
several different body regions was extracted as shown in Figure 2-8. The
correlation coefficients for the electric field along the x, y and z direction and the
module of the electric field are shown in Table 4-1I1I for the Duke model, Table 4-1V
for the Ella model and Table 4-V for the FATS model.

From the results of the correlation coefficients, the modules for all calculated
correlation coefficients are not lower than 0.96. The phase for all calculated
correlation coefficients is between -0.04 rad to 0.1 rad. Thus, the proposed
tissue-reduced virtual family models at 3 T have a great electric field correlation
with the original human models. And they show the possible application of the

tissue-reduced virtual family models on RF-induced heating evaluation at 3 T.

Table 4-III. The correlation coefficients between the original Duke model and the chosen

tissue-reduced Duke model at 3 T.

Landmark positions 400mm 600mm 800mm

Correlation coefficient module phase module phase module phase
R of Ex_left arm 1.00 -0.02 1.00 0.02 1.00 0.02
R of Ey_left arm 0.99 -0.01 1.00 0.01 1.00 0.01
R of Ez_left arm 1.00 -0.03 1.00 0.00 1.00 0.00
R of E_left_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 -0.04 0.99 0.02 0.99 0.03
R of Ey right_arm 1.00 -0.02 0.99 0.02 0.99 0.02
R of Ez_right_arm 1.00 -0.02 1.00 0.01 1.00 0.01
R of E_right_arm 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_left tibia 0.99 0.02 0.99 0.00 0.99 0.00
R of Ey left tibia 0.99 0.02 0.99 0.00 0.99 0.01
R of Ez_left_tibia 0.98 0.07 0.98 0.03 0.98 0.05
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Table 4-111. The correlation coefficients between the original Duke model and the chosen

tissue-reduced Duke model at 3 T. (continued)

R of E_left_tibia 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_right_tibia 0.99 0.04 0.99 0.00 0.99 0.01
R of Ey right tibia 0.99 0.09 0.99 0.05 1.00 0.01
R of Ez_right_tibia 0.99 0.10 0.99 0.05 0.98 0.01
R of E_right tibia 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_hip_femur 0.99 -0.01 0.99 -0.02 0.99 -0.01
R of Ey_hip_femur 0.99 0.00 0.99 -0.01 0.99 -0.02
R of Ez_hip_femur 0.99 -0.04 1.00 -0.04 1.00 -0.04
R of E_hip_femur 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_body 0.98 -0.02 0.96 0.03 0.97 0.03

R of Ey body 0.97 -0.01 0.96 0.01 0.97 0.01

R of Ez_body 0.99 -0.01 0.99 -0.02 0.99 -0.02

R of E_body 0.96 0.00 0.97 0.00 0.98 0.00

R of Ex_head 0.99 -0.02 0.98 -0.03 0.97 0.02

R of Ey head 0.98 0.00 0.98 0.00 0.98 0.00

R of Ez_head 0.99 -0.04 0.98 0.00 0.98 0.03

R of E_head 0.99 0.00 0.99 0.00 0.98 0.00

R of Ex_total 0.98 -0.02 0.98 0.00 0.98 0.00

R of Ey _total 0.98 -0.01 0.98 0.00 0.98 0.00

R of Ez_total 0.99 -0.01 0.99 -0.02 1.00 -0.02

R of E_total 0.99 0.00 0.99 0.00 0.99 0.00

Table 4-1V. The correlation coefficients between the original Ella model and the chosen tissue-reduced
Ella model at 3 T.

Landmark positions 400mm 600mm 800mm

Correlation coefficient module phase module phase module phase
R of Ex_left arm 1.00 0.00 1.00 0.03 1.00 0.02
R of Ey left arm 1.00 -0.01 1.00 0.02 1.00 0.01
R of Ez_left arm 1.00 -0.01 1.00 0.00 1.00 0.02
R of E left arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 -0.01 1.00 0.03 1.00 0.02
R of Ey_right_arm 1.00 -0.01 0.99 0.02 1.00 0.01
R of Ez_right_arm 1.00 -0.02 1.00 0.01 1.00 0.01
R of E_right_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 1.00 0.01 1.00 0.00 1.00 0.00
R of Ey_left tibia 1.00 0.02 0.99 0.01 0.99 0.02
R of Ez_left_tibia 0.99 0.02 0.99 -0.01 0.99 -0.02
R of E_left tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 0.99 0.04 1.00 0.04 0.99 -0.01
R of Ey right tibia 0.99 0.07 1.00 0.03 1.00 0.00
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Table 4-IV. The correlation coefficients between the original Ella model and the chosen

tissue-reduced Ella model at 3 T. (continued)

R of Ez right tibia 0.99 0.03 0.99 0.02 0.99 -0.03
R of E right tibia 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.99 -0.01 0.99 -0.02 0.99 -0.02
R of Ey hip_femur 0.99 0.00 0.99 -0.01 0.99 -0.02
R of Ez_hip femur 1.00 -0.04 1.00 -0.04 1.00 -0.03
R of E_hip femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.99 -0.02 0.98 0.03 0.98 0.02

R of Ey_body 0.98 -0.02 0.97 0.01 0.98 0.00

R of Ez_body 0.99 -0.02 1.00 -0.02 1.00 -0.02

R of E_body 0.98 0.00 0.99 0.00 0.99 0.00

R of Ex_head 0.99 -0.03 0.97 -0.02 0.97 0.00

R of Ey_head 0.98 0.00 0.98 0.00 0.98 0.00

R of Ez_head 0.99 -0.04 0.97 0.00 0.98 0.03

R of E_head 0.99 0.00 0.98 0.00 0.98 0.00

R of Ex_total 0.99 -0.02 0.99 0.00 0.99 0.00

R of Ey total 0.99 -0.01 0.99 0.00 0.99 0.00

R of Ez_total 1.00 -0.02 1.00 -0.02 1.00 -0.02

R of E_total 0.99 0.00 0.99 0.00 1.00 0.00

Table 4-V. The correlation coefficients between the original FATS model and the chosen
tissue-reduced FATS model at 3 T.
Landmark positions 400mm 600mm 800mm

Correlation coefficient module phase module phase module phase
R of Ex_left arm 1.00 0.00 1.00 0.00 1.00 0.01
R of Ey_left arm 1.00 -0.01 1.00 0.00 1.00 0.00
R of Ez_left arm 1.00 0.00 1.00 -0.01 1.00 0.00
R of E_left arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 0.01 1.00 0.00 1.00 0.00
R of Ey right arm 1.00 0.00 1.00 -0.01 1.00 0.00
R of Ez_right arm 1.00 0.00 1.00 -0.01 1.00 0.00
R of E_right arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 0.99 0.02 1.00 0.00 1.00 0.01
R of Ey left tibia 0.99 0.03 1.00 0.01 0.99 0.02
R of Ez left tibia 0.99 0.03 0.99 0.02 0.99 0.02
R of E_left tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 1.00 0.03 1.00 0.02 0.98 -0.01
R of Ey right_tibia 0.99 0.03 0.99 0.04 0.99 -0.01
R of Ez right tibia 0.99 0.02 0.99 0.02 0.99 0.02
R of E_right tibia 0.99 0.00 1.00 0.00 0.99 0.00
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Table 4-V. The correlation coefficients between the original FATS model and the chosen
tissue-reduced FATS model at 3 T. (continued)

R of Ex_hip_femur 1.00 -0.01 1.00 -0.02 1.00 -0.02
R of Ey hip_femur 1.00 -0.01 1.00 -0.01 1.00 -0.01
R of Ez_hip_femur 1.00 -0.01 1.00 -0.02 1.00 -0.02
R of E_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.99 0.00 0.99 -0.02 0.99 -0.01

R of Ey_body 0.99 0.00 0.99 -0.02 0.99 -0.01

R of Ez_body 0.99 -0.01 1.00 -0.02 1.00 -0.02

R of E_body 0.98 0.00 0.99 0.00 0.99 0.00

R of Ex_head 0.97 0.02 0.96 0.08 0.97 0.02

R of Ey_head 0.97 0.02 0.97 0.02 0.98 -0.01

R of Ez_head 0.99 0.01 0.99 0.02 0.99 -0.02

R of E_head 0.98 0.00 0.97 0.00 0.98 0.00

R of Ex_total 0.99 0.00 0.99 -0.02 0.99 -0.02

R of Ey_total 0.99 0.00 0.99 -0.01 0.99 -0.01

R of Ez_total 0.99 0.00 1.00 -0.02 1.00 -0.01
Rof E_total 0.99 0.00 0.99 0.00 1.00 0.00

4.3. Tissue-reduced Virtual Family Models’ application on RF-induced

heating evaluation of passive medical implants at 3 T

4.3.1. Passive device systems and electromagnetic simulation setup

To study the performance of the tissue-reduced virtual family models on the

RF-induced heating evaluation of passive device, four representative passive
systems which are the same the systems as those used at 1.5 T were implanted in the
original human models, tissue-reduced virtual family models and ASTM phantom.
These passive device systems are the standalone screw system, the pedicle screw
system, the plate and screw system and the stent system. They were implanted at the
same positions as those at 1.5 T as shown in Figure 3-2. All the device was set as

PEC in the simulations.
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Electromagnetic simulations were conducted with SEMCAD X (V14.8
SPEAG) software. The G32 coil was used to model the RF coil with a diameter of
700 mm and a length of 490 mm. The metal shield for this coil has a length of 850
mm. The landmark positions for the human models and ASTM phantom, the
materials for ASTM phantom and the positions of the device in ASTM phantom
were all set to be the same as those at 1.5 T. The boundary conditions for six
directions, the simulation time and the maximum mesh sizes for the human models,
ASTM phantom and the passive device systems were all identical to those at 1.5 T.
The frequency at 3 T was set to 128 MHz. All the results in ASTM phantom were
normalized to a whole-body average SAR of 2 W/kg. And all the results in human
models were also normalized to the NORMAL OPERATING MODE.

4.3.2. Simulated results and discussion

An E-scaling method was also applied for the ASTM phantom using the
incident electric field like 1.5 T. The results of peak SARig near the implanted
passive device in the original human models and SARig near the same locations
around the device in the simplified human models and ASTM phantom were
extracted for comparison as shown in Figure 4-2. And a g-scaling using a standard
rod made from titanium was also conducted for the values of SAR1gto calibrate the
influence of the surrounding tissues’ electrical conductivities. The correlation
coefficient between the SARig of the original human models and the SAR1g of the
tissue-reduced human models is as high as 0.98. And the correlation coefficients

between the SARig of the original human models and the SARig of the ASTM
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phantom are 0.33 without E-scaling and 0.93 with E-scaling. The slopes for the
fitting straight line are 1.03 for tissue-reduced virtual family, 0.25 for ASTM
phantom without E-scaling and 0.83 for the ASTM phantom with E-scaling. Thus,
the peak SARig near the device from the tissue-reduced virtual family models is
highly correlated to that obtained from the original human body models. While the
correlation between the SAR1g from the original human models and the ASTM
phantom is relatively lower.

Similar to the results at 1.5 T, the ASTM phantom is conservative in most
studied cases. Some exceptions occur, like the outliers in the lower right corner in
Figure 4-2. In those cases, the values of SARig in original human models are
significantly higher than those in the ASTM phantom, which means the ASTM
phantom is not conservative. These outliers are the conditions that the device was
implanted in the fibula region and the main trunk of the body is outside the coil.
That leads to a very high input power for normalization, which leads to a very high
incident electric field and very high SAR. When the device is a standalone screw
implanted in the pelvic region, the ASTM phantom is also overly conservative like
the conditions at 1.5 T. The values of SARig in ASTM phantom can be 990.3%
higher than those in original human models. From the Figure 4-2, conservative
results are not guaranteed for the tissue-reduced human models in many cases, but
the tissue-reduced human models yield a highly correlated evaluated SAR1g to that

of the original human models.
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Figure 4-2. Results of the SAR |, for all simulations at the positions of peak SAR, near the implanted
passive device in the original human models at 3T. The R is the correlation coefficient,

and the s is the slope of the fitting straight line in the legend.

The comparison of SARig in the tissue-reduced human models and in the
ASTM phantom with or without E-scaling is shown in Figure 4-3. From this
figure, the results are similar to those at 1.5 T. The SARig evaluated in ASTM
phantom without the E-scaling is more conservative than those in the
tissue-reduced human models, excluding the conditions when the device was
implanted in the fibula region. The E-scaling may make the SAR1g evaluated in
the ASTM phantom less or more conservative depending on the implanted

positions of the device.
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An uncertainty analysis was also conducted at 3 T as in Appendix IV. The
combined uncertainty considering the loading position, grid resolution and tissues’

properties was calculated as 4.86% at 3 T.
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Figure 4-3. Comparison of the SAR, in tissue-reduced human models and ASTM phantom with or
without E-scaling at 3 T. The R is the correlation coefficient, and the s is the slope of the

fitting straight line in the legend.

4.4. Conclusions

The Volume-Weighing Tissue-Cluster models with 2 clusters (VWCk2)
developed based on the GMM can also be applied at 3 T. These tissue-reduced
virtual family models have similar performance at 3 T compared to thatat 1.5 T. In
detail, the correlation between the electric field in the original human models and
the tissue-reduced virtual family models is extremely high (for all calculated

correlation coefficients, the modules > 0.96 and -0.04 rad < the phase < 0.1 rad).
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And the correlation between SAR1g near the device evaluated in the original human
models and tissue-reduced human models is higher than the correlation between
that evaluated in the original human models and ASTM phantom. That means the
tissue-reduced virtual family models have better performance on accurately
predicting the peak SARig near the device than that of the ASTM phantom at 3 T.
Thus, these results demonstrate the feasibility of using tissue-reduced models for

the RF-induced heating testing of implantable medical devices at 1.5 T and 3 T.
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Chapter 5. PROGRESS OF 3D PRINTING THE TISSUE-REDUCED HUMAN

MODELS FOR EXPERIMENTAL STUDY AND FUTURE WORK

5.1.  Introduction

The proposed tissue-reduced human models need to be fabricated to test the
RF-induced heating near the device in human models. To achieve that, the 3D
printing technique was chosen. Like the ASTM phantom, we first need to print a
human-shaped shell. The shell will be used to contain the gelled-saline and other
materials. Based on the tissues in each cluster and their parameters (electrical
conductivity, relative permittivity and density) of the proposed tissue-reduced
human models, the cluster 1 (the main tissues are bone and fat) are planned to be
3D printed. While the cluster 2 (the main tissues are the muscle and skin) will be
represented by the gelled-saline. The material’s parameters for the 3D printing can
be chosen to be as close as possible to those of the cluster 1. And the formulation
of the gelled-saline can also be adjusted to make the electrical conductivity and
other parameters as close as possible to those of the cluster 2.

This chapter introduces the progress of 3D printing the tissue-reduced human
models. The main progress is focused on printing the human-shaped shell for the
Duke model. The skin of the Duke human model was used as the model of the
human-shaped shell. The main difficulties for printing the human-shaped shell are
the limit of the printing size and the strength of the material. In detail, the printing
size of the 3D printer is limited (400 mm * 400 mm * 400 mm for the used 3D

printer) and the whole human skin is too large to be printed as a whole object. And
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to be filled with gelled-saline in the future, the strength of the material also needs
to be taken into consideration. The skin is very thin (with the thickness around
millimeters of magnitude) which leads to the human-shaped shell may be easy to
break up with gelled-saline filled. To solve these problems, the human-shaped
shell was segmented into several parts to satisfy the size limit of the 3D printer.
And a box was added to the skin model to offer extra support for the model to
prevent the possible split.

To test the 3D printer, the head's skin was first printed to investigate the
function of the printer and the strength of the material. After that, every section of
the segmented human-shaped shell with the box was printed. In the future, the
tissues inside the shell will be fabricated using 3D printing or gelled-saline.

5.2. 3D printing testing for head’s skin model

To test if the 3D printer can successfully print the human-shaped shell, the
head’s skin of the Duke model was printed for reference. The printed head’s skin
model was also filled with gelled-saline for accessing the strength of material.
The head’s skin model with .stl format was gotten using the Sim4life software
package as shown in Figure 5-1A. The head’s skin model in a 3D printer slicer
software (Ultimaker Cura 4.12.1) is also shown in Figure 5-1B. The material of
the filaments for 3D printing is PLA (Polylactic acid). The printed head’s skin

model is shown in Figure 5-2.
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Figure 5-1. A, the head’s skin model in the Sim4life software package. B, the head’s skin model in a
3D printer slicer software (Ultimaker Cura 4.12.1).

Figure 5-2. The printed head’s skin model.

The head’s skin model was filled with gelled-saline (the used gelled-saline is
the same as that used in ASTM phantom). Although no obvious deformation was
observed, a box was added to the whole body’s skin model to offer additional
support. And another benefit of adding the box is that it will offer a flat surface on
the back, making the placement of the human-shaped shell more convenient and
stable.
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5.3. 3D printing for human-shaped shell
The whole human-shaped shell was segmented into 17 parts to fit the size of
the 3D printer. The segments will be stuck together to form a whole
human-shaped shell. The details of the segments are shown in Figure 5-3. The
segment 7 and segment § are two removable pieces which offer a hole to fill the
gelled-saline into the shell. A box was added to every segment to offer additional

support as shown in Figure 5-3.

The face side

Figure 5-3. The 17 segments of the human-shaped shell.
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The boxes consist of air and 5%-7% filled PLA. Considering the PLA has a
relative permittivity around 2.72 [58], [59] and density around 1240 kg/m? [60],
the averaged relative permittivity of the box is from 1.0860 (5% filled) to 1.1204
(7% filled) and the averaged density of the box is from 62.0 kg/m?® (5% filled) to
86.8 kg/m> (7% filled). The electrical conductivities of the air and the PLA are ~
0 S/m so the box has an electrical conductivity of 0 S/m. To investigate if the
added box will influence the electric field distribution inside the shell,
electromagnetic simulation was conducted using the SEMCAD software
packages. The human skin model with and without a PLA filled box was placed
in the G32 coil at three landmark positions as shown in Figure 2-7. The
simulation setups were all the same as those in the part 2.1.3. To keep the mesh of
the skin model with and without a PLA filled box identical, the skin model
without the PLA filled box was simulated as a skin model with an air-filled box.
The air-filled box has the same size and positions as the PLA filled box. The
correlation coefficients between the electric field inside the skin model with and
without PLA filled box were calculated for several body regions as in Figure 2-8.
The correlation coefficients for the electric field along the x, y, z direction and the
module of the electric field are shown in Table 5-I for the 5% filled PLA box and
Table 5-1I for the 7% filled PLA box. The real parts and imaginary parts of x, y
and z components of the electric field along the z-axis inside the shell at three
landmark positions were also extracted for comparison as shown in Figure 5-4,

Figure 5-5 and Figure 5-6. From the results of the correlation coefficients and
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electric field distributions, adding the box will not influence the electric field
inside the human-shaped shell. Thus, using the box to offer extra support is a

feasible method.

Table 5-1. The correlation coefficients between the electric field inside the skin model with and
without the 5% filled PLA box.

Landmark positions 400mm 600mm 800mm

Correlation coefficient module phase module phase module phase
R of Ex_left arm 1.00 0.00 1.00 -0.01 1.00 -0.01
R of Ey_left arm 1.00 0.00 1.00 0.00 1.00 -0.01
R of Ez_left arm 1.00 -0.01 1.00 -0.02 1.00 -0.02
Rof E_left arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 -0.01 1.00 -0.02 1.00 -0.02
R of Ey right_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_right arm 1.00 -0.01 1.00 -0.02 1.00 -0.02
R of E_right_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 1.00 -0.03 1.00 -0.05 1.00 -0.06
R of Ey left tibia 1.00 -0.05 1.00 -0.06 1.00 -0.06
R of Ez_left tibia 1.00 -0.05 1.00 -0.03 1.00 -0.04
R of E_left tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 1.00 -0.04 1.00 -0.02 1.00 -0.02
R of Ey right tibia 1.00 -0.05 1.00 -0.03 1.00 -0.01
R of Ez_right_tibia 1.00 -0.05 1.00 -0.02 1.00 -0.01
R of E_right_tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 1.00 0.00 1.00 0.00 1.00 -0.01
R of Ey_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_hip_femur 1.00 -0.01 1.00 0.00 1.00 -0.01
R of E_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 1.00 0.00 1.00 -0.01 1.00 -0.01
R of Ey_body 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_body 1.00 0.00 1.00 -0.01 1.00 -0.01
R of E_body 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_head 0.98 0.00 0.99 -0.01 0.98 -0.03
R of Ey_head 0.98 0.01 1.00 0.00 0.99 -0.02
R of Ez_head 1.00 0.00 1.00 -0.01 1.00 -0.01
R of E_head 1.00 0.00 0.99 0.00 1.00 0.00
R of Ex_total 1.00 0.00 1.00 0.00 1.00 -0.01
R of Ey_total 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_total 1.00 -0.01 1.00 -0.01 1.00 -0.01
R of E_total 1.00 0.00 1.00 0.00 1.00 0.00

76




Table 5-II. The correlation coefficients between the electric field inside the skin model with and

without the 7% filled PLA box.

Landmark positions 400mm 600mm 800mm

Correlation coefficient module phase module phase module phase
R of Ex_left arm 1.00 -0.01 1.00 -0.01 1.00 -0.02
R of Ey_left arm 1.00 -0.01 1.00 -0.01 1.00 -0.01
R of Ez_left arm 1.00 -0.02 1.00 -0.03 1.00 -0.03
Rof E_left arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 1.00 -0.01 1.00 -0.02 1.00 -0.03
R of Ey right_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_right arm 1.00 -0.02 1.00 -0.03 1.00 -0.03
R of E_right_arm 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 1.00 -0.05 1.00 -0.07 1.00 -0.08
R of Ey left tibia 1.00 -0.06 1.00 -0.08 1.00 -0.08
R of Ez_left tibia 1.00 -0.07 1.00 -0.04 1.00 -0.05
R of E_left tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 1.00 -0.06 1.00 -0.02 1.00 -0.02
R of Ey right tibia 1.00 -0.06 1.00 -0.04 1.00 -0.02
R of Ez_right_tibia 1.00 -0.07 1.00 -0.02 1.00 -0.02
R of E_right_tibia 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 1.00 0.00 1.00 0.00 1.00 -0.01
R of Ey_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_hip_femur 1.00 -0.02 1.00 0.00 1.00 -0.01
R of E_hip_femur 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 1.00 0.00 1.00 -0.01 1.00 -0.02
R of Ey_body 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_body 1.00 -0.01 1.00 -0.01 1.00 -0.01
R of E_body 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_head 0.98 0.00 0.99 -0.01 0.98 -0.04
R of Ey_head 0.98 0.01 1.00 0.00 0.99 -0.03
R of Ez_head 1.00 0.00 1.00 -0.01 1.00 -0.02
R of E_head 1.00 0.00 0.99 0.00 1.00 0.00
R of Ex_total 1.00 0.00 1.00 -0.01 1.00 -0.01
R of Ey_total 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_total 1.00 -0.01 1.00 -0.01 1.00 -0.01
R of E_total 1.00 0.00 1.00 0.00 1.00 0.00
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z-axis inside the shell at 400 mm landmark position.
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z-axis inside the shell at 800 mm landmark position.

Future work

With the 3D printed human-shaped shell for the Duke model, the following
steps are to fabricate the tissues inside the shell. Based on the proposed
tissue-reduced Duke model, the main tissues in cluster 1 are the bone and fat with

electrical conductivity of 0.11 S/m and relative permittivity of 18.38 at 1.5 T. The
80



3D printing technology could be used to fabricate the tissues in cluster 1. For
cluster 2, the main tissues are muscle and skin with electrical conductivity of 0.67
S/m and relative permittivity of 76.58 at 1.5 T. The gelled-saline similar to that
used in ASTM phantom but with adjusted formulation could be used to model the
tissues in cluster 2. It is easy to adjust the electrical conductivities of the 3D
printing materials and gelled-saline by changing the amount of added conductive
materials. For the 3D printing materials like PLA and acrylonitrile butadiene
styrene (ABS), the electrical conductivity of the PLA can be adjusted from 107!
S/m to 6.27 S/m by changing the filler’s concentration, and the materials of filler
can be carbon or graphene [61], [62]. The electrical conductivity of the ABS can
be adjusted from 0 S/m to around 1 S/m with different percentages of doped
carbon fiber [63]. For the gelled-saline, the electrical conductivity can be changed
by adjusting the concentration of the NaCl [9], [64]. The electrical conductivity
of the gelled-saline used in the ASTM phantom is 0.47 S/m and can be adjusted
to as high as 3.2 S/m [9], [64]. However, the adjustment of the relative
permittivity is more difficult. In the future, we could try other 3D printing
materials to get the possible closest relative permittivity to what we need. Some
common 3D printing materials are PLA (g-~ 2.72 S/m), ABS (&~ 2.6 S/m) and
polyethylene terephthalate (PET) (&-~ 2.87 S/m) [65]. Some composite materials
like the ABS doped with ferroelectric barium titanate (BaTiO3) micro-particles
can have a higher relative permittivity of ~ 11 [66]. The relative permittivity of

the gelled-saline in the ASTM phantom could be difficult to adjust, and more
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electromagnetic simulations would be necessary to investigate influence of the
relative permittivity on the incident electric field.

The fabrication of the other two tissue-reduced human models (Ella and
FATS) is similar to that of the tissue-reduced Duke model. With the
tissue-reduced virtual family human models fabricated, the experimental study
inside them can be conducted to test the RF-induced heating near the device.
Moreover, the results from the simulation in human models can be validated

using the experiments inside the tissue-reduced human models.
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A. APPENDIX I: CORRELATION ANALYSIS BETWEEN THE ELECTRIC

FIELD OF THE ORIGINAL AND SIMPLIFIED HUMAN MODELS AT 1.5 T

A correlation analysis was conducted between the original human models and
simplified human models. The correlation coefficients were calculated for the
electric field along the x, y and z direction and the module of the electric field in the
human body regions as in Figure 2-8. The correlation coefficients for the Duke
model with the three cluster method, different number of clusters (k) and different
landmark positions are shown in Table A-I to Table A-III. The results of the Ella
model and FATS models are shown in Table A-IV to Table A-VI and Table A-VII

to Table A-IX, respectively.

Table A-I. Correlation coefficients for the Duke model at 400 mm landmark.

landmark at 400 mm

Cluster method 1 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.96 -0.08 | 0.97 -0.09 | 0.99 -0.04 | 1.00 0.00
R of Ey_left_arm 0.93 -0.01 | 0.95 -0.03 | 0.99 -0.02 | 0.99 0.01
R of Ez_left arm 0.94 -0.09 | 0.96 -0.12 | 0.99 -0.07 | 1.00 0.00
R of E_left_arm 0.94 0.00 0.96 0.00 0.99 0.00 1.00 0.00
R of Ex_right_arm 0.94 -0.06 | 0.97 -0.17 | 0.99 -0.11 1.00 0.02
R of Ey_right_arm 0.92 -0.07 | 0.95 -0.11 | 0.99 -0.07 | 0.99 0.01
R of Ez_right arm 0.91 -0.07 | 0.95 -0.11 | 0.99 -0.05 | 1.00 0.00
R of E right arm 0.86 0.00 0.93 0.00 0.99 0.00 0.99 0.00
R of Ex_left tibia 0.96 -0.08 0.97 -0.09 0.99 -0.04 0.99 -0.01
R of Ey_left tibia 0.89 -0.02 0.91 -0.01 0.98 0.01 0.99 0.01
R of Ez_left tibia 0.50 -0.02 | 0.82 -0.21 | 0.99 -0.04 | 098 0.09
R of E_left_tibia 0.80 0.00 0.88 0.00 0.99 0.00 0.99 0.00
R of Ex_right tibia 0.94 0.17 0.96 0.17 0.99 0.04 0.99 0.04
R of Ey_right tibia 0.90 0.09 0.94 0.09 0.99 0.05 0.99 0.05
R of Ez _right_tibia 0.58 0.14 0.88 0.13 0.99 0.17 0.98 0.11
R of E_right_tibia 0.76 0.00 0.92 0.00 0.99 0.00 0.99 0.00
R of Ex_hip_femur 0.90 -0.06 | 0.92 -0.13 | 0.99 -0.09 | 0.99 0.02
R of Ey_hip_femur 0.93 0.00 0.95 -0.02 | 0.99 -0.01 | 0.99 0.02
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Table A-I. Correlation coefficients for the Duke model at 400 mm landmark. (continued)

R of Ez_hip femur 0.93 -0.28 0.95 -0.33 0.99 -0.17 0.99 -0.01
R of E_hip_femur 0.93 0.00 0.95 0.00 0.99 0.00 0.99 0.00
R of Ex_body 0.90 -0.20 | 0.93 -0.27 | 0.98 -0.17 | 0.99 -0.01
R of Ey_body 0.83 -0.13 | 0.89 -0.17 | 0.98 -0.11 | 0.99 0.01
R of Ez_body 0.97 -0.24 | 098 -0.28 | 0.99 -0.18 | 1.00 -0.02
R of E_body 0.84 0.00 0.90 0.00 0.98 0.00 0.99 0.00
R of Ex_head 0.93 -0.02 | 0.94 -0.04 | 0.98 -0.03 | 0.99 0.01
R of Ey_head 0.94 0.01 0.95 0.02 0.99 0.01 0.99 0.01
R of Ez_head 0.96 -0.08 | 0.97 -0.09 | 0.99 -0.06 | 0.99 0.01
R of E_head 0.95 0.00 0.96 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.92 -0.11 0.93 -0.16 0.98 -0.11 0.99 0.00
R of Ey_total 0.91 -0.05 0.93 -0.07 0.98 -0.04 0.99 0.01
R of Ez_total 0.96 -0.20 0.97 -0.23 0.99 -0.15 1.00 -0.02
R of E_total 0.94 0.00 0.96 0.00 0.99 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.97 -0.04 | 098 -0.02 | 1.00 0.00 1.00 0.00
R of Ey_left_arm 0.93 0.01 0.97 0.01 1.00 0.00 1.00 0.00
R of Ez_left arm 0.94 -0.03 | 0.98 -0.02 | 1.00 -0.01 1.00 0.00
R of E_left arm 0.94 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.94 0.05 0.98 -0.03 | 1.00 -0.01 1.00 0.00
R of Ey_right_arm 0.92 0.00 0.97 -0.01 1.00 -0.01 1.00 0.00
R of Ez right arm 0.92 -0.02 0.98 -0.03 1.00 -0.01 1.00 0.00
R of E right arm 0.87 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 0.97 -0.10 0.98 -0.06 1.00 -0.02 1.00 0.01
R of Ey_left_tibia 0.90 -0.07 | 0.96 -0.02 | 1.00 -0.02 | 1.00 0.02
R of Ez_left tibia 0.53 0.00 0.91 -0.12 | 0.99 -0.02 | 0.99 0.03
R of E_left_tibia 0.81 0.00 0.94 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 0.94 0.10 0.97 0.04 1.00 -0.04 | 1.00 -0.01
R of Ey_right tibia 0.91 0.04 0.97 0.02 0.99 -0.04 | 0.99 0.01
R of Ez _right_tibia 0.58 0.06 0.93 0.01 0.99 -0.02 | 0.99 0.02
R of E_right_tibia 0.77 0.00 0.95 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.92 0.01 0.96 -0.05 | 1.00 -0.01 1.00 0.00
R of Ey_hip_femur 0.94 0.02 0.97 0.01 1.00 0.00 1.00 0.00
R of Ez_hip femur 0.94 -0.10 0.97 -0.10 1.00 0.00 1.00 0.01
R of E_hip_femur 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.91 -0.04 0.96 -0.04 0.99 -0.04 1.00 0.00
R of Ey_body 0.85 -0.03 | 0.92 -0.02 | 0.99 -0.01 1.00 0.00
R of Ez_body 0.97 -0.06 | 0.98 -0.02 | 1.00 -0.02 | 1.00 0.01
R of E_body 0.85 0.00 0.92 0.00 0.99 0.00 0.99 0.00
R of Ex_head 0.94 0.00 0.96 0.00 0.99 -0.01 1.00 0.00
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Table A-I. Correlation coefficients for the Duke model at 400 mm landmark. (continued)

R of Ey head 0.94 0.01 0.96 0.03 0.99 0.00 1.00 0.00
R of Ez_head 0.96 0.00 0.97 0.00 0.99 0.00 1.00 0.00
R of E_head 0.95 0.00 0.96 0.00 0.99 0.00 1.00 0.00
R of Ex_total 0.94 -0.02 | 0.97 -0.03 | 0.99 -0.02 1.00 0.00
R of Ey_total 0.92 -0.01 0.96 0.00 0.99 -0.01 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.98 -0.02 1.00 -0.02 1.00 0.00
R of E_total 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.97 -0.04 | 1.00 -0.02 | 1.00 -0.02 1.00 0.00
R of Ey left arm 0.93 0.01 0.99 0.00 0.99 0.00 1.00 0.00
R of Ez_left arm 0.94 -0.03 1.00 -0.01 1.00 -0.01 1.00 0.00
R of E _left arm 0.94 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right arm 0.94 0.05 1.00 -0.01 1.00 -0.02 1.00 0.00
R of Ey right arm 0.92 0.00 0.99 0.01 0.99 0.00 1.00 0.00
R of Ez right arm 0.92 -0.02 | 0.99 0.01 0.99 0.00 1.00 0.00
R of E_right_arm 0.87 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.97 -0.10 | 0.99 -0.05 | 0.99 -0.06 1.00 -0.01
R of Ey_left_tibia 0.90 -0.07 | 0.98 -0.02 | 0.98 -0.03 1.00 0.00
R of Ez_left_tibia 0.53 0.00 0.96 0.10 0.97 0.05 0.99 0.00
R of E_left tibia 0.81 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_right_tibia 0.94 0.10 0.99 0.04 0.99 0.01 1.00 0.00
R of Ey right tibia 0.91 0.04 0.99 0.03 0.98 0.00 1.00 0.00
R of Ez right tibia 0.58 0.06 0.97 0.16 0.98 0.10 0.99 0.01
R of E right tibia 0.77 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_hip_femur 0.92 0.01 0.99 -0.02 | 0.99 -0.02 1.00 -0.01
R of Ey hip_femur 0.94 0.02 0.99 0.00 0.99 0.00 1.00 -0.01
R of Ez_hip femur 0.94 -0.10 | 0.99 -0.05 | 0.99 -0.05 1.00 0.00
R of E_hip_femur 0.95 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.91 -0.04 | 0.98 0.01 0.98 0.00 1.00 0.00
R of Ey_body 0.85 -0.03 | 0.97 0.01 0.97 0.00 1.00 0.00
R of Ez_body 0.97 -0.06 | 0.99 0.00 0.99 0.00 1.00 0.01
R of E_body 0.85 0.00 0.96 0.00 0.96 0.00 1.00 0.00
R of Ex_head 0.94 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ey_head 0.94 0.01 0.99 0.00 0.99 0.00 0.99 0.00
R of Ez_head 0.96 0.00 0.99 -0.02 | 0.99 -0.01 0.99 -0.01
R of E_head 0.95 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.94 -0.02 | 0.99 0.00 0.99 -0.01 1.00 0.00
R of Ey_total 0.92 -0.01 0.98 0.00 0.98 0.00 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.99 0.00 0.99 0.00 1.00 0.01
R of E_total 0.95 0.00 0.99 0.00 0.99 0.00 1.00 0.00
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Table A-II. Correlation coefficients for the Duke model at 600 mm landmark.

landmark at 600 mm

Cluster method 1 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.97 0.01 0.98 0.02 1.00 0.01 1.00 0.01
R of Ey_left_arm 0.98 0.02 0.98 0.02 1.00 0.01 1.00 0.01
R of Ez_left arm 0.95 -0.01 | 0.97 0.01 0.99 0.02 1.00 0.00
R of E_left_arm 0.98 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.87 0.05 0.92 0.00 0.99 0.03 0.99 0.03
R of Ey_right arm 0.92 0.02 0.95 0.00 0.99 0.01 0.99 0.02
R of Ez_right arm 0.92 -0.02 | 0.95 -0.02 | 0.99 0.02 0.99 0.00
R of E right arm 0.87 0.00 0.93 0.00 0.99 0.00 0.99 0.00
R of Ex_left tibia 0.91 -0.07 0.94 -0.06 0.99 -0.01 0.99 0.00
R of Ey_left tibia 0.81 0.02 0.86 -0.02 0.97 0.01 0.98 0.04
R of Ez_left tibia 0.49 -0.05 | 0.84 -0.09 | 0.98 0.06 0.98 0.10
R of E_left_tibia 0.65 0.00 0.82 0.00 0.99 0.00 0.98 0.00
R of Ex_right tibia 0.99 -0.06 | 0.99 -0.15 1.00 -0.14 | 1.00 0.01
R of Ey_right tibia 0.98 -0.04 | 098 -0.09 | 1.00 -0.08 | 1.00 0.01
R of Ez _right_tibia 0.59 0.05 0.85 -0.09 | 0.99 -0.05 | 0.98 0.10
R of E_right_tibia 0.94 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.11 | 0.92 -0.19 | 0.99 -0.13 | 0.99 0.02
R of Ey_hip_femur 0.92 -0.02 | 0.94 -0.05 | 0.99 -0.03 | 0.99 0.01
R of Ez_hip_femur 0.96 -0.26 | 0.97 -0.31 | 0.99 -0.16 | 1.00 -0.01
R of E_hip_femur 0.93 0.00 0.95 0.00 0.99 0.00 0.99 0.00
R of Ex_body 0.85 -0.10 0.89 -0.14 0.97 -0.10 0.99 0.00
R of Ey_body 0.85 -0.03 0.90 -0.06 0.98 -0.04 0.99 0.02
R of Ez_body 0.97 -0.24 | 098 -0.27 | 0.99 -0.17 | 1.00 -0.01
R of E_body 0.86 0.00 0.90 0.00 0.98 0.00 0.99 0.00
R of Ex_head 0.91 -0.04 | 0.92 -0.08 | 0.97 -0.07 | 0.99 0.01
R of Ey_head 0.93 0.03 0.94 0.04 0.98 0.02 0.99 0.02
R of Ez_head 0.94 -0.04 | 0.95 -0.07 | 0.98 -0.06 | 0.99 0.02
R of E_head 0.94 0.00 0.95 0.00 0.98 0.00 0.99 0.00
R of Ex_total 0.90 -0.09 | 0.92 -0.14 | 0.98 -0.09 | 0.99 0.01
R of Ey_total 0.91 -0.02 | 0.94 -0.04 | 0.99 -0.02 | 0.99 0.01
R of Ez_total 0.96 -0.19 | 0.97 -0.22 | 0.99 -0.12 | 1.00 -0.01
R of E_total 0.93 0.00 0.95 0.00 0.99 0.00 0.99 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.97 0.01 0.99 0.02 1.00 0.00 1.00 0.00
R of Ey_left arm 0.98 0.01 0.99 0.02 1.00 0.00 1.00 0.00
R of Ez left arm 0.95 -0.03 | 0.98 0.00 1.00 0.00 1.00 0.00
R of E_left_arm 0.98 0.00 0.99 0.00 1.00 0.00 1.00 0.00
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Table A-II. Correlation coefficients for the Duke model at 600 mm landmark. (continued)

R of Ex_right arm 0.88 0.06 0.95 0.01 1.00 0.00 1.00 -0.01
R of Ey right arm 0.92 0.03 0.97 0.01 1.00 0.00 1.00 0.00
R of Ez_right arm 0.92 -0.03 | 0.97 -0.02 | 1.00 0.00 1.00 -0.01
R of E_right arm 0.87 0.00 0.95 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.10 | 0.96 -0.06 | 0.99 -0.02 | 0.99 0.00
R of Ey_left_tibia 0.82 0.01 0.93 -0.03 | 0.99 -0.01 | 0.99 0.00
R of Ez_left tibia 0.51 -0.07 | 091 -0.08 | 0.99 0.00 0.99 0.01
R of E_left_tibia 0.66 0.00 0.92 0.00 0.99 0.00 0.99 0.00
R of Ex_right tibia 0.99 0.04 0.99 -0.02 | 1.00 -0.02 | 1.00 0.00
R of Ey_right tibia 0.98 0.02 0.99 -0.01 1.00 -0.02 | 1.00 0.00
R of Ez right tibia 0.59 0.11 0.92 -0.02 0.99 -0.04 0.99 0.02
R of E_right tibia 0.94 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.91 -0.01 0.95 -0.06 1.00 -0.01 1.00 0.00
R of Ey hip_femur 0.92 0.01 0.96 -0.01 1.00 0.00 1.00 0.00
R of Ez_hip femur 0.96 -0.09 | 0.98 -0.08 | 1.00 -0.01 1.00 0.01
R of E_hip_femur 0.94 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.88 -0.01 | 0.93 0.00 0.99 -0.03 | 1.00 0.00
R of Ey_body 0.86 0.00 0.93 0.00 0.99 0.00 1.00 0.00
R of Ez_body 0.97 -0.05 | 0.98 -0.02 | 1.00 -0.01 1.00 0.01
R of E_body 0.87 0.00 0.93 0.00 0.99 0.00 1.00 0.00
R of Ex_head 0.93 -0.01 | 0.96 -0.03 | 0.99 -0.04 | 1.00 0.00
R of Ey_head 0.93 0.02 0.96 0.03 0.99 -0.01 1.00 0.01
R of Ez_head 0.96 0.02 0.97 -0.01 0.99 -0.02 1.00 0.01
R of E_head 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_total 0.93 -0.01 0.96 -0.03 1.00 -0.02 1.00 0.00
R of Ey_total 0.92 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.98 -0.03 1.00 0.00 1.00 0.01
R of E_total 0.94 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.97 0.01 1.00 0.00 1.00 0.00 1.00 0.00
R of Ey_left_arm 0.98 0.01 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_left arm 0.95 -0.03 | 1.00 0.00 1.00 0.00 1.00 0.00
R of E_left arm 0.98 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_ arm 0.88 0.06 0.99 0.03 0.99 0.03 1.00 -0.01
R of Ey right arm 0.92 0.03 0.99 0.02 0.99 0.01 1.00 0.00
R of Ez right arm 0.92 -0.03 0.99 0.01 0.99 0.01 1.00 0.00
R of E_right arm 0.87 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.10 | 0.98 -0.02 | 0.99 -0.04 | 1.00 0.00
R of Ey_left_tibia 0.82 0.01 0.98 0.05 0.98 0.03 0.99 0.01
R of Ez_left _tibia 0.51 -0.07 | 0.97 0.14 0.97 0.08 0.99 0.01
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Table A-II. Correlation coefficients for the Duke model at 600 mm landmark. (continued)

R of E_left tibia 0.66 0.00 0.97 0.00 0.97 0.00 1.00 0.00
R of Ex_right tibia 0.99 0.04 1.00 0.01 1.00 -0.01 1.00 0.00
R of Ey right tibia 0.98 0.02 1.00 0.00 1.00 -0.02 | 1.00 0.00
R of Ez right tibia 0.59 0.11 0.96 0.11 0.97 0.05 0.99 -0.01
R of E_right_tibia 0.94 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.91 -0.01 | 0.99 -0.01 | 0.99 -0.02 | 1.00 -0.01
R of Ey_hip_femur 0.92 0.01 0.99 0.00 0.99 -0.01 1.00 -0.01
R of Ez_hip_femur 0.96 -0.09 | 1.00 -0.04 | 1.00 -0.04 | 1.00 0.00
R of E_hip_femur 0.94 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.88 -0.01 | 0.97 0.04 0.97 0.03 1.00 0.01
R of Ey_body 0.86 0.00 0.97 0.01 0.97 0.01 1.00 0.00
R of Ez_body 0.97 -0.05 0.99 -0.01 0.99 -0.01 1.00 0.01
R of E_body 0.87 0.00 0.97 0.00 0.97 0.00 1.00 0.00
R of Ex_head 0.93 -0.01 | 0.99 -0.01 | 0.99 -0.01 | 0.99 0.00
R of Ey_head 0.93 0.02 0.99 0.00 0.99 0.00 0.99 0.00
R of Ez_head 0.96 0.02 0.99 -0.01 | 0.99 -0.01 | 0.99 0.00
R of E_head 0.95 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.93 -0.01 | 0.98 0.00 0.99 0.00 1.00 0.00
R of Ey_total 0.92 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.99 -0.01 | 0.99 -0.01 1.00 0.00
R of E_total 0.94 0.00 0.99 0.00 0.99 0.00 1.00 0.00
Table A-III. Correlation coefficients for the Duke model at 800 mm landmark.

landmark at 800 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.97 0.02 0.98 0.02 1.00 0.02 1.00 0.01
R of Ey_left arm 0.98 0.02 0.99 0.02 1.00 0.02 1.00 0.01
R of Ez_left arm 0.96 0.02 0.98 0.08 1.00 0.07 1.00 0.00
R of E_left_arm 0.98 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.86 0.10 0.92 0.13 0.99 0.13 0.99 0.03
R of Ey_right_arm 0.90 0.01 0.94 -0.02 | 0.99 0.01 0.99 0.02
R of Ez_right_arm 0.92 0.01 0.96 0.05 0.99 0.07 0.99 0.00
R of E_right_arm 0.89 0.00 0.94 0.00 0.99 0.00 0.99 0.00
R of Ex_left_tibia 0.92 0.00 0.94 0.03 0.99 0.04 0.99 0.01
R of Ey_left tibia 0.86 0.04 0.90 0.02 0.98 0.03 0.99 0.04
R of Ez left tibia 0.49 -0.05 0.85 -0.02 0.98 0.10 0.98 0.10
R of E_left tibia 0.68 0.00 0.86 0.00 0.99 0.00 0.99 0.00
R of Ex_right tibia 0.98 -0.07 | 0.99 -0.14 | 1.00 -0.12 | 1.00 0.00
R of Ey_right_tibia 0.98 -0.03 | 0.99 -0.06 | 1.00 -0.06 | 1.00 0.00
R of Ez right tibia 0.59 -0.05 | 0.86 -0.12 | 0.98 -0.04 | 098 0.08
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Table A-III. Correlation coefficients for the Duke model at 800 mm landmark. (continued)

R of E_right tibia 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.11 | 0.92 -0.18 | 0.98 -0.12 | 0.99 0.01
R of Ey hip_femur 0.88 -0.05 | 091 -0.10 | 0.99 -0.06 | 0.99 0.01
R of Ez_hip femur 0.96 -022 | 0.98 -0.27 | 0.99 -0.15 | 1.00 -0.01
R of E_hip_femur 0.91 0.00 0.93 0.00 0.99 0.00 0.99 0.00
R of Ex_body 0.84 0.03 0.88 0.06 0.97 0.05 0.99 0.02
R of Ey_body 0.86 0.01 0.90 -0.01 | 0.98 0.00 0.99 0.02
R of Ez_body 0.96 -0.23 | 0.96 -0.26 | 0.99 -0.15 | 1.00 0.00
R of E_body 0.89 0.00 0.92 0.00 0.99 0.00 0.99 0.00
R of Ex_head 0.90 0.00 0.92 -0.04 | 0.97 -0.03 | 0.99 0.01
R of Ey_head 0.90 0.07 0.92 0.07 0.98 0.04 0.99 0.03
R of Ez_head 0.85 0.02 0.87 0.00 0.95 0.02 0.98 0.02
R of E_head 0.92 0.00 0.92 0.00 0.97 0.00 0.99 0.00
R of Ex_total 0.91 -0.07 | 0.92 -0.10 | 0.98 -0.06 | 0.99 0.01
R of Ey_total 0.91 -0.01 | 0.93 -0.03 | 0.99 -0.02 | 0.99 0.01
R of Ez_total 0.95 -0.15 | 0.96 -0.18 | 0.99 -0.09 | 1.00 0.00
R of E_total 0.93 0.00 0.95 0.00 0.99 0.00 0.99 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.98 0.01 0.99 0.02 1.00 0.00 1.00 0.00
R of Ey_left_arm 0.98 0.01 0.99 0.01 1.00 0.00 1.00 0.00
R of Ez_left arm 0.96 -0.04 | 0.99 0.01 1.00 0.01 1.00 0.00
R of E_left arm 0.98 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_right arm 0.86 0.02 0.94 0.04 1.00 0.01 1.00 -0.01
R of Ey right arm 0.91 0.03 0.96 0.01 1.00 0.00 1.00 0.00
R of Ez_right arm 0.92 -0.03 | 0.97 -0.01 1.00 0.01 1.00 -0.01
R of E_right arm 0.89 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.05 | 0.96 -0.01 | 0.99 -0.01 | 0.99 0.00
R of Ey_left_tibia 0.87 0.03 0.95 0.01 0.99 0.00 0.99 0.01
R of Ez_left_tibia 0.50 -0.09 | 091 -0.03 | 0.99 0.01 0.99 0.02
R of E_left_tibia 0.69 0.00 0.93 0.00 0.99 0.00 0.99 0.00
R of Ex_right tibia 0.99 0.02 0.99 -0.02 | 1.00 -0.01 1.00 0.00
R of Ey_right tibia 0.98 0.01 0.99 0.00 1.00 -0.01 1.00 0.00
R of Ez_right_tibia 0.59 0.01 0.91 -0.03 | 0.99 0.00 0.99 0.02
R of E_right tibia 0.95 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.91 -0.01 0.95 -0.06 1.00 -0.01 1.00 0.00
R of Ey_hip_femur 0.89 -0.01 0.95 -0.03 1.00 -0.01 1.00 0.00
R of Ez_hip femur 0.97 -0.07 | 0.99 -0.07 | 1.00 -0.01 1.00 0.00
R of E_hip_femur 0.92 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.86 -0.01 | 0.92 0.04 0.99 0.00 1.00 0.00
R of Ey_body 0.86 0.02 0.93 0.01 0.99 0.01 1.00 0.00
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Table A-III. Correlation coefficients for the Duke model at 800 mm landmark. (continued)

R of Ez_body 0.96 -0.06 0.98 -0.04 1.00 0.00 1.00 0.01
R of E_body 0.90 0.00 0.95 0.00 0.99 0.00 1.00 0.00
R of Ex_head 0.93 -0.01 | 0.96 -0.04 | 0.99 -0.04 | 1.00 0.00
R of Ey_head 0.91 0.03 0.94 0.01 0.99 -0.02 | 0.99 0.01
R of Ez_head 0.89 0.00 0.94 -0.02 | 0.98 -0.02 | 0.99 0.01
R of E_head 0.94 0.00 0.96 0.00 0.99 0.00 1.00 0.00
R of Ex_total 0.93 -0.02 | 0.96 -0.03 1.00 -0.01 1.00 0.00
R of Ey_total 0.92 0.00 0.96 -0.01 1.00 0.00 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.99 -0.04 | 1.00 0.00 1.00 0.01
R of E_total 0.94 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.98 0.01 1.00 0.01 1.00 0.00 1.00 0.00
R of Ey_left arm 0.98 0.01 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_left arm 0.96 -0.04 | 1.00 0.00 1.00 0.01 1.00 0.00
R of E_left_arm 0.98 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.86 0.02 0.99 0.04 0.99 0.04 1.00 -0.01
R of Ey_right_arm 0.91 0.03 0.99 0.01 0.99 0.01 1.00 0.00
R of Ez_right_arm 0.92 -0.03 | 0.99 0.01 1.00 0.02 1.00 0.00
R of E_right_arm 0.89 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.05 | 0.99 0.00 0.99 -0.01 1.00 0.01
R of Ey_left tibia 0.87 0.03 0.98 0.05 0.98 0.03 1.00 0.00
R of Ez left tibia 0.50 -0.09 0.97 0.14 0.97 0.09 0.99 0.01
R of E_left tibia 0.69 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_right tibia 0.99 0.02 1.00 0.00 1.00 -0.01 1.00 0.00
R of Ey right tibia 0.98 0.01 1.00 0.00 1.00 -0.01 1.00 0.00
R of Ez_right tibia 0.59 0.01 0.96 0.09 0.97 0.05 0.99 0.00
R of E_right tibia 0.95 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.91 -0.01 | 0.99 0.00 0.99 -0.02 | 1.00 -0.01
R of Ey_hip_femur 0.89 -0.01 | 0.99 -0.01 | 0.99 -0.01 1.00 -0.01
R of Ez_hip_femur 0.97 -0.07 | 1.00 -0.04 | 1.00 -0.04 | 1.00 0.00
R of E_hip_femur 0.92 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.86 -0.01 | 0.97 0.04 0.97 0.04 1.00 0.00
R of Ey_body 0.86 0.02 0.97 0.01 0.97 0.01 1.00 0.00
R of Ez_body 0.96 -0.06 0.99 -0.02 0.99 -0.02 1.00 0.00
R of E_body 0.90 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_head 0.93 -0.01 0.99 -0.02 0.99 -0.02 0.99 0.00
R of Ey_head 0.91 0.03 0.98 0.00 0.98 -0.01 | 0.98 -0.01
R of Ez_head 0.89 0.00 0.98 -0.03 | 0.98 -0.04 | 098 -0.01
R of E_head 0.94 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.93 -0.02 | 0.99 0.00 0.99 -0.01 1.00 0.00
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Table A-III. Correlation coefficients for the Duke model at 800 mm landmark. (continued)

R of Ey_total 0.92 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ez_total 0.97 -0.05 | 0.99 -0.02 | 1.00 -0.02 | 1.00 0.00
R of E_total 0.94 0.00 0.99 0.00 0.99 0.00 1.00 0.00
Table A-IV. Correlation coefficients for the Ella model at 400 mm landmark.

landmark at 400 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.92 -0.03 | 0.94 -0.03 | 0.99 0.00 1.00 0.01
R of Ey_left_arm 0.91 -0.01 | 0.94 0.00 0.99 0.02 1.00 0.00
R of Ez_left arm 0.89 -0.07 | 0.94 -0.07 | 0.99 -0.02 | 1.00 0.00
R of E_left arm 0.90 0.00 0.94 0.00 1.00 0.00 1.00 0.00
R of Ex_right arm 0.93 0.01 0.95 -0.10 0.99 -0.07 1.00 0.01
R of Ey right arm 0.93 -0.02 0.95 -0.06 0.99 -0.04 1.00 0.00
R of Ez_right arm 0.90 -0.08 | 0.95 -0.10 | 0.99 -0.04 | 1.00 0.00
R of E_right arm 0.93 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.04 | 0.94 0.00 0.99 0.04 1.00 0.01
R of Ey_left_tibia 0.81 0.11 0.86 0.10 0.99 0.09 1.00 0.04
R of Ez_left_tibia 0.68 -0.09 | 0.88 -0.12 | 0.99 0.07 0.99 0.06
R of E_left_tibia 0.81 0.00 0.89 0.00 0.99 0.00 1.00 0.00
R of Ex_right tibia 0.95 0.05 0.96 0.02 0.99 -0.02 | 1.00 0.03
R of Ey_right tibia 0.88 0.03 0.91 0.03 0.99 0.05 1.00 0.03
R of Ez_right_tibia 0.78 0.24 0.90 0.24 0.98 0.18 0.99 0.05
R of E_right tibia 0.92 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.91 -0.16 0.93 -0.22 0.99 -0.15 1.00 0.01
R of Ey_hip_femur 0.91 0.00 0.93 -0.02 0.99 -0.01 1.00 0.01
R of Ez_hip femur 0.94 -0.39 | 0.96 -0.35 | 0.99 -0.12 | 1.00 0.01
R of E_hip_femur 0.94 0.00 0.95 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.92 -0.19 | 0.94 -0.23 | 0.98 -0.16 | 1.00 0.00
R of Ey_body 0.87 -0.08 | 091 -0.10 | 0.98 -0.05 | 1.00 0.01
R of Ez_body 0.97 -0.29 | 0.98 -0.28 | 0.99 -0.15 | 1.00 -0.01
R of E_body 0.92 0.00 0.94 0.00 0.99 0.00 1.00 0.00
R of Ex_head 0.95 -0.03 | 0.96 -0.04 | 0.99 -0.03 | 0.99 0.00
R of Ey_head 0.94 0.01 0.95 0.02 0.99 0.02 0.99 0.01
R of Ez_head 0.95 -0.09 | 0.96 -0.09 | 0.99 -0.05 | 0.99 0.00
R of E_head 0.96 0.00 0.97 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.92 -0.16 0.93 -0.20 0.99 -0.12 1.00 0.01
R of Ey_total 0.91 -0.04 0.93 -0.05 0.99 -0.02 1.00 0.01
R of Ez_total 0.96 -0.25 | 0.98 -0.24 | 0.99 -0.12 | 1.00 -0.01
R of E_total 0.95 0.00 0.96 0.00 0.99 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8
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Table A-IV. Correlation coefficients for the Ella model at 400 mm landmark. (continued)

Correlation coefficient module | phase | module | phase | module | phase | module | Phase
R of Ex_left_arm 0.93 -0.01 | 0.96 0.01 1.00 0.00 1.00 0.00
R of Ey_left arm 0.92 0.00 0.96 0.02 1.00 0.00 1.00 0.00
R of Ez left arm 0.90 -0.03 | 0.96 0.00 1.00 0.00 1.00 -0.01
Rof E_left arm 0.91 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.94 0.08 0.97 -0.01 1.00 -0.01 1.00 0.00
R of Ey right_arm 0.93 0.03 0.97 0.01 1.00 -0.01 1.00 0.00
R of Ez_right arm 0.91 -0.01 | 0.97 -0.01 1.00 -0.01 1.00 0.00
R of E_right_arm 0.93 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_left tibia 0.93 -0.07 | 0.96 0.00 1.00 0.00 1.00 0.00
R of Ey_left tibia 0.84 0.05 0.93 0.04 1.00 0.01 1.00 0.02
R of Ez left tibia 0.72 -0.11 0.94 -0.09 0.99 0.00 0.99 0.02
R of E_left tibia 0.84 0.00 0.95 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 0.95 0.04 0.98 0.00 1.00 -0.03 1.00 0.02
R of Ey right tibia 0.91 0.02 0.96 0.01 1.00 -0.01 1.00 0.02
R of Ez_right tibia 0.80 0.11 0.94 0.07 0.99 -0.01 | 0.99 0.02
R of E_right_tibia 0.93 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.92 -0.02 | 0.96 -0.05 1.00 -0.03 1.00 0.01
R of Ey_hip_femur 0.91 0.03 0.95 0.02 1.00 0.00 1.00 0.00
R of Ez_hip_femur 0.95 -0.18 | 0.98 -0.09 | 1.00 0.00 1.00 0.00
R of E_hip_femur 0.96 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.94 -0.03 | 0.96 -0.02 | 0.99 -0.04 | 1.00 0.00
R of Ey_body 0.88 -0.01 0.93 0.00 0.99 -0.01 1.00 0.00
R of Ez_body 0.98 -0.07 0.99 -0.01 1.00 -0.01 1.00 -0.01
R of E_body 0.93 0.00 0.95 0.00 0.99 0.00 1.00 0.00
R of Ex_head 0.96 0.00 0.96 0.00 0.99 -0.02 | 0.99 0.00
R of Ey_head 0.95 0.02 0.96 0.04 0.99 0.01 0.99 0.00
R of Ez_head 0.95 -0.02 | 0.96 -0.01 | 0.99 -0.02 | 0.99 0.00
R of E_head 0.96 0.00 0.97 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.94 -0.04 | 0.97 -0.04 | 1.00 -0.03 1.00 0.00
R of Ey_total 0.92 0.00 0.95 0.01 1.00 -0.01 1.00 0.00
R of Ez_total 0.97 -0.07 | 0.99 -0.01 1.00 -0.01 1.00 -0.01
R of E_total 0.96 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.93 -0.01 0.99 -0.02 1.00 -0.01 1.00 -0.01
R of Ey left arm 0.92 0.00 0.99 -0.02 1.00 -0.01 1.00 -0.01
R of Ez_left arm 0.90 -0.03 | 0.99 -0.03 1.00 -0.01 1.00 0.00
R of E_left_arm 0.91 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.94 0.08 1.00 0.05 1.00 0.02 1.00 0.01
R of Ey right_arm 0.93 0.03 0.99 0.01 1.00 0.01 1.00 0.00
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Table A-IV. Correlation coefficients for the Ella model at 400 mm landmark. (continued)

R of Ez right arm 0.91 -0.01 0.99 -0.01 1.00 0.00 1.00 0.00
R of E_right arm 0.93 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.93 -0.07 | 0.99 -0.01 | 0.99 -0.02 | 1.00 0.00
R of Ey_left_tibia 0.84 0.05 0.99 0.04 0.99 0.04 1.00 0.01
R of Ez_left_tibia 0.72 -0.11 | 0.98 0.08 0.98 0.03 1.00 0.04
R of E_left_tibia 0.84 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_right tibia 0.95 0.04 1.00 -0.01 1.00 0.00 1.00 0.00
R of Ey_right tibia 0.91 0.02 0.99 -0.01 | 0.99 0.01 1.00 0.00
R of Ez_right_tibia 0.80 0.11 0.97 0.04 0.98 0.05 1.00 0.03
R of E_right_tibia 0.93 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.92 -0.02 1.00 0.00 0.99 -0.02 1.00 -0.01
R of Ey_hip_femur 0.91 0.03 1.00 0.00 0.99 0.00 1.00 0.00
R of Ez_hip_femur 0.95 -0.18 1.00 0.01 1.00 -0.04 1.00 0.00
R of E_hip_femur 0.96 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.94 -0.03 | 0.98 -0.03 | 0.99 0.00 1.00 0.00
R of Ey_body 0.88 -0.01 | 0.96 -0.03 | 0.98 -0.01 | 0.99 0.00
R of Ez_body 0.98 -0.07 | 0.99 -0.03 1.00 -0.01 1.00 0.00
R of E_body 0.93 0.00 0.97 0.00 0.98 0.00 0.99 0.00
R of Ex_head 0.96 0.00 0.98 -0.02 | 0.99 -0.01 | 0.99 0.00
R of Ey_head 0.95 0.02 0.98 -0.01 | 0.99 0.00 0.99 0.00
R of Ez_head 0.95 -0.02 | 0.98 -0.02 | 0.99 -0.02 | 0.99 0.00
R of E_head 0.96 0.00 0.98 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.94 -0.04 0.99 -0.01 0.99 -0.01 1.00 0.00
R of Ey_total 0.92 0.00 0.98 -0.01 0.99 0.00 0.99 0.00
R of Ez_total 0.97 -0.07 0.99 -0.03 1.00 -0.01 1.00 0.00
R of E_total 0.96 0.00 0.99 0.00 0.99 0.00 1.00 0.00
Table A-V. Correlation coefficients for the Ella model at 600 mm landmark.

landmark at 600 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.94 0.04 0.95 0.03 1.00 0.02 1.00 0.01
R of Ey_left_arm 0.96 0.02 0.97 0.02 1.00 0.01 1.00 0.00
R of Ez_left arm 0.88 0.04 0.93 0.01 0.99 0.02 1.00 0.00
R of E_left arm 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.83 0.18 0.88 0.11 0.99 0.10 1.00 0.02
R of Ey right arm 0.91 0.05 0.93 0.02 0.99 0.02 1.00 0.01
R of Ez right arm 0.86 0.07 0.92 0.04 0.99 0.06 1.00 0.01
R of E_right arm 0.87 0.00 0.91 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.85 0.00 0.88 0.04 0.99 0.08 0.99 0.03
R of Ey_left_tibia 0.81 0.07 0.87 0.01 0.98 0.04 0.99 0.05
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Table A-V. Correlation coefficients for the Ella model at 600 mm landmark. (continued)

R of Ez left tibia 0.69 -0.07 0.90 -0.04 0.99 0.10 0.99 0.05
R of E_left_tibia 0.72 0.00 0.85 0.00 0.99 0.00 0.99 0.00
R of Ex_right tibia 0.98 -0.06 | 0.98 -0.11 1.00 -0.11 1.00 0.00
R of Ey_right tibia 0.96 -0.03 | 0.97 -0.06 | 1.00 -0.06 | 1.00 0.01
R of Ez _right_tibia 0.77 0.02 0.88 -0.06 | 0.98 -0.04 | 0.99 0.04
R of E_right_tibia 0.97 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.15 | 0.90 -0.18 | 0.98 -0.12 | 1.00 0.00
R of Ey_hip_femur 0.88 -0.04 | 091 -0.06 | 0.99 -0.02 | 1.00 0.01
R of Ez_hip_femur 0.96 -0.35 | 0.98 -0.31 1.00 -0.11 1.00 0.00
R of E_hip_femur 0.92 0.00 0.93 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.86 -0.03 0.88 -0.06 0.97 -0.05 1.00 0.00
R of Ey_body 0.88 0.00 0.91 -0.01 0.98 0.00 0.99 0.01
R of Ez_body 0.97 -0.30 0.98 -0.29 0.99 -0.13 1.00 0.00
R of E_body 0.91 0.00 0.92 0.00 0.98 0.00 1.00 0.00
R of Ex_head 0.95 -0.07 | 0.95 -0.08 | 0.98 -0.06 | 0.99 0.00
R of Ey_head 0.90 0.03 0.92 0.03 0.98 0.03 0.99 0.01
R of Ez_head 0.94 -0.11 | 0.95 -0.10 | 0.98 -0.06 | 0.99 0.00
R of E_head 0.96 0.00 0.96 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.88 -0.13 | 0.89 -0.15 | 0.98 -0.09 | 1.00 0.01
R of Ey_total 0.90 -0.02 | 0.92 -0.03 | 0.99 -0.01 1.00 0.01
R of Ez_total 0.96 -0.24 | 0.97 -0.22 | 0.99 -0.09 | 1.00 0.00
R of E_total 0.93 0.00 0.94 0.00 0.99 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.94 0.04 0.96 0.03 1.00 0.00 1.00 0.00
R of Ey_left arm 0.96 0.03 0.98 0.03 1.00 0.00 1.00 0.00
R of Ez_left arm 0.90 0.04 0.96 0.02 1.00 0.00 1.00 0.00
R of E_left_arm 0.96 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.85 0.11 0.91 0.04 1.00 0.01 1.00 -0.01
R of Ey_right_arm 0.91 0.05 0.95 0.03 1.00 0.00 1.00 0.00
R of Ez_right_arm 0.89 0.05 0.96 0.02 1.00 0.01 1.00 0.00
R of E_right_arm 0.88 0.00 0.94 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.85 -0.08 | 0.92 -0.02 | 1.00 0.00 1.00 0.01
R of Ey_left tibia 0.83 0.09 0.93 0.02 1.00 0.01 1.00 0.02
R of Ez left tibia 0.71 -0.13 0.94 -0.06 0.99 0.01 0.99 0.02
R of E_left tibia 0.75 0.00 0.93 0.00 1.00 0.00 0.99 0.00
R of Ex_right tibia 0.98 0.02 0.99 -0.01 1.00 -0.02 1.00 0.01
R of Ey_right tibia 0.97 0.01 0.98 0.00 1.00 -0.02 | 1.00 0.01
R of Ez_right tibia 0.80 0.07 0.94 -0.02 | 0.99 -0.03 | 0.99 0.02
R of E_right tibia 0.97 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.05 | 0.95 -0.04 | 1.00 -0.03 | 1.00 0.00
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Table A-V. Correlation coefficients for the Ella model at 600 mm landmark. (continued)

R of Ey_hip_femur 0.89 0.00 0.94 0.00 1.00 0.00 1.00 0.00
R of Ez_hip femur 0.97 -0.16 | 0.99 -0.09 | 1.00 -0.01 1.00 0.00
R of E_hip_femur 0.94 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.90 0.03 0.94 0.04 0.99 -0.02 | 1.00 0.00
R of Ey_body 0.89 0.02 0.93 0.02 0.99 0.00 0.99 0.00
R of Ez_body 0.98 -0.09 | 0.99 -0.02 | 1.00 0.00 1.00 0.00
R of E_body 0.93 0.00 0.95 0.00 0.99 0.00 1.00 0.00
R of Ex_head 0.96 -0.03 | 0.97 -0.02 | 0.99 -0.04 | 1.00 0.00
R of Ey_head 0.91 0.03 0.93 0.03 0.99 0.00 0.99 0.00
R of Ez_head 0.95 -0.05 | 0.96 -0.02 | 0.99 -0.03 | 0.99 0.00
R of E_head 0.96 0.00 0.97 0.00 0.99 0.00 1.00 0.00
R of Ex_total 0.92 -0.05 0.95 -0.03 1.00 -0.02 1.00 0.00
R of Ey_total 0.91 0.00 0.95 0.01 1.00 0.00 1.00 0.00
R of Ez_total 0.97 -0.09 | 0.99 -0.03 1.00 0.00 1.00 0.00
R of E_total 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.94 0.04 1.00 -0.01 1.00 0.01 1.00 0.00
R of Ey_left_arm 0.96 0.03 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_left arm 0.90 0.04 0.99 -0.02 | 1.00 0.00 1.00 0.00
R of E_left arm 0.96 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.85 0.11 0.99 0.00 0.99 0.03 1.00 -0.01
R of Ey right arm 0.91 0.05 1.00 0.01 1.00 0.02 1.00 0.00
R of Ez right arm 0.89 0.05 0.99 0.00 1.00 0.02 1.00 0.00
R of E right arm 0.88 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.85 -0.08 | 0.99 0.01 0.99 0.00 1.00 0.01
R of Ey_left_tibia 0.83 0.09 0.99 0.05 0.99 0.05 1.00 0.02
R of Ez_left tibia 0.71 -0.13 | 0.97 0.07 0.98 0.02 1.00 0.03
R of E_left_tibia 0.75 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_right tibia 0.98 0.02 1.00 0.00 1.00 -0.01 1.00 0.00
R of Ey_right tibia 0.97 0.01 1.00 0.00 1.00 -0.01 1.00 0.00
R of Ez right_tibia 0.80 0.07 0.97 0.01 0.98 0.02 1.00 0.01
R of E_right_tibia 0.97 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.05 | 1.00 0.00 1.00 -0.02 | 1.00 -0.01
R of Ey_hip_femur 0.89 0.00 1.00 0.00 0.99 0.00 1.00 0.00
R of Ez_hip femur 0.97 -0.16 1.00 0.00 1.00 -0.03 1.00 0.00
R of E_hip_femur 0.94 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.90 0.03 0.97 -0.03 | 0.98 0.02 0.99 0.01
R of Ey_body 0.89 0.02 0.96 -0.01 | 0.98 0.00 0.98 0.00
R of Ez_body 0.98 -0.09 | 0.99 -0.01 1.00 -0.02 | 1.00 0.00
R of E_body 0.93 0.00 0.97 0.00 0.98 0.00 0.99 0.00
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Table A-V. Correlation coefficients for the Ella model at 600 mm landmark. (continued)

R of Ex_head 0.96 -0.03 0.98 -0.04 0.99 -0.01 0.99 0.00
R of Ey_head 0.91 0.03 0.97 -0.01 | 0.98 0.01 0.99 0.00
R of Ez_head 0.95 -0.05 | 0.98 -0.04 | 0.99 -0.02 | 0.99 0.00
R of E_head 0.96 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.92 -0.05 | 0.99 -0.01 | 0.99 -0.01 1.00 0.00
R of Ey_total 0.91 0.00 0.98 0.00 0.99 0.00 0.99 0.00
R of Ez_total 0.97 -0.09 | 0.99 -0.01 1.00 -0.02 | 1.00 0.00
R of E_total 0.95 0.00 0.99 0.00 0.99 0.00 1.00 0.00
Table A-VI. Correlation coefficients for the Ella model at 800 mm landmark.

landmark at 800 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.95 0.04 0.96 0.03 1.00 0.02 1.00 0.00
R of Ey_left_arm 0.97 0.04 0.98 0.03 1.00 0.01 1.00 0.00
R of Ez_left arm 0.90 0.04 0.94 0.02 0.99 0.03 1.00 0.01
R of E_left arm 0.96 0.00 0.97 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.87 0.22 0.90 0.21 1.00 0.17 1.00 0.01
R of Ey_right_arm 0.90 0.00 0.93 -0.02 | 0.99 0.00 1.00 0.01
R of Ez_right_arm 0.89 0.09 0.94 0.08 0.99 0.09 1.00 0.01
R of E_right_arm 0.88 0.00 0.92 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.92 0.05 0.94 0.08 0.99 0.08 1.00 0.01
R of Ey_left tibia 0.88 0.06 0.92 0.05 0.98 0.05 1.00 0.02
R of Ez left tibia 0.70 -0.01 0.89 0.00 0.99 0.09 0.99 0.04
R of E_left tibia 0.86 0.00 0.92 0.00 0.99 0.00 1.00 0.00
R of Ex_right tibia 0.97 -0.03 0.98 -0.07 1.00 -0.08 1.00 0.00
R of Ey_right_tibia 0.97 0.02 0.98 0.00 1.00 -0.02 | 1.00 0.00
R of Ez right tibia 0.82 -0.03 | 091 -0.08 | 0.99 -0.03 | 0.99 0.03
R of E_right_tibia 0.97 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.85 -0.04 | 0.87 -0.04 | 0.98 -0.03 | 1.00 0.00
R of Ey_hip_femur 0.84 -0.08 | 0.89 -0.11 | 0.99 -0.03 | 1.00 0.02
R of Ez_hip_femur 0.96 -029 | 0.97 -0.27 | 1.00 -0.10 | 1.00 0.00
R of E_hip_femur 0.90 0.00 0.92 0.00 0.98 0.00 1.00 0.00
R of Ex_body 0.86 0.17 0.88 0.17 0.97 0.10 1.00 0.00
R of Ey_body 0.89 0.03 0.91 0.02 0.98 0.03 0.99 0.01
R of Ez_body 0.96 -0.31 0.97 -0.28 0.99 -0.11 1.00 0.00
R of E_body 0.92 0.00 0.93 0.00 0.98 0.00 1.00 0.00
R of Ex_head 0.94 -0.01 0.94 -0.02 0.98 -0.01 0.99 0.00
R of Ey_head 0.85 0.08 0.89 0.08 0.97 0.07 0.98 0.02
R of Ez_head 0.89 -0.07 | 091 -0.04 | 0.96 0.02 0.98 0.02
R of E_head 0.93 0.00 0.94 0.00 0.98 0.00 0.99 0.00
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Table A-VI. Correlation coefficients for the Ella model at 800 mm landmark. (continued)

R of Ex_total 0.87 -0.03 0.89 -0.02 0.98 -0.01 1.00 0.00
R of Ey_total 0.91 -0.01 | 0.93 -0.02 | 0.99 0.00 1.00 0.01
R of Ez_total 0.95 -0.21 | 0.96 -0.19 | 0.99 -0.06 | 1.00 0.00
R of E_total 0.93 0.00 0.94 0.00 0.99 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.95 0.03 0.97 0.03 1.00 0.00 1.00 0.00
R of Ey_left_arm 0.97 0.03 0.98 0.03 1.00 0.00 1.00 0.00
R of Ez_left arm 0.91 0.04 0.96 0.01 1.00 0.00 1.00 0.00
R of E_left arm 0.97 0.00 0.98 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.87 0.08 0.92 0.07 1.00 0.03 1.00 -0.01
R of Ey right arm 0.91 0.02 0.95 0.00 1.00 0.00 1.00 0.00
R of Ez right arm 0.90 0.02 0.97 0.01 1.00 0.01 1.00 0.00
R of E_right arm 0.89 0.00 0.94 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.02 | 0.96 0.02 1.00 0.01 1.00 0.00
R of Ey_left_tibia 0.89 0.05 0.95 0.04 1.00 0.01 1.00 0.01
R of Ez_left tibia 0.72 -0.04 | 0.94 0.00 0.99 0.01 0.99 0.01
R of E_left_tibia 0.87 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_right tibia 0.97 0.03 0.98 0.01 1.00 -0.01 1.00 0.00
R of Ey_right tibia 0.97 0.02 0.99 0.02 1.00 0.00 1.00 0.00
R of Ez_right_tibia 0.84 0.02 0.95 -0.02 | 0.99 -0.01 | 0.99 0.01
R of E_right_tibia 0.97 0.00 0.99 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.03 0.94 -0.01 1.00 -0.01 1.00 0.00
R of Ey_hip_femur 0.86 -0.05 0.93 -0.04 1.00 -0.01 1.00 0.00
R of Ez_hip femur 0.97 -0.13 0.99 -0.08 1.00 -0.01 1.00 0.00
R of E_hip_femur 0.92 0.00 0.96 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.88 0.08 0.92 0.11 0.99 0.02 1.00 -0.01
R of Ey_body 0.89 0.03 0.93 0.03 0.99 0.01 0.99 0.00
R of Ez_body 0.97 -0.11 | 0.99 -0.04 | 1.00 0.00 1.00 0.00
R of E_body 0.94 0.00 0.95 0.00 1.00 0.00 1.00 0.00
R of Ex_head 0.95 -0.03 | 0.97 -0.03 | 0.99 -0.03 | 0.99 0.00
R of Ey_head 0.86 0.01 0.91 0.00 0.98 -0.01 | 0.99 0.00
R of Ez_head 0.90 -0.09 | 0.92 -0.04 | 0.98 -0.02 | 0.99 0.00
R of E_head 0.94 0.00 0.96 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.92 -0.02 0.95 0.00 1.00 -0.01 1.00 0.00
R of Ey_total 0.92 0.00 0.95 0.00 1.00 0.00 1.00 0.00
R of Ez_total 0.97 -0.09 0.99 -0.04 1.00 0.00 1.00 0.00
R of E_total 0.95 0.00 0.97 0.00 1.00 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.95 0.03 1.00 0.00 1.00 0.01 1.00 0.00

108




Table A-VI. Correlation coefficients for the Ella model at 800 mm landmark. (continued)

R of Ey left arm 0.97 0.03 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_left arm 0.91 0.04 0.99 -0.01 1.00 0.00 1.00 0.00
R of E_left_arm 0.97 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_right_arm 0.87 0.08 1.00 0.00 1.00 0.01 1.00 -0.01
R of Ey_right_arm 0.91 0.02 1.00 0.01 1.00 0.01 1.00 0.00
R of Ez_right_arm 0.90 0.02 0.99 0.00 1.00 0.01 1.00 0.00
R of E_right_arm 0.89 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_left_tibia 0.92 -0.02 | 0.99 0.00 0.99 0.00 1.00 0.00
R of Ey_left tibia 0.89 0.05 0.99 0.02 0.99 0.03 1.00 0.01
R of Ez_left _tibia 0.72 -0.04 | 098 0.04 0.98 0.02 1.00 0.02
R of E_left tibia 0.87 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_right tibia 0.97 0.03 1.00 0.00 1.00 0.00 1.00 0.00
R of Ey right tibia 0.97 0.02 1.00 0.00 1.00 0.00 1.00 0.00
R of Ez_right tibia 0.84 0.02 0.97 0.01 0.98 0.01 1.00 0.00
R of E_right tibia 0.97 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_hip_femur 0.90 -0.03 | 1.00 -0.01 1.00 -0.01 1.00 0.00
R of Ey_hip_femur 0.86 -0.05 | 0.99 0.00 0.99 -0.01 1.00 0.00
R of Ez_hip_femur 0.97 -0.13 | 1.00 0.00 1.00 -0.02 | 1.00 0.00
R of E_hip_femur 0.92 0.00 1.00 0.00 1.00 0.00 1.00 0.00
R of Ex_body 0.88 0.08 0.98 -0.02 | 0.99 0.02 0.99 0.01
R of Ey_body 0.89 0.03 0.97 0.00 0.98 0.00 0.98 0.01
R of Ez_body 0.97 -0.11 | 0.99 0.01 1.00 -0.03 | 1.00 0.00
R of E_body 0.94 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ex_head 0.95 -0.03 0.98 -0.02 0.99 -0.02 0.99 0.00
R of Ey_head 0.86 0.01 0.95 -0.01 0.98 0.00 0.98 0.00
R of Ez_head 0.90 -0.09 | 0.95 -0.02 | 0.98 -0.04 | 098 0.00
R of E_head 0.94 0.00 0.97 0.00 0.99 0.00 0.99 0.00
R of Ex_total 0.92 -0.02 | 0.99 -0.01 | 0.99 -0.01 1.00 0.00
R of Ey_total 0.92 0.00 0.99 0.00 0.99 0.00 0.99 0.00
R of Ez_total 0.97 -0.09 | 1.00 0.00 1.00 -0.02 | 1.00 0.00
R of E_total 0.95 0.00 0.99 0.00 1.00 0.00 1.00 0.00
Table A-VII. Correlation coefficients for the FATS model at 400 mm landmark.

landmark at 400 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.94 -0.07 0.96 -0.09 0.96 -0.08 1.00 0.02
R of Ey left arm 0.86 -0.14 0.91 -0.12 0.91 -0.12 1.00 0.02
R of Ez left arm 0.88 -0.17 | 0.94 -0.17 | 0.93 -0.17 | 1.00 0.01
R of E_left_arm 0.90 0.00 0.95 0.00 0.94 0.00 1.00 0.00
R of Ex_right_arm 0.94 0.02 0.95 -0.04 | 0.95 -0.02 | 1.00 0.03
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Table A-VII. Correlation coefficients for the FATS model at 400 mm landmark. (continued)

R of Ey right arm 0.91 -0.09 0.94 -0.09 0.94 -0.09 1.00 0.01
R of Ez_right arm 0.88 -0.15 | 0.94 -0.15 | 0.93 -0.14 | 1.00 0.01
R of E_right arm 0.91 0.00 0.95 0.00 0.95 0.00 1.00 0.00
R of Ex_left_tibia 0.96 0.01 0.97 -0.02 | 0.97 -0.01 1.00 0.02
R of Ey_left_tibia 0.93 0.10 0.95 0.08 0.95 0.06 1.00 0.01
R of Ez_left tibia 0.80 0.04 0.84 -0.03 | 0.85 -0.01 | 0.99 0.03
R of E_left_tibia 0.95 0.00 0.96 0.00 0.96 0.00 1.00 0.00
R of Ex_right tibia 0.93 -0.09 | 0.95 -0.10 | 0.96 -0.09 | 1.00 0.01
R of Ey_right tibia 0.94 -0.21 | 0.96 -0.19 | 0.96 -0.16 | 1.00 0.02
R of Ez right_tibia 0.75 -0.08 | 0.81 -0.13 | 0.85 -0.11 | 0.99 0.02
R of E_right tibia 0.93 0.00 0.95 0.00 0.96 0.00 1.00 0.00
R of Ex_hip_femur 0.78 -0.13 0.84 -0.20 0.84 -0.19 1.00 0.02
R of Ey_hip_femur 0.83 -0.05 0.87 -0.09 0.86 -0.08 1.00 0.02
R of Ez_hip femur 0.89 -0.56 | 0.93 -0.48 | 0.93 -0.46 | 1.00 0.00
R of E_hip_femur 0.86 0.00 0.90 0.00 0.91 0.00 1.00 0.00
R of Ex_body 0.82 -0.31 | 0.87 -0.32 | 0.88 -0.30 | 1.00 0.01
R of Ey_body 0.69 -0.36 | 0.79 -0.37 | 0.78 -0.35 | 1.00 0.02
R of Ez_body 0.94 -0.52 | 0.96 -047 | 0.96 -0.44 | 1.00 0.00
R of E_body 0.77 0.00 0.85 0.00 0.84 0.00 1.00 0.00
R of Ex_head 0.78 -0.15 | 0.83 -0.20 | 0.84 -0.17 | 0.99 0.02
R of Ey_head 0.84 -0.02 | 0.88 -0.03 | 0.88 -0.03 | 0.99 0.02
R of Ez_head 0.93 -0.21 | 0.95 -0.17 | 0.95 -0.14 | 0.99 0.01
R of E_head 0.85 0.00 0.90 0.00 0.90 0.00 0.99 0.00
R of Ex_total 0.82 -0.23 0.87 -0.25 0.88 -0.24 1.00 0.01
R of Ey_total 0.73 -0.25 0.81 -0.27 0.81 -0.26 1.00 0.02
R of Ez_total 0.91 -0.43 | 0.95 -0.39 | 0.95 -0.37 | 1.00 0.00
R of E_total 0.86 0.00 0.91 0.00 0.91 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.95 -0.02 | 0.98 -0.01 | 0.98 -0.01 1.00 0.00
R of Ey_left_arm 0.87 -0.08 | 0.96 0.00 0.96 0.00 1.00 0.00
R of Ez_left arm 0.92 -0.09 | 0.99 -0.03 | 0.99 -0.03 | 1.00 0.00
R of E_left arm 0.92 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_right_arm 0.95 0.09 0.98 -0.02 | 0.98 -0.03 | 1.00 0.00
R of Ey right arm 0.91 -0.02 0.97 -0.01 0.97 -0.02 1.00 0.00
R of Ez right arm 0.92 -0.06 0.98 -0.03 0.98 -0.03 1.00 0.00
R of E right arm 0.92 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_left_tibia 0.96 -0.02 | 0.98 0.00 0.98 0.01 1.00 0.00
R of Ey_left_tibia 0.95 0.01 0.98 0.05 0.98 0.05 1.00 0.00
R of Ez_left tibia 0.85 0.05 0.94 -0.11 | 0.95 -0.09 | 0.99 0.00
R of E_left_tibia 0.96 0.00 0.98 0.00 0.98 0.00 1.00 0.00
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Table A-VII. Correlation coefficients for the FATS model at 400 mm landmark. (continued)

R of Ex_right tibia 0.97 0.03 0.99 0.00 0.99 0.01 1.00 0.00
R of Ey_right_tibia 0.97 -0.06 | 0.99 -0.01 0.99 0.00 1.00 0.00
R of Ez right tibia 0.90 -0.02 | 0.98 -0.06 | 0.98 -0.04 | 1.00 0.00
R of E_right_tibia 0.97 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.05 | 0.95 -0.08 | 0.95 -0.08 1.00 0.01
R of Ey_hip_femur 0.86 -0.02 | 0.94 -0.02 | 0.95 -0.02 1.00 0.00
R of Ez_hip_femur 0.94 -0.26 | 0.98 -0.13 | 0.98 -0.11 1.00 -0.01
R of E_hip_femur 0.92 0.00 0.97 0.00 0.97 0.00 1.00 0.00
R of Ex_body 0.88 -0.11 0.95 -0.06 | 0.95 -0.05 1.00 -0.01
R of Ey_body 0.76 -0.17 | 0.90 -0.07 | 091 -0.06 1.00 -0.01
R of Ez_body 0.96 -0.17 | 0.98 -0.06 | 0.98 -0.05 1.00 0.00
R of E_body 0.80 0.00 0.91 0.00 0.90 0.00 1.00 0.00
R of Ex_head 0.83 -0.02 | 0.90 -0.06 | 0.92 -0.04 | 0.99 0.00
R of Ey head 0.85 0.02 0.92 0.02 0.93 0.02 0.99 0.00
R of Ez_head 0.93 -0.02 | 0.97 -0.03 | 0.97 -0.01 1.00 0.00
R of E_head 0.86 0.00 0.93 0.00 0.94 0.00 0.99 0.00
R of Ex_total 0.89 -0.09 | 0.95 -0.06 | 0.96 -0.05 1.00 0.00
R of Ey_total 0.79 -0.13 | 0.92 -0.06 | 0.92 -0.05 1.00 -0.01
R of Ez_total 0.95 -0.15 | 0.98 -0.05 | 0.98 -0.05 1.00 0.00
R of E_total 0.90 0.00 0.96 0.00 0.96 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.95 -0.02 | 0.99 -0.03 | 0.99 -0.03 | 0.00 -0.02
R of Ey left arm 0.87 -0.08 | 0.97 -0.03 | 0.98 -0.02 1.00 -0.01
R of Ez_left arm 0.92 -0.09 | 0.98 -0.02 | 0.99 -0.01 1.00 0.00
Rof E_left arm 0.92 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_right_arm 0.95 0.09 0.99 0.00 0.99 -0.02 1.00 -0.01
R of Ey right arm 0.91 -0.02 | 0.98 -0.02 | 0.99 -0.02 1.00 -0.01
R of Ez_right_arm 0.92 -0.06 | 0.98 -0.03 | 0.99 -0.03 1.00 0.00
R of E_right_arm 0.92 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_left_tibia 0.96 -0.02 | 0.99 -0.01 0.99 -0.01 1.00 -0.01
R of Ey_left tibia 0.95 0.01 0.98 0.01 0.98 0.02 1.00 0.00
R of Ez_left_tibia 0.85 0.05 091 0.07 0.93 0.02 0.99 0.01
R of E_left tibia 0.96 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_right tibia 0.97 0.03 0.99 0.00 0.99 -0.01 1.00 -0.01
R of Ey right tibia 0.97 -0.06 | 0.99 0.01 0.99 0.00 1.00 0.00
R of Ez right tibia 0.90 -0.02 | 0.96 0.04 0.97 0.01 0.99 0.00
R of E_right_tibia 0.97 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.05 | 0.99 -0.03 | 0.99 -0.05 1.00 -0.02
R of Ey hip_femur 0.86 -0.02 | 0.99 -0.01 0.99 -0.01 1.00 -0.01
R of Ez_hip_femur 0.94 -0.26 | 0.99 -0.01 0.99 -0.02 1.00 -0.01
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Table A-VII. Correlation coefficients for the FATS model at 400 mm landmark. (continued)

R of E_hip_femur 0.92 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.88 -0.11 | 0.97 -0.02 | 0.98 -0.03 | 0.99 0.00
R of Ey_body 0.76 -0.17 | 0.95 -0.01 | 0.96 -0.01 | 0.99 0.00
R of Ez_body 0.96 -0.17 | 0.99 -0.01 | 0.99 -0.01 1.00 0.00
R of E_body 0.80 0.00 0.95 0.00 0.96 0.00 0.99 0.00
R of Ex_head 0.83 -0.02 | 0.92 -0.01 | 0.93 -0.03 | 0.98 0.00
R of Ey_head 0.85 0.02 0.92 0.00 0.93 0.01 0.98 0.00
R of Ez_head 0.93 -0.02 | 0.96 0.00 0.96 0.00 0.99 0.00
R of E_head 0.86 0.00 0.93 0.00 0.93 0.00 0.98 0.00
R of Ex_total 0.89 -0.09 | 0.98 -0.02 | 0.98 -0.03 | 0.99 0.00
R of Ey_total 0.79 -0.13 0.96 -0.01 0.96 -0.01 0.99 0.00
R of Ez_total 0.95 -0.15 0.99 -0.01 0.99 -0.01 1.00 0.00
R of E_total 0.90 0.00 0.97 0.00 0.98 0.00 1.00 0.00
Table A-VIII. Correlation coefficients for the FATS model at 600 mm landmark.

landmark at 600 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.93 0.08 0.95 0.06 0.95 0.04 1.00 0.02
R of Ey_left_arm 0.92 0.05 0.94 0.02 0.94 0.02 1.00 0.02
R of Ez_left arm 0.88 -0.05 | 0.93 -0.06 | 0.93 -0.09 | 1.00 0.00
R of E_left arm 0.93 0.00 0.96 0.00 0.95 0.00 1.00 0.00
R of Ex_right_arm 0.90 0.14 0.93 0.09 0.93 0.07 1.00 0.03
R of Ey right arm 0.87 0.00 0.91 -0.01 0.91 -0.02 1.00 0.02
R of Ez right arm 0.88 -0.08 0.93 -0.07 0.93 -0.10 1.00 0.00
R of E right arm 0.89 0.00 0.93 0.00 0.93 0.00 1.00 0.00
R of Ex_left_tibia 0.82 0.13 0.86 0.10 0.86 0.09 0.99 0.04
R of Ey_left_tibia 0.80 0.09 0.87 0.04 0.88 0.03 0.99 0.05
R of Ez_left tibia 0.65 0.09 0.83 0.00 0.79 0.00 0.98 0.05
R of E_left_tibia 0.68 0.00 0.83 0.00 0.79 0.00 0.99 0.00
R of Ex_right tibia 0.97 -0.09 | 0.97 -0.14 | 0.97 -0.09 | 1.00 0.03
R of Ey_right tibia 0.96 -0.05 | 0.97 -0.08 | 0.97 -0.05 | 1.00 0.03
R of Ez_right_tibia 0.74 -0.01 | 0.86 -0.10 | 0.84 -0.06 | 0.99 0.05
R of E_right_tibia 0.94 0.00 0.96 0.00 0.96 0.00 1.00 0.00
R of Ex_hip_femur 0.79 -0.25 | 0.86 -0.30 | 0.86 -0.27 | 1.00 0.02
R of Ey_hip_femur 0.80 -0.09 0.85 -0.14 0.84 -0.12 1.00 0.03
R of Ez_hip femur 0.93 -0.49 0.96 -0.41 0.96 -0.38 1.00 0.00
R of E_hip_femur 0.87 0.00 0.91 0.00 0.92 0.00 1.00 0.00
R of Ex_body 0.76 -021 | 0.82 -0.23 | 0.83 -0.25 | 1.00 0.02
R of Ey_body 0.66 -0.30 | 0.76 -0.34 | 0.76 -0.34 | 0.99 0.03
R of Ez_body 0.93 -0.55 | 0.96 -0.48 | 0.96 -0.46 | 1.00 0.00

112




Table A-VIII. Correlation coefficients for the FATS model at 600 mm landmark. (continued)

R of E_body 0.76 0.00 0.84 0.00 0.83 0.00 1.00 0.00
R of Ex_head 0.79 -0.18 | 0.84 -0.26 | 0.85 -022 | 0.99 0.01
R of Ey_head 0.87 0.01 0.90 -0.02 | 0.90 -0.02 | 0.99 0.01
R of Ez_head 0.91 -0.20 | 0.93 -0.19 | 0.93 -0.16 | 0.99 0.00
R of E_head 0.87 0.00 0.90 0.00 0.91 0.00 0.99 0.00
R of Ex_total 0.79 -0.20 | 0.84 -0.22 | 0.86 -0.22 | 1.00 0.02
R of Ey_total 0.73 -0.19 | 0.81 -0.22 | 0.81 -0.22 | 1.00 0.02
R of Ez_total 0.90 -0.43 | 0.94 -0.39 | 0.94 -0.38 | 1.00 0.00
R of E_total 0.84 0.00 0.90 0.00 0.90 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.95 0.02 0.98 0.04 0.98 0.03 1.00 0.01
R of Ey left arm 0.92 0.02 0.97 0.03 0.97 0.02 1.00 0.00
R of Ez left arm 0.92 -0.09 | 0.98 -0.01 | 0.98 -0.02 | 1.00 0.00
R of E_left_arm 0.93 0.00 0.98 0.00 0.98 0.00 1.00 0.00
R of Ex_right_arm 0.92 0.06 0.97 0.02 0.97 -0.01 1.00 0.00
R of Ey right_arm 0.87 0.01 0.96 0.00 0.96 0.00 1.00 0.00
R of Ez_right_arm 0.91 -0.08 | 0.98 -0.02 | 0.98 -0.03 1.00 0.00
R of E_right_arm 0.89 0.00 0.97 0.00 0.97 0.00 1.00 0.00
R of Ex_left tibia 0.84 0.02 0.93 -0.01 | 0.94 0.00 0.99 0.01
R of Ey_left tibia 0.86 0.09 0.95 0.00 0.95 0.00 0.99 0.01
R of Ez_left_tibia 0.73 0.03 0.96 -0.05 | 0.96 -0.04 | 0.99 0.00
R of E_left tibia 0.73 0.00 0.96 0.00 0.95 0.00 0.99 0.00
R of Ex_right tibia 0.97 0.05 0.99 0.00 0.99 0.00 1.00 0.01
R of Ey right tibia 0.97 0.02 0.99 0.01 0.99 0.02 1.00 0.00
R of Ez_right tibia 0.79 0.05 0.97 -0.02 | 0.97 0.00 0.99 0.00
R of E_right tibia 0.95 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.07 | 0.95 -0.08 | 0.95 -0.08 | 1.00 0.01
R of Ey_hip_femur 0.82 -0.02 | 0.94 -0.03 | 0.94 -0.03 1.00 0.00
R of Ez_hip_femur 0.96 -0.19 | 0.99 -0.09 | 0.99 -0.08 | 1.00 0.00
R of E_hip_femur 0.91 0.00 0.96 0.00 0.97 0.00 1.00 0.00
R of Ex_body 0.86 -0.11 | 0.94 -0.04 | 0.94 -0.04 | 1.00 0.00
R of Ey_body 0.73 -0.19 | 0.89 -0.08 | 0.89 -0.07 | 1.00 -0.01
R of Ez_body 0.96 -0.21 | 0.98 -0.08 | 0.98 -0.07 | 1.00 -0.01
R of E_body 0.80 0.00 0.91 0.00 0.91 0.00 1.00 0.00
R of Ex_head 0.86 -0.05 0.92 -0.10 0.94 -0.08 0.99 -0.01
R of Ey_head 0.88 0.01 0.94 0.01 0.95 0.01 0.99 0.00
R of Ez_head 0.93 -0.04 | 0.96 -0.08 | 0.97 -0.05 1.00 -0.01
R of E_head 0.90 0.00 0.95 0.00 0.95 0.00 0.99 0.00
R of Ex_total 0.88 -0.11 | 0.95 -0.06 | 0.95 -0.06 | 1.00 0.00
R of Ey_total 0.80 -0.13 | 0.92 -0.06 | 0.92 -0.06 | 1.00 0.00
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Table A-VIII. Correlation coefficients for the FATS model at 600 mm landmark. (continued)

R of Ez_total 0.95 -0.18 0.98 -0.07 0.98 -0.06 1.00 0.00
R of E_total 0.89 0.00 0.95 0.00 0.95 0.00 1.00 0.00
volume weighting k=1 k=2 k=3 k=8
Cluster method 3 module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.95 0.02 0.99 -0.04 | 0.99 -0.02 | 1.00 -0.01
R of Ey_left_arm 0.92 0.02 0.98 -0.02 | 0.99 -0.01 1.00 -0.01
R of Ez_left arm 0.92 -0.09 | 0.98 -0.03 | 0.99 -0.01 1.00 0.00
R of E_left arm 0.93 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_right_arm 0.92 0.06 0.99 -0.02 | 0.99 -0.02 | 1.00 -0.01
R of Ey_right arm 0.87 0.01 0.98 -0.01 | 0.99 -0.01 1.00 0.00
R of Ez right arm 0.91 -0.08 0.98 -0.04 0.99 -0.03 1.00 0.00
R of E right arm 0.89 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_left tibia 0.84 0.02 0.94 0.05 0.95 0.02 0.99 0.01
R of Ey_left_tibia 0.86 0.09 0.92 0.07 0.94 0.04 0.99 0.01
R of Ez_left tibia 0.73 0.03 0.84 0.07 0.90 0.01 0.99 0.00
R of E_left_tibia 0.73 0.00 0.86 0.00 0.91 0.00 0.99 0.00
R of Ex_right tibia 0.97 0.05 0.99 -0.02 | 0.99 -0.04 | 1.00 -0.01
R of Ey_right tibia 0.97 0.02 0.98 0.00 0.99 -0.01 1.00 -0.01
R of Ez _right_tibia 0.79 0.05 0.88 0.04 0.92 0.00 0.99 -0.01
R of E_right_tibia 0.95 0.00 0.97 0.00 0.98 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.07 | 0.99 -0.03 | 1.00 -0.05 | 1.00 -0.02
R of Ey_hip_femur 0.82 -0.02 | 0.99 -0.01 | 0.99 -0.01 1.00 -0.01
R of Ez_hip femur 0.96 -0.19 0.99 0.00 1.00 -0.01 1.00 -0.01
R of E_hip_femur 0.91 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.86 -0.11 0.97 -0.03 0.98 -0.02 0.99 0.00
R of Ey_body 0.73 -0.19 | 0.95 -0.02 | 0.96 -0.01 | 0.99 0.00
R of Ez_body 0.96 -021 | 0.99 -0.01 | 0.99 -0.01 1.00 0.00
R of E_body 0.80 0.00 0.95 0.00 0.97 0.00 0.99 0.00
R of Ex_head 0.86 -0.05 | 0.94 -0.01 | 0.95 -0.04 | 0.99 0.00
R of Ey_head 0.88 0.01 0.95 0.01 0.95 0.01 0.99 0.00
R of Ez_head 0.93 -0.04 | 0.96 0.02 0.97 -0.01 | 0.99 -0.01
R of E_head 0.90 0.00 0.95 0.00 0.96 0.00 0.99 0.00
R of Ex_total 0.88 -0.11 | 0.98 -0.02 | 0.98 -0.03 | 1.00 -0.01
R of Ey_total 0.80 -0.13 | 0.96 -0.01 | 0.97 -0.01 | 0.99 0.00
R of Ez_total 0.95 -0.18 0.99 -0.01 0.99 -0.01 1.00 0.00
R of E_total 0.89 0.00 0.97 0.00 0.98 0.00 1.00 0.00
Table A-IX. Correlation coefficients for the FATS model at 800 mm landmark.

landmark at 800 mm
Cluster method 1 k=1 k=2 k=3 k=8
Correlation coefficient module | phase | module | phase | module | phase | module | phase
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Table A-IX. Correlation coefficients for the FATS model at 800 mm landmark. (continued)

R of Ex_left arm 0.95 0.13 0.96 0.12 0.96 0.09 1.00 0.01
R of Ey_left arm 0.95 0.07 0.97 0.05 0.96 0.04 1.00 0.02
R of Ez_left arm 0.89 0.01 0.94 0.01 0.94 -0.03 1.00 0.00
Rof E_left arm 0.96 0.00 0.97 0.00 0.97 0.00 1.00 0.00
R of Ex_right_arm 0.91 0.20 0.93 0.19 0.93 0.10 1.00 0.02
R of Ey right_arm 0.88 0.01 0.92 -0.01 0.92 -0.01 1.00 0.01
R of Ez_right_arm 0.89 -0.04 | 0.94 -0.03 | 0.94 -0.07 1.00 0.00
R of E_right_arm 0.90 0.00 0.94 0.00 0.94 0.00 1.00 0.00
R of Ex_left tibia 0.82 0.15 0.86 0.12 0.86 0.10 0.99 0.04
R of Ey_left tibia 0.77 0.10 0.84 0.03 0.85 0.04 0.99 0.06
R of Ez left_tibia 0.67 0.05 0.85 -0.01 | 0.81 -0.01 0.98 0.05
R of E_left tibia 0.68 0.00 0.82 0.00 0.79 0.00 0.99 0.00
R of Ex_right tibia 0.96 -0.07 | 0.97 -0.12 | 0.97 -0.07 1.00 0.03
R of Ey_right_tibia 0.95 0.00 0.96 -0.04 | 0.96 -0.01 1.00 0.03
R of Ez right tibia 0.72 0.01 0.86 -0.06 | 0.83 -0.03 | 0.98 0.05
R of E right tibia 0.91 0.00 0.95 0.00 0.94 0.00 1.00 0.00
R of Ex_hip_femur 0.82 -0.28 | 0.87 -0.32 | 0.88 -0.27 1.00 0.03
R of Ey_hip_femur 0.74 -0.18 | 0.82 -0.24 | 0.81 -0.20 1.00 0.04
R of Ez_hip_femur 0.94 -0.42 | 0.96 -0.36 | 0.96 -0.32 1.00 0.00
R of E_hip_femur 0.84 0.00 0.90 0.00 0.90 0.00 1.00 0.00
R of Ex_body 0.70 -0.11 0.77 -0.15 | 0.79 -0.20 | 0.99 0.03
R of Ey_body 0.66 -0.23 | 0.75 -0.29 | 0.75 -0.29 | 0.99 0.03
R of Ez_body 0.92 -0.58 | 0.95 -0.50 | 0.95 -0.48 1.00 0.00
R of E_body 0.82 0.00 0.88 0.00 0.88 0.00 1.00 0.00
R of Ex_head 0.82 -0.06 | 0.85 -0.14 | 0.86 -0.12 | 0.99 0.00
R of Ey head 0.92 0.05 0.93 0.02 0.93 0.02 0.99 0.01
R of Ez_head 0.82 -0.04 | 0.85 -0.07 | 0.87 -0.08 | 0.99 -0.01
R of E_head 0.88 0.00 0.90 0.00 0.91 0.00 0.99 0.00
R of Ex_total 0.79 -0.20 | 0.84 -0.22 | 0.85 -0.22 1.00 0.02
R of Ey_total 0.76 -0.15 | 0.82 -0.18 | 0.82 -0.18 1.00 0.03
R of Ez_total 0.89 -0.41 0.93 -0.36 | 0.93 -0.35 1.00 0.00
R of E_total 0.84 0.00 0.90 0.00 0.90 0.00 1.00 0.00
Cluster method 2 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left arm 0.96 0.02 0.98 0.06 0.98 0.04 1.00 0.00
R of Ey left arm 0.95 0.02 0.98 0.03 0.98 0.02 1.00 0.00
R of Ez_left arm 0.93 -0.08 | 0.98 0.00 0.99 -0.02 1.00 0.00
Rof E_left arm 0.96 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_right arm 0.92 -0.06 | 0.97 0.05 0.97 0.00 1.00 0.00
R of Ey right arm 0.88 0.01 0.96 0.01 0.96 0.00 1.00 0.00
R of Ez_right_arm 0.91 -0.09 | 0.98 -0.01 0.98 -0.03 1.00 0.00

115




Table A-IX. Correlation coefficients for the FATS model at 800 mm landmark. (continued)

R of E right arm 0.90 0.00 0.98 0.00 0.97 0.00 1.00 0.00
R of Ex_left_tibia 0.84 0.02 0.94 0.01 0.94 0.02 0.99 0.01
R of Ey_left_tibia 0.85 0.09 0.95 0.00 0.95 0.00 0.99 0.01
R of Ez_left tibia 0.74 0.01 0.96 -0.03 | 0.96 -0.02 | 0.99 0.00
R of E_left_tibia 0.73 0.00 0.96 0.00 0.96 0.00 0.99 0.00
R of Ex_right tibia 0.97 0.06 0.99 0.00 0.99 0.01 1.00 0.01
R of Ey_right tibia 0.96 0.05 0.99 0.02 0.99 0.02 1.00 0.01
R of Ez_right_tibia 0.78 0.05 0.97 -0.01 | 0.97 0.00 0.99 0.00
R of E_right_tibia 0.93 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.05 | 0.95 -0.08 | 0.95 -0.07 | 1.00 0.01
R of Ey_hip_femur 0.76 -0.04 0.92 -0.06 0.92 -0.05 1.00 0.00
R of Ez_hip femur 0.96 -0.14 0.99 -0.07 0.99 -0.06 1.00 0.00
R of E_hip_femur 0.88 0.00 0.96 0.00 0.96 0.00 1.00 0.00
R of Ex_body 0.82 -0.12 | 0.92 -0.03 | 0.93 -0.04 | 1.00 0.00
R of Ey_body 0.72 -0.15 | 0.89 -0.07 | 0.89 -0.07 | 1.00 -0.01
R of Ez_body 0.96 -024 | 0.98 -0.10 | 0.98 -0.09 | 1.00 -0.01
R of E_body 0.85 0.00 0.94 0.00 0.94 0.00 1.00 0.00
R of Ex_head 0.89 -0.04 | 0.94 -0.10 | 0.95 -0.08 | 0.99 -0.01
R of Ey_head 0.92 0.02 0.96 0.02 0.96 0.02 0.99 0.00
R of Ez_head 0.91 -0.08 | 0.95 -0.17 | 0.95 -0.12 | 0.99 -0.01
R of E_head 0.93 0.00 0.96 0.00 0.97 0.00 0.99 0.00
R of Ex_total 0.88 -0.11 | 0.95 -0.06 | 0.95 -0.06 | 1.00 0.00
R of Ey_total 0.81 -0.10 0.93 -0.06 0.93 -0.05 1.00 0.00
R of Ez_total 0.95 -0.17 0.99 -0.08 0.99 -0.07 1.00 0.00
R of E_total 0.89 0.00 0.96 0.00 0.96 0.00 1.00 0.00
Cluster method 3 k=1 k=2 k=3 k=8

Correlation coefficient module | phase | module | phase | module | phase | module | phase
R of Ex_left_arm 0.96 0.02 0.99 -0.02 | 1.00 -0.01 1.00 0.00
R of Ey_left_arm 0.95 0.02 0.99 -0.02 | 0.99 -0.01 1.00 0.00
R of Ez_left arm 0.93 -0.08 | 0.98 -0.03 | 0.99 -0.01 1.00 0.00
R of E_left_arm 0.96 0.00 0.99 0.00 0.99 0.00 1.00 0.00
R of Ex_right_arm 0.92 -0.06 | 0.99 -0.05 | 0.99 -0.02 | 1.00 -0.01
R of Ey_right_arm 0.88 0.01 0.98 0.00 0.99 0.00 1.00 0.00
R of Ez_right_arm 0.91 -0.09 | 0.98 -0.05 | 0.99 -0.03 | 1.00 0.00
R of E right arm 0.90 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_left tibia 0.84 0.02 0.93 0.04 0.95 0.03 0.99 0.01
R of Ey_left tibia 0.85 0.09 0.91 0.06 0.93 0.03 0.99 0.01
R of Ez_left tibia 0.74 0.01 0.85 0.04 0.91 0.00 0.99 0.00
R of E_left_tibia 0.73 0.00 0.86 0.00 0.91 0.00 0.99 0.00
R of Ex_right tibia 0.97 0.06 0.98 -0.03 | 0.99 -0.05 | 1.00 -0.01
R of Ey_right tibia 0.96 0.05 0.98 -0.01 | 0.98 -0.02 | 1.00 -0.01
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Table A-IX. Correlation coefficients for the FATS model at 800 mm landmark. (continued)

R of Ez right tibia 0.78 0.05 0.87 0.03 0.92 -0.01 0.99 0.00
R of E_right_tibia 0.93 0.00 0.96 0.00 0.97 0.00 1.00 0.00
R of Ex_hip_femur 0.87 -0.05 0.99 -0.02 | 0.99 -0.04 1.00 -0.01
R of Ey_hip_femur 0.76 -0.04 | 0.97 -0.01 0.98 -0.02 1.00 -0.01
R of Ez_hip_femur 0.96 -0.14 | 0.99 0.00 1.00 -0.01 1.00 -0.01
R of E_hip_femur 0.88 0.00 0.98 0.00 0.99 0.00 1.00 0.00
R of Ex_body 0.82 -0.12 | 0.97 -0.03 0.97 -0.02 | 0.99 0.00
R of Ey_body 0.72 -0.15 0.95 -0.01 0.96 -0.01 0.99 -0.01
R of Ez_body 0.96 -0.24 | 0.99 -0.02 | 0.99 -0.02 1.00 -0.01
R of E_body 0.85 0.00 0.97 0.00 0.97 0.00 0.99 0.00
R of Ex_head 0.89 -0.04 | 0.95 -0.01 0.96 -0.04 | 0.99 -0.01
R of Ey_head 0.92 0.02 0.96 0.01 0.97 0.01 0.99 0.00
R of Ez_head 0.91 -0.08 | 0.96 0.07 0.96 -0.01 0.99 -0.02
R of E_head 0.93 0.00 0.97 0.00 0.97 0.00 0.99 0.00
R of Ex_total 0.88 -0.11 0.98 -0.03 0.99 -0.03 1.00 -0.01
R of Ey_total 0.81 -0.10 | 0.97 -0.01 0.97 -0.01 1.00 0.00
R of Ez_total 0.95 -0.17 | 0.99 -0.01 0.99 -0.01 1.00 0.00
R of E_total 0.89 0.00 0.97 0.00 0.98 0.00 1.00 0.00
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B. APPENDIX II;: THE DETAILED TISSUES IN THE TWO CLUSTERS OF

THE CHOSEN TISSUE-REDUCED VIRTUAL FAMILY MODELS AT 1.5 T

The detailed tissues in the two clusters and their corresponding parameters of
the final chosen tissue-reduced virtual family models are shown in Table to Table

for the Duke model, Ella model and FATS model, respectively.

Table B-1. The detailed tissues in the two clusters and their corresponding parameters of the chosen

tissue-reduced Duke models.

Cluster 1 Cluster 2
o (S/m) 0.11 0.67
er 18.38 76.58

Air_internal

Adrenal gland

Bone

Artery

Bronchi_lumen

Bladder

Esophagus_lumen

Blood vessel

Fat Brain_grey matter
Lung Brain_white matter
Mandible Bronchi
Marrow_red Cartilage
Patella Cerebellum
Pharynx Cerebrospinal_fluid
SAT Commissura_anterior
Skull Commissura_posterior
Teeth Connective_tissue
Trachea lumen Cornea
Vertebrae Diaphragm
Ear_cartilage
Ear skin
Epididymis
Esophagus
Eye lens
Eye Sclera

Eye vitreous_humor

Gallbladder

Heart_lumen

Heart_muscle

Hippocampus

Hypophysis
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Table B-I. The detailed tissues in the two clusters and their corresponding parameters of the chosen

tissue-reduced Duke models. (continued)

Hypothalamus

Intervertebral disc

Kidney cortex

Kidney medulla

Large intestine

Large intestine lumen

Larynx

Liver

Medulla_oblongata

Meniscus

Midbrain

Mucosa

Muscle

Nerve

Pancreas

Penis

Pinealbody

Pons

Prostate

Skin

Small_intestine

Small intestine lumen

Spinal cord

Spleen

Stomach

Stomach_lumen

Tendon_Ligament

Testis

Thalamus

Thymus

Thyroid gland

Tongue

Trachea

Ureter_Urethra

Vein

Table B-II. The detailed tissues in the two clusters and their corresponding parameters of the chosen

tissue-reduced Ella models.

Cluster 1 Cluster 2
o (S/m) 0.07 0.63
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Table B-II. The detailed tissues in the two clusters and their corresponding parameters of the chosen

tissue-reduced Ella models. (continued)

&r 14.11 72.03
Bone Adrenal_gland
Fat Air_internal
Mandible Artery
Patella Bladder
SAT Blood vessel
Skull Brain_grey matter
Teeth Brain_white matter
Vertebrae Breast
Bronchi

Bronchi_lumen

Cartilage

Cerebellum

Cerebrospinal_fluid

Connective_tissue

Cornea

Diaphragm

Ear_cartilage

Ear_skin

Esophagus

Esophagus lumen

Eye lens

Eye_Sclera

Eye vitreous_humor

Gallbladder

Heart_lumen

Heart_muscle

Hippocampus

Hypophysis

Hypothalamus

Intervertebral disc

Kidney cortex

Kidney medulla

Large_intestine

Large intestine lumen

Larynx

Liver

Lung

Marrow_red

Medulla_oblongata
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Table B-II. The detailed tissues in the two clusters and their corresponding parameters of the chosen
tissue-reduced Ella models. (continued)

Meniscus

Midbrain

Mucosa

Muscle

Nerve

Ovary

Pancreas

Pharynx

Pinealbody

Pons

Skin

Small_intestine

Small_intestine lumen

Spinal_cord

Spleen

Stomach

Stomach_lumen

Tendon_Ligament

Thalamus

Thymus

Thyroid gland

Tongue

Trachea

Trachea lumen

Ureter_Urethra

Uterus

Vagina

Vein

Table B-III. The detailed tissues in the two clusters and their corresponding parameters of the chosen
tissue-reduced FATS models.

Cluster 1 Cluster 2
o (S/m) 0.07 0.63
&r 13.88 72.97
Fat Air_internal
SAT Bronchi_lumen
Bone Esophagus lumen
Patella Pharynx
Skull Trachea lumen
Teeth Marrow_red
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tissue-reduced FATS models. (continued)

Table B-III. The detailed tissues in the two clusters and their corresponding parameters of the chosen

Vertebrae

Humerus_marrow_left

Humerus_left

Humerus_marrow_right

Humerus_right

Tibia_marrow_left

Tibia_left

Tibia_marrow_right

Tibia_right

Fibula_marrow_left

Fibula_left

Fibula_marrow_right

Fibula_right

Femur_marrow_left

Femur _left

Femur_marrow_right

Femur right

Calcaneus_marrow_left

Calcaneus_left

Calcaneus_marrow_right

Calcaneus_right

Talus_marrow_left

Talus_left

Talus_marrow_right

Talus_right

Ulna_marrow_right

Cochlea_Ductus_semicirculares

Radius_marrow_right

Ulna_right

Ulna_marrow_left

Radius_right

Radius_marrow_left

Metacarpus_I right Eye lens
proximalis I right Bladder
proximalis_II right Lung

proximalis_III right

Brain_white matter

proximalis_IV_right

Commissura_anterior

proximalis_V_right

Commissura_posterior

media_II right

Nerve

media_III right

Spinal_cord

media_IV_right

Penis

media_V_right

Ureter_Urethra

distalis I right

Ductus_deferens

distalis_II right Ear_skin
distalis_III right Skin
distalis_IV_right Liver
distalis V_right Cartilage

Ulna_left

Ear cartilage

Radius_left

Intervertebral disc

Metacarpus 1 left

Larynx

proximalis I left

Meniscus

proximalis_II left

Connective_tissue

proximalis IIT left

Tendon_Ligament

proximalis IV _left

Mucosa

proximalis_V_left

Brain_grey matter

media II left

Hippocampus
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Table B-III. The detailed tissues in the two clusters and their corresponding parameters of the chosen

tissue-reduced FATS models. (continued)

media_III left Thalamus
media IV _left Bronchi
media_V_left Trachea
distalis I left Large intestine
distalis_II left Tongue
distalis_III left Heart_muscle
distalis IV left Diaphragm
distalis_V_left Large intestine lumen
Muscle

Small_intestine lumen

Stomach_lumen

Cerebellum

Midbrain

Pons

Medulla_oblongata

Kidney cortex

Kidney medulla

Spleen

Adrenal gland

Hypophysis

Hypothalamus

Pancreas

Thyroid_gland

Pinealbody

Nodus_lymphaticus

Parotid_gland

Esophagus

Stomach

Eye Sclera

Epididymis

Prostate

Testis

Glandula_vesiculosa

Cornea

Artery

Heart_lumen

Vein

Gallbladder

Eye vitreous_humor

Small_intestine

Cerebrospinal fluid
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C. APPENDIX III: CONVERGENCE CHECK FOR MESH SIZE

The maximum mesh size for the human models was set to 2 mm to balance the
accuracy of results and time for simulation. More simulations were conducted with
mesh size set to 1.5 mm, 2.5 mm, and 3 mm. The device used for the mesh study is
the plate and screw system implanted on the rib in the Duke model at 0 mm

landmark position. The device and results are shown in Figure C-1.

po < " 4;’.‘3"»0 -9 105 T
— —m
: ) [ —
< 100
J £ Y g
A 6 A
TN g o5
3
% T - Simulated values at 1.5 T
s g 90 - “*Simulated values at3 T
ol o | il —— :
; 3
7 L 85
3 2
N Z 80 -
k* N
y 3
\ o T75n = = —H
70! ‘ ‘ |
1.5 2 2.5 3

Mesh size of human model (mm)

Figure C-1. The device used for mesh study and results of the peak SAR;, near the device.

Compared to the values of peak SARi; near the device at 1.5 mm mesh size,
the values of peak SARig near the device at 2 mm mesh size have relative errors
as 0.2%at 1.5 T and 0% at 3 T.

The ASTM phantom was used to investigate the mesh size’s influence on the
incident electric field. The mesh size for the gel was set to 1 mm, 2 mm, 2.5 mm
and 5 mm. The curves of the modulus of tangential incident electric field at 3 T

are shown in Figure C-2. The relative errors between the tangential incident
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electric field with 2 mm mesh size and with 1 mm mesh size is less than 1%. Thus
the 2 mm mesh size is acceptable for the analysis of tangential incident electric
field at 3 T. And the wavelength at 1.5 T is larger than that at 3 T, so the 2 mm

mesh size is also acceptable at 1.5 T.

—Mesh size 1 mm
—Mesh size 1.5 mm
Mesh size 2 mm

—Mesh size 5 mm
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Modulus of the incident electric field (V/m)

150 1 1 1 1 1 1 1
0 002 004 006 0.08 01 012 014 0.16

Distance along extracted line (m)

Figure C-2. Results of the modulus of the tangential incident electric field in ASTM phantom.
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D. APPENDIX IV: UNCERTAINTY ANALYSIS

The uncertainty analysis was conducted for this study to consider the
uncertainty coming from the loading position of the human models and the device,
the grid resolution of the human models and the device, and the human tissues’
properties. These uncertainty sources in this study were considered independent

and the combined uncertainty was calculated as [53], [54]

w0) =[S et ), ©-1)
where the y is a function of m parameters xi, X2, ..., Xm, Ci 1S the sensitivity
coefficient calculated by dy/0xi, u(xi) is the standard uncertainty of each
parameter and uc(y) is the combined uncertainty. In this study, the function y is
the value of peak SARig near the device. To get the Oy, the plate and screw
system implanted on the rib in the Duke model at 0 mm landmark was used for
simulations.

For the loading position of human models as the parameters xi, the Duke
model was moved by 20 mm in x, y, and z directions and the dx; is 20 mm. For
the loading position of device, the device was moved by 1 mm in x, y, and z
directions and the 9dxi is 1 mm. For the grid resolution, the mesh size of the
human model was changed by 0.5 mm (9xi is 0.5 mm) and the mesh size of the
device was changed by 0.1 mm (9xi is 0.1 mm). The main tissues near the hotspot
are the bone, muscle, and skin. Thus, their properties were considered for this

uncertainty analysis. The electrical conductivities, relative permittivities of these

tissues were changed by 25% at 1.5 T (0xi is 25%) and 10% at 3 T (9xi is 10%)
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[55]. The densities of these tissues were changed by 7% (0xi is 7%) at 1.5 T and 3
T based on the IT’IS database [56]. Assuming that all the parameters are uniform
distributions, the standard uncertainty of each parameter can be calculated by the
upper and lower limits of the parameter [54], which is the dx;/+/3.

The data of the parameter variation (9xi), SARi¢ variation (dy), sensitivity
coefficients (dy/0xi) and standard uncertainty of each parameter (u(xi)) are shown

in Table D-I for 1.5 T and Table D-II for 3 T.

Table D-I. Data for combined uncertainty calculation at 1.5 T.

Loading position

Direction Oxi (mm) oy (W/kg) Oy/0xi u(xi) (mm)
Human X 20 -2.6 -0.13 11.55
position y 20 3.1 0.16 11.55
z 20 -2.7 -0.13 11.55
Device X 1 1.5 1.51 0.58
position y 1 0.3 0.26 0.58
z 1 -0.8 -0.76 0.58
Grid resolution
Oxi (mm) oy (W/kg) Oy/0xi u(xi) (mm)
Maximum Human 0.5 0.7 1.41 0.29
mesh size Device 0.1 -0.6 -6.15 0.06
Human tissues' properties
Tissues Properties Oxi oy (W/kg) Oy/Oxi u(xi)
Bone o 25% -0.3 -1.08 14.43%
&r 25% 1.7 6.79 14.43%
p 7% 0.6 8.36 4.04%
Muscle o 25% -0.3 -1.10 14.43%
er 25% 43 17.27 14.43%
p 7% 0.2 3.43 4.04%
Fat o 25% 0.0 0.04 14.43%
er 25% 1.2 4.90 14.43%
p 7% 1.0 13.72 4.04%
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Table D-II. Data for combined uncertainty calculation at 3 T.

Loading position

Direction Oxi (mm) dy (W/kg) Oy/0xi u(xi) (mm)
Human X 20 1.1 0.05 11.55
position y 20 3.6 0.18 11.55
z 20 1.6 0.08 11.55
Device X 1 1.2 1.23 0.58
position y 1 0.4 0.44 0.58
z 1 -0.3 -0.27 0.58

Grid resolution

Oxi (mm) oy (W/kg) Oy/0xi u(xi) (mm)
Maximum Human 0.5 -0.1 -0.13 0.29
mesh size Device 0.1 -0.6 -5.71 0.06

Human tissues' properties

Tissues Properties Oxi oy (W/kg) Oy/Oxi u(xi)
Bone o 10% -0.3 -2.58 5.77%
&r 10% 0.1 1.12 5.77%
p 7% 0.4 6.11 4.04%
Muscle o 10% -4.4 -43.96 577%
er 10% 0.4 441 5.77%
p 7% 0.2 2.58 4.04%
Fat o 10% -0.4 -3.91 5.77%
er 10% 0.4 4.08 577%
p 7% 0.1 1.54 4.04%

Based on the data in Table D-I and Table D-II and the formula (D-1), the

combined uncertainties were calculated as 4.12% at 1.5 T and 4.86% at 3 T.
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E. APPENDIX V: THE SAR ¢ IN TISSUE-REDUCED HUMAN MODELS
WITH AND WITHOUT 2-SCALING VS. THE SAR s IN ORIGINAL

HUMAN MODELS

To show that the o-scaling is needed and useful, the SARig in the
tissue-reduced human models with and without o-scaling vs. the SARig in the
original human model at 1.5 T is shown in Figure E-1. The o-scaling does not help
the correlation coefficient for the shown results, but it makes the slope of the
fitting straight line closer to 1. It means that the fitting straight line of the data is
closer to the y=x line with the o-scaling. Thus, the o-scaling makes the values of
SARig in tissue-reduced human models generally match better with those in
original human models based on the slopes of the fitting straight lines. However,
the g-scaling used in this study has its limits. For some studied cases, the relative
errors between the SAR1g in the tissue-reduced human models and the SARig in
the original human models become larger with the o-scaling. These cases are
listed in Table E-I. For around 2/3 of all studied cases, the relative errors between
the SAR1g values in the tissue-reduced human models and the SAR g values in the
original human models are smaller with the o-scaling than those without the
o-scaling. The proposed o-scaling is a simple method to calibrate the influence of
surrounding tissues’ electrical conductivities on the SAR. In this study, the values
of electrical conductivities used for the o-scaling were the averaged values in a 10
mm * 10 mm * 10 mm cubic near the hotspots. But the tissues inside the cubic can

be very complex and the averaged electrical conductivities may not be accurate
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enough. In detail, assuming that one hotspot is near the tip of the device, the
electrical conductivity of the tissue wrapping the tip could be significantly
different from the averaged electrical conductivity in the cubic. That will lead to
some inaccuracy in the scaled results. More improvements may be necessary in
the future for this scaling method to increase the accuracy of the used electrical

conductivities.

500 - Normalized to NORMAL OPERATING MODE

450
400 8
350

g 8
300 5

250 |

SAR,_ (Wrkg)

150 A

(4]

100 %‘5\%‘9
58,2

50 oBex A%

P -

0 100 200 300 400 500
SAR1g in original human models (W/kg)

o SAR19 in tissue-reduced human models without s-scaling vs. SAR19 in original human models, R=0.99, s=0.95

a SAR1E| in tissue-reduced human models with s-scaling vs. SAR1g in original human models, R=0.99, s=0.97

y=x line

Figure E-1. The SAR, in the tissue-reduced human models with and without o-scaling vs. the SAR, in

the original human models.
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Table E-I.

Results for the cases when the relative errors between the SAR;, in the tissue-reduced

human models and the SAR;, in the original human models become larger with the

o-scaling.

Human
models,
device,
implanted
region,
landmark

position

SAR|g
in
original
human
models

(W/kg)

Averaged
o in
original
human
models

(S/m)

SARIg in
tissue-reduced
human
models
without
o-scaling

(W/kg)

Averaged o in
tissue-reduced
human models

(S/m)

SAR|g in
tissue-reduced

human models
with o-scaling

(Wkg)

Relative
errors
without

o-scaling

Relative
errors
with

o-scaling

Duke,
screw,

ankle, 0 mm

24.5

0.21

18.0

0.33

13.6

-26.37%

-44.47%

Duke,
screw,
ankle, 100

mm

30.1

0.21

20.1

0.33

15.1

-33.21%

-49.83%

Duke,
screw,
ankle, -100

mm

249

0.21

19.3

0.33

14.5

-22.67%

-41.84%

Duke,
plate  and
screw, C4, 0

mm

31.9

0.61

29.8

0.62

29.7

-6.61%

-6.98%

Duke,
plate  and
screw, C4,

100 mm

21.9

0.49

15.0

0.57

14.2

-31.46%

-35.11%

Duke,
plate  and
screw,
fibula, 0

mm

239.6

0.62

198.9

0.63

198

-17.00%

-17.36%

Duke,
plate  and
screw,
fibula, 100

mm

318.6

0.62

267.5

0.63

266.3

-16.04%

-16.43%
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Table E-I. Results for the cases when the relative errors between the SAR in the tissue-reduced human

models and the SAR;g in the original human models become larger with the o-scaling.

(Continued)
Duke, 195.9 0.62 173.7 0.63 172.9 -11.34% | -11.76%
plate  and
screw,
fibula, -100
mm
Duke, 109.3 0.56 114.0 0.55 114.8 4.33% 5.05%
plate  and
screw, rib,
-100 mm
Ella, 91.8 0.68 91.1 0.62 93.5 -0.69% 1.89%
pedicle
screw, neck,
100 mm
Ella, 106.4 0.68 108.4 0.62 111.2 1.86% 4.49%
pedicle
screw, neck,
-100 mm
Ella, 32.8 0.40 30.0 0.43 29.1 -8.34% -11.15%
screw,
ankle, 0 mm
Ella, 31.7 0.40 27.6 0.43 26.8 -12.87% | -15.52%
screw,
ankle, -100
mm
Ella, 13.9 0.57 14.5 0.53 14.8 4.37% 6.80%
screw,
pelvic, 100
mm
Ella, plate | 289.4 0.65 305.7 0.60 312.2 5.65% 7.88%
and screw,
fibula, 0
mm
Ella, plate | 372.6 0.65 392.0 0.60 400.4 5.22% 7.47%
and screw,
fibula, 100
mm
Ella, plate | 212.3 0.65 2232 0.60 227.9 5.15% 7.37%
and screw,
fibula, -100
mm
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Table E-I. Results for the cases when the relative errors between the SAR in the tissue-reduced human
models and the SAR;g in the original human models become larger with the o-scaling.
(Continued)

Ella, plate | 106.2 0.35 63.3 0.59 50 -40.41% | -52.92%
and screw,

rib, 0 mm

Ella, plate | 91.2 0.35 54.5 0.59 43 -40.30% | -52.86%
and screw,

rib, 100 mm

Ella, plate | 120.7 0.35 69.5 0.59 54.9 -42.41% | -54.51%
and screw,
rib, -100

mm

FATS, 43.8 1.01 45.5 0.61 49.9 3.91% 13.90%
pedicle
screw, neck,

100 mm

FATS, 243 0.12 26.2 0.30 13.4 8.10% -44 81%
screw,

ankle, 0 mm

FATS, 36.0 0.12 38.1 0.30 19.4 5.96% -46.10%
screw,
ankle, 100

mm

FATS, 17.9 0.12 18.7 0.31 9.4 4.67% -47.44%
screw,
ankle, -100

mm

FATS, 10.7 0.50 8.6 0.51 8.6 -19.56% | -19.73%
screw,
pelvic, 0

mm

FATS, 17.4 0.48 13.1 0.50 12.9 -24.30% | -25.69%
screw,
pelvic, 100

mm

FATS, 9.8 0.48 6.9 0.50 6.8 -28.95% | -30.29%
screw,
pelvic, -100

mm
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Table E-I. Results for the cases when the relative errors between the SAR in the tissue-reduced human

models and the SAR;g in the original human models become larger with the o-scaling.

(Continued)

FATS, 6.7 0.50 6.5 0.32 8.1 -3.12% 21.24%
plate  and
screw, C4, 0
mm

FATS, 8.2 0.51 7.8 0.33 9.7 -4.77% 18.62%
plate  and
screw, C4,
100 mm
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