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ABSTRACT

The model validation and inversion for active implantable medical devices (AIMD)
used for safety evaluations under magnetic resonance imaging (MRI) radio frequency
(RF) coil emission were discussed. A mathematical derivation is presented to pro-
vide guidance on selecting meaningful pathways for the model validation. Suggested
validation pathways from current ISO 10974 are used as examples. It is shown that
these standard pathways are 1) inefficient since validations from several pathways are
theoretically redundant and 2) incomplete or false since significantly different AIMD
models can have identical validation outputs. Based on the developed guidance, two
sets of pathways are proposed. It is demonstrated that for efficient and correct model
validation, the tangential components of the incident fields along validation pathways
should be orthogonal to each other or at least has low correlations between each
other. These guidelines can be implemented for future AIMD model validations in
ISO 10974. Based on the transmission line model, the AIMD model can be developed
semi-analytically using a few direct measurements inside the ASTM phantom. Folded
orthogonal pathways based on the Hadamard matrix are used in the model develop-
ment to make the problem of the AIMD model development to be well-conditioned.
Both induced voltage and heating models for the example AIMDs were developed to
demonstrate the effectiveness of this method. Furthermore, the optimized validation
pathways were designed according to a given AIMD model in a high electric field
generator to make sure the validation pathways sufficient and have high signal noise
ratios. Still, the circular validation pathways were proposed to be relevant to the

clinical validation pathways.
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1 Introduction

Magnetic resonance imaging (MRI) has become an important means to obtain
detailed anatomical information inside human bodies [1]. In the United States, more
than 110 out of 1000 patients did MRI scans in 2017. For patients with pacemakers or
implantable defibrillator system, many of them need MRI scans during the lifetime of
their devices. However, patients with active implantable medical devices (AIMDs) are
often prohibited from such procedures due to safety concerns [2]. Most of the issues
are associated with the interaction between electromagnetic field produced by MR
system and medical devices. In 2009, a set of MRI labeling terms for medical devices
was developed and released [3]. This terminology, which is currently recognized by the
Food and Drug Administration (FDA), is as follows: (a) MR Safe - an item that poses
no known hazards in all MRI environments. (b) MR Conditional - an item that has
been demonstrated to pose no known hazards in a specified MRI environment with
specified conditions of use. Conditions that define the MRI environment may include
the strength of the static magnetic field value, the spatial gradient magnetic field
value, the time-varying magnetic field value, the radio frequency (RF) field value,
and the specific absorption rate (SAR) level. Additional conditions, including the
specific configuration for the item may be required. (c¢) MR Unsafe - an item that is
known to pose hazards in all MRI environments

During MRI scans, the electromagnetic signals emitted by a RF coil can penetrate
into human bodies and interact strongly with AIMDs [4]-[16]. The metallic part of
pacemaker lead will collect energy and depositing it through the lead tip into human
tissues or the proximal end of lead to the implantable pulse generator (IPG). The lead
acts as an antenna and currents induced along the lead will cause two safety problems.

One is related to the malfunction of the device injury. The induced voltage between



the device electrode and IPG can be high enough to damage the device circuitry
[4]. Another concern is the heating induced by the RF field at the lead tip. The
temperature rise may cause tissue damage [17]-[21]. RF-induced voltage and heating
are the two major safety concerns for AIMD in the MRI environment. In this study,

we focus on the RF-induced heating and voltage of AIMD.

1.1 Current Regulations for RF-induced Heating and Volt-

age by AIMD

To perform accurate safety assessment for induced voltage or the RF-induced
heating, numerical and experimental investigations were performed [15]-[25]. The
accurate full-wave modeling of AIMD is very challenging due to the submillimeter
helical structures on lead conducting coils [26], especially when anatomical human
models and the MRI RF coil need to be modeled together. In vivo measurements are
often not feasible, either. Consequently, neither the experimental nor the numerical
simulation approach alone is sufficient to assess the RF-induced heating or the RF-
induced rectification voltage. The following standards are defined recently to assess
safety of medical devices in MRI, especially in RF heating aspect.

The ASTM 2182 standard entitled Standard Test Method for Measurement of
Radio Frequency Induced Heating On or Near Passive Implants during Magnetic
Resonance Imaging covers measurements of RF induced heating on or near the AIMD
during MRI. This test method assumes that testing is done on devices that will
be entirely inside the body [27]. The ISO 10974 standard entitled Assessment of
the safety of magnetic resonance imaging for patients with an active implantable
medical device is applicable to implantable parts of active implantable medical devices

(AIMDs) intended to be used in patients who undergo a magnetic resonance scan in



1.5 T [28].

Among the proposed methods as described in [27], [28], the transfer function
(TF) method is widely used [24]. The transfer function approach divides the safety
evaluation into two parts: 1) the development and validation of the AIMD model
under the RF field [24], [25], and 2) the evaluation of incident electric fields inside
the human bodies without electrodes. By integrating the AIMD model with the
tangential components of the incident fields along the lead pathways, the induced

voltage and heating can be estimated [29], [30].

1.2 Motivation

According to ISO 10974, the developed TF needs to be validated using clinical
pathways or some other related ones to ensure the AIMD model can be used for all
clinical relevant cases. It is observed that the tangential components of the incident
fields along the suggested pathways are highly correlated. Using these validation
pathways, two different AIMD models can be validated. Folded validation pathways
based on the Hadamard matrix were proposed to address this problem. As the AIMD
model can be taken as the transmission line model, three complex variables are needed
to validate. In order to validate the AIMD model sufficiently, six sufficient validation
pathways are needed according to the transmission line model at least. It is showed
that accurate and sufficient validation can be done by using these validation path-
ways. After validation, the AIMD model can be inverted by performing the validation
experiments. By using global searching algorithm, the unknown variable of the AIMD

model based on the transmission line model can be calculated.



1.3 Overview

The remainder of the proposal is organized as follows. In Chapter 2, the model
validation of the AIMD is discussed. Through eigenvalue analysis, the validation of
the AIMD model was analyzed and discussed. In order to make sure the validation
sufficient, the condition number of the tangential components of the incident field
should be as small as possible. Two different AIMD model can be validated using the
suggested pathways due to the high condition number. Two sets of validation path-
ways were proposed based on the Hadamard matrix to make the validation accurate
and sufficient.

In Chapter 3, the AIMD model inverse based on the transmission line model
was discussed. By using the folded validation pathways proposed in Chapter 2, the
AIMD model can be inverted accurately. It is shown that the accuracy of the inverse
is determined by the condition number of the tangential components of the incident
fields.

In Chapter 4, optimized validation pathways were proposed to get high signal
noise ratio and keep each validation pathway orthogonal to each other. By using
the high E field generator, the optimized validation pathways were simulated and
discussed. In order to make the validation more close to the clinical pathways, the
circular validation pathways were proposed. Still, the condition number of them can
be quite small.

Conclusions are drawn in Chapter 5.



2 On the Model Validation of Active Implantable

Medical Device for MRI Safety Assessment

2.1 RF-Induced Voltage and Heating for AIMD in MRI sys-

tem

To ensure the AIMD model can be used for all clinically relevant cases, extensive
validation should be performed [28]. Several suggested pathways were proposed in
ISO 10974 for AIMD model validation. The tangential components of the incident
fields along the pathways should be extracted and combined with the AIMD models
to estimate the induced temperature rises at the tip electrode or the induced voltage
at the IPG side. Direct measurement of temperature rises or induced voltage should
also be performed by placing AIMDs along the same pathways inside phantoms that
are exposed to RF coil emissions. If the results of the direct measurement agree well
with those predicted by the AIMD model, the model is considered to be validated.

However, it is observed that the tangential components of the incident fields along
the suggested pathways often have simple phase variations [28]. It is our speculation
that the tangential components of the incident fields along these pathways may be
correlated with each other. This would lead to redundant validation and make the
validation process inefficient. To examine the correlations among the the tangential
components of the incident fields along these pathways, a rigorous eigenvalue decom-
position method should be used [31]. Based on the results of eigen-analyses, we can
derive a criterion on how to evaluate the effectiveness of the pathways for AIMD mod-

els. It is observed that if inappropriate pathways were selected for validation, two



different AIMD models can be validated along these pathways. To address these con-
cerns, two sets of pathways based on the Hadamard matrix were proposed for accurate
and effective AIMD model validation [32]. It showed that by using these specifically
designed pathways, accurate and meaningful validation of the AIMD models can be
achieved.

The remainder of this chapter is organized as follows. In Section 2, we present the
theory on how to select appropriate pathways for AIMD model validation. In Section
3, numerical examples were used to show the deficiency of ISO 10974 pathways in
AIMD model validation. In Section 4, two sets of pathways were proposed, and their
effectiveness on model validation was presented. Discussion and conclusions were

presented in Sections 4 and 5.

2.2 Methodology

In this section, the procedure of the AIMD model validation is presented in a
matrix form. Through eigen-analysis, the basic requirement for pathway selection is

proposed.

2.2.1 AIMD Model and Model Validation

To evaluate the AIMD device safety under MRI RF coil emission, the transfer
function method described in ISO 10974 should be used [28]. The induced voltage

near the IPG can be evaluated by [29], [30]

(2.1)
Byon x TFdI,

‘/ind - /Einc : TFdZ
L
L/



where Ej,. is the incident electric field along a trajectory due to MRI RF coil emission,
FEiqn is the the tangential components of the incident fields along the path, T'F' is the
AIMD model of the lead electrodes, and V},,4 is the induced voltage. In discrete form,

the induced voltage in (2.1) can be approximately calculated by

N
Vindg & ALY Eyan (i) x TF (i) | (2.2)

=1

where Al is the step size used in the integration and N is the total number of seg-
ments for the discretized AIMD model. As long as the step size is much smaller
than the incident field wavelength, the induced voltage can be evaluated accurately.
Before the AIMD model can be used together with the the tangential components of
the incident fields extracted from the in vivo simulations for device safety evaluation
[29], [30], the AIMD model should be placed in a set of pre-defined pathways inside
the ASTM or similar phantoms under the RF coil emission for further validation as
required in Annex M of [28]. In the validation test, both the direct measurements
of the induced voltages and the predicted voltages should be obtained and compared
with each other. The predicted voltages should be evaluated using the developed
AIMD model together with the tangential components of the incident fields along
these pre-defined pathways. Statistical analysis would be used based on these com-
parisons and the overall measurement and modeling uncertainty is then evaluated. If
the differences between the modeling and measurement results are within two-sigma
variation, one can use one sigma as the uncertainty of the AIMD model [33]. Under

such circumstances, the AIMD model is considered validated [28].



2.2.2 Matrix Expression

According to [28], a set of tangential electric field exposures should be used for
AIMD model validation. If M pathways are used in the validation, (2.2) can be

expressed in a matrix form as

Vina = AlEy,, - TF (2.3a)
or i ) i o i
V;izd Etlaln Etla2n EtlaNn TF (1)
V2 E2 g2 . BN TF (2
N N t ¢ t (2) (2.3b)
[ Vina | | Bin Bian - Bun | | TF(N), |
where [E;;n, EZ2 .. Etlém is the 1 x N tangential component vector of the incident

field along the i** pathway and V!

+ 4 1s the induced voltage when the AIMD is placed
along the i pathway. For a 40 cm lead electrode, N = 40 if one uses 1 cm as the
step size. Often time, the number of the validation pathway M should be more than
10 to ensure a sufficient validation procedure. Therefore, if 10 pathways were used
in the AIMD model validation for a 40 cm long lead electrode, the matrix dimension
of Eu, should be 10 x 40. To understand the relationship among the tangential

components of the incident fields along these pathways, one can perform the singular

value decomposition on the tangential components of the incident fields Ey,, as

Ew, =U» D (2.4a)



or

B pl2 - pWN
Efan Eian - Ein
= [Ul,UQ, ..,UM] Z [dl,dz, ...,dN]H, (24b)

where u; is the M x 1 complex unitary vector, d; is the complex N x 1 unitary
vector, and ) | = diag(oy, 09, ...,0) is an M x N rectangular diagonal matrix with
non-negative real numbers on the diagonal where o > 05 > ... > o) > 0. The
relative value of o represents the energy level for each eigenvector. Based on this
decomposition, the tangential components of the incident fields along M pathways can

also be considered as the superposition of the eigenvectors [dy, da, ..., dy]. Combining

(2.3b) and (2.4b), we have

Vind TF(1)
V2 TF(2)
d :Al [Ul,UQ,..,UM]Z[dl,dg,...,dN]H . (25)
| Vina | | TF(N) |

If the tangential components of the incident fields along each pathway are not totally
orthogonal to each other, o; would have a different value. In addition, if the first k
eigenvalues are much larger than the last few ones, the first few eigenvectors would
contribute more to the tangential electric field distributions for all pathways. In other
words, the electric field distribution along these M pathways can be approximately
determined by the first & eigenvectors. Consequently, the projection of the AIMD
model on these eigenvectors contributes more to the induced voltage while its projec-

tion on other eigenvectors would only have minimal effect on the RF-induced voltage.



Based on this, if a subset of £ dominant eigenvectors were found, only k£ validations
are meaningful since the tangential electric field distributions are a simple superposi-
tion of these k eigenvectors [34]. In order to have M sets of meaningful validation, one
should select pathways along which the field distributions are be orthogonal to each
other. Under such circumstance, o; would have similar values and all M eigenvectors

are meaningfully represented in the pathways.

2.2.3 Spurious AIMD Models

In the previous section, for those M pathways with k& dominant eigenvectors, only
k validation measurements are meaningful or non-redundant. In this section, we show
that false validations can occur if we use these pathways for AIMD model validation.

We can generate a spurious AIMD model TF, by adding any eigenvector from
[di+1, dita, ...,dN]H to an original AIMD model TF;. This spurious AIMD model
TF, can also generate similar induced voltage values as those from TF; along these
M pathways.

The spurious AIMD model can be generated by

TF, =TF, +d; (k<i<M, o,> o), (2.6)

where d; is the eigenvector in the space whose eigenvalue meets the condition o, > o;.

The induced voltages along these pathways by two AIMD models can be evaluated

via ) ) ) )
Vina TF (1)
V2 TF (2)
T = Alfug g, und] Y ldi da e dy)” (2.7a)
| Vi | | TFi(N) |

10



and

Vilnd/ TF, (1)
‘ = Al [Ul,UQ,..,UM]Z[dl,dz,...,dN]H : (27b)
v | TF(N) |

The relative difference between two sets of induced voltage is

V' = V|  Alo; < o; o ||di|
V| VI = [[EtnTF1| — o) [|TF1|

(2.8)

Hence two different AIMD models would predict nearly the same induced voltages
along these pathways as long as ¢; is much smaller than 4. This can also be explained
as the d; (k < i < M) are orthogonal to the first k eigenvectors, the projection/inner
product of different transfer functions onto the first domain & modes will lead to

induced voltages bounded by the ratio of o; /0.

2.3 Validation with ISO 10974 Pathways

In this section, we used the standard pathways defined in [28] to demonstrate the
theory developed earlier. As shown in the following, validations using these path-
ways are 1) not efficient or redundant, and 2) also incomplete since two significantly

different AIMD models can be validated using these pathways.
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2.3.1 Standard Pathways for AIMD Model Validation

Eleven pathways from ISO 10974 were selected in our numerical study. The illus-
tration of these pathways in the ASTM phantom, oval phantom, and circular phantom
are given in Fig. 2.1 [28].

The ASTM phantom has a length of 650 mm, a width of 420 mm, and was filled
with gelled saline for 90 mm in depth. The oval phantom has a short-axis of 400
mm, a long-axis of 600 mm, and was filled with the gelled saline of 90 mm in depth.
The diameter of the circular phantom is 220 mm and it is also filled with a gel
of 90 mm in depth. According to the standard ASTM F2182-11a [27], the gelled
saline should have a relative permittivity of 80.38 and a conductivity of 0.47 S/m to
mimic the human tissue for 1.5T system testing. The RF coil used here is a birdcage
coil that has a diameter of 630 mm and a height of 650 mm as shown in Fig. 2.2.
The RF coil consists of eight rungs and each rung is excited by a current source.
The blue lines at the end rings are the turning capacitors. These capacitors were
tuned to make the entire system resonate at 64 MHz, which corresponded to the
operating frequency of a 1.5T MRI system. All simulations were performed using
the standard electromagnetic computer-aided design (SEMCAD) package. Under the
emission of the RF coil, the electric field distributions along these pathways were
evaluated for different excitations. A summary of the excitation and phantom type
for these pathways is given in Table 1. Detailed placement of the phantoms inside
the RF coils can be found in [28].

The extracted incident field distributions along all pathways are shown in Fig.
2.3. It appears that some of the electric field distributions are similar to each other,
indicating potential correlation among them. With an electrode length of 40 cm, the

incident electric field matrix has a dimension of 11 x40. Singular value decomposition
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Table 1: Excitation and Phantom Type of Pathways.

Pathway index RF coil excitation Phantom type

1 Linear ASTM
2 Linear Oval

3 Linear Circular
4 Linear Circular
) Linear Circular
6 Quadrature Circular
7 Quadrature Oval

8 Quadrature Circular
9 Linear Oval

10 Quadrature Circular
11 Quadrature Oval

Fig. 2.2: The generic birdcage coil.
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was performed on this incident electric field matrix. The eigenvalues for all 11 eigen-
vectors were plotted in Fig. 4. As clearly indicated in the figure, starting with the
sixth eigenvalue, these values become much smaller than previous ones. This means
that the tangential electric field distributions along these 11 pathways are mainly
composed of the first five eigenvectors. Therefore, only five validations are meaning-
ful. Other validations would be a simple repetition of the incident field superposition.
This confirmed our first observation that these pathways cannot provide meaningful
validations for all 11 pathways. Only five of them can be considered as meaningful
and not redundant.

To demonstrate that these pathways can also lead to false validation, we gen-
erated two significantly different AIMD models. The first AIMD model (TF;) was
numerically developed for a 40 cm solid lead using the reciprocity method [25]. The
discretized step size of the AIMD model was set to 1 cm. The second spurious AIMD
model (TF;) was generated by adding the sixth eigenvector from the incident field
matrix to the first AIMD model. As shown in Fig. 5, these two models are quite
different.

With pathways defined in ISO 10974, the induced voltages estimated from these
two different AIMD models were shown in Fig. 2.6. As clearly indicated in the Fig.
2.6, these two different AIMD models can generate almost identical induced voltages.
This further demonstrated that the current ISO 10974 suggested pathways cannot be
used to provide validation for a unique AIMD model or the validation is incomplete.

Practical AIMD models often have slow magnitude variation along the electrodes
due to the long wavelength at 64 MHz [24], [25]. We also developed a smoothed
spurious AIMD model TF3 by filtering out those unrealistic high-frequency variations

as shown in [35]. Comparisons of TF; and TFj3 are given in Fig. 7. Using these two
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models, a comparison of the induced voltages is given in Fig. 8. Again, these values
are very close to each other. This demonstrated our second point: ISO 10974 could
validate two AIMD models with a significant difference as long as the difference was
represented by those eigenvectors with smaller eigenvalues from the incident matrix.
Therefore, the model validation is incomplete. However, we should point out that the
pitfall here is only related to the selected pathways for validation. It is not related to
errors of the transfer function method itself. It is shown in the later section that if

appropriate pathways are selected, such a pitfall can be avoided.

2.4 Appropriate Pathways for Validation

As shown in the previous section, the standard pathways defined in ISO 10974
cannot provide meaningful AIMD model validation. Based on the theory described
in Section II, two sets pathways are proposed here. Ideally, these pathways should
have tangential electric fields orthogonal to each other. To develop pathways with
orthogonal electric field distributions among them, we used the concept from the
Hadamard matrix [32]. The convenience of the Hadamard matrix is that its entries
are 1 or -1, which behaves like a forward or backward direction of a pathway for our
practical application. For practical purposes, the Hadamard matrix of order eight was
used and is shown in (2.9). Based on this matrix and also the knowing the electric
field distribution inside the ASTM phantom, the proposed V-shaped pathways are
given in Fig. 2.9. This kind of a folding pathway was observed in clinical settings
[36]. The forward and backward folding along the pathways is shown as positive and
negative values in (2.9). For each folding corner, the distance is 1 cm away from the
previous folding corner. Each segment is 5 cm so that the overall length is at 40 cm.

For each pathway, its center along the vertical direction was at the phantom center.
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Its left side was 2 cm away from the border of the phantom. These pathways were

all 4.5 cm under the gel surface.

Hg = (2.9)

1) 2) 3) 4 5 6 7) 8

(a)
Fig. 2.9: (a) Illustration of V-shaped pathways based on (2.9); (b) Illustration of the
pathway position respective to the ASTM phantom.

The magnitude and phase of the electric field along the V-shaped pathways are

shown in Fig. 2.10. The magnitude changed at the folding point along the pathways,
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and the phase switched after each turn. Singular value decomposition was also per-
formed on the tangential electric field matrix of the V-shaped pathways. The singular
values are shown in Fig. 2.11. As one can see from the figure, all eigenvalues were

similar to each other, indicating each validation pathway can be treated as mutually

independent.
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Fig. 2.10: (a) Magnitude of the tangential components of the incident field along the

V-shaped orthogonal pathways; (b) Phase of the tangential components of
the incident field along the V-shaped orthogonal pathways.

24



2000 T T T T T T

1500 == === === o

+
'
*
'
i

Amplitude

200
d1i
d2
100 d3
d4
s
snnn d6

L} = d7
L} = d8

Phase [degree]
(e

-100

-200
0

()
Fig. 2.11: (a) Singular values of the V-shaped tangential electric field matrix; (b)
Magnitude of the V-shaped tangential electric field matrix eigenvectors;
(c) Phase of the V-shaped tangential electric field matrix eigenvectors.

25



The induced voltages TF;, TF, and TF3 were calculated as shown in Fig. 2.12.
As clearly shown in the figure, the validation of the AIMD models along these path-

ways showed significant differences in the induced voltages.
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Fig. 2.12: (a) Amplitude of induced voltages TF;, TFy and TF3 along the V-shaped
orthogonal validation pathways; (b) Phase of induced voltages TF;, TF,
and TF; along the V-shaped orthogonal validation pathways.

The only pathway that led to similar RF-induced voltages was pathway 1, which has

a uniform electric field distribution along the pathway, similar to those defined in ISO
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10974. Therefore, these pathways not only provided eight meaningful validations, but
they also showed significant differences in induced voltages due to differences in the
AIMD models.

In practice, it may not be feasible to bend the leads along the V-shaped pathways.

An alternative pathway set as shown in Fig. 2.13 was proposed.

- center line

40 cm

Fig. 2.13: (a) Illustration of U-shaped pathways based on (2.9); (b) Illustration of
the pathway position respective to the ASTM phantom.

For each turning point, an additional 1 cm distance was used to ease the folding of
the electrodes. Electromagnetic simulations were then performed to extract incident
electric field distributions along these pathways. The tangential electric field along
the U-shaped pathways is shown in Fig. 2.14.

Singular value decomposition of the tangential electric field matrix along the U-
shaped pathways was performed, and the results are shown in Fig. 2.15. The smallest
singular value was still about one-third of the largest singular value. This indicated

the electric field distributions along these pathways were still quite orthogonal to each
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Fig. 2.14: (a) Magnitude of the tangential components of the incident field along the
U-shaped orthogonal pathways; (b) Phase of the tangential components of
the incident field along the U-shaped orthogonal pathways.
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other. Therefore, these can also be used as a meaningful validation set.

The induced voltages of three AIMD models were calculated and the results are
shown in Fig. 2.16. Induced voltages generated by three AIMD models showed
significant differences. This confirmed that these U-shaped pathways can also provide
eight meaningful validations and also captured the differences among different AIMD

models.

2.5 Discussion

The AIMD model validation is a critical part of the safety assessment of AIMD
under harsh MRI RF coil emissions. A theory based on eigen-analysis was presented
on how to evaluate appropriate pathways. It indicated that one would need to select
pathways that have independent incident electric field distributions among them.
Without independent incident field distributions among these pathways, only a subset
of the validation is meaningful. In addition, inappropriate pathway sets could also
erroneously validate two different AIMD models, leading to incomplete validation.

Current AIMD models were developed based on either forward or reciprocity mea-
surements that needed to be performed at 1 cm or less spatial resolution. For a 40
cm long electrode, the AIMD model would be represented by at least 40 discretized
values. This is similar to the use of a sub-domain basis function in the method of
moments to represent the solution space [37]. All 40 discretized values are needed to
represent the AIMD model. Under this circumstance, a total of 40 validations should
be performed for the AIMD model. Otherwise, the validation process can only be
considered as partial validation or incomplete model validation. But complete vali-
dation for AIMD models based on the current method is not feasible considering the

number of pathways to be used.
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An alternative approach for the AIMD model validation is to use the transmission
line model described in [38]. Using the transmission line model for the AIMD de-
vice, only requires one to use four complex parameters: the tip impedance, the IPG
impedance, the characteristic impedance of the lead body, and the wavenumber of the
lead body. Since the validation of RF-induced heating can only measure the temper-
ature rise as a scaler number, it would now require eight meaningful validations. The
proposed two sets of validation pathways can clearly meet this requirement and one
can now fully validate the transmission line based AIMD model with these pathways.
This would provide meaningful and accurate validation for all AIMD models. The
uncertainty of the numerical study is 9.86%. It includes the leads path uncertainty
and material property uncertainty. By shifting the lead path 1 cm and electrical

property 10%, the electric field was compared to the original one.
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3 Developing AIMD Models Using Orthogonal Path-

ways fro MRI Safety Assessment

3.1 Introduction

As mentioned in previous section, the transfer function (TF) method was com-
monly used for such safety evaluations [24], [25]. In this approach, the AIMD models
are a series of piece-wise values that relate the incident electromagnetic fields along
the lead to the RF-induced voltage or heating. One can obtain the AIMD models
through measurement and then combine them with electromagnetic simulations to
estimate the safety hazards for both temperature rise at the electrode and induced
voltage inside the IPG. For a 40 cm long lead, it would be represented by 40 piece-wise
values along the lead if a resolution of 1 cm is adopted. In this conventional approach
of AIMD model development, the first step is to measure the relative magnitude and
phase of the AIMD model using the forward or reciprocity method [24], [25].In the
second step, additional ASTM phantom measurement is required to determine the
appropriate model coefficient while the device is under the RF emission system [28].
Although the AIMD model could be obtained through direct measurement, there are
some disadvantages which limit its application: 1) special extra measurement systems
are needed to directly measure the AIMD using either forward or reciprocity method
and 2) it is difficult, if not impossible, to measure the AIMD model while not affect
the RF behaviors of the AIMD, since the AIMD and the measurement system are cou-
pled due to the tight RF interactions [39]. An alternative way to represent the AIMD
model is to use the transmission line concept [38]. In this approach, the AIMD model
can be constructed using 4 complex parameters: PG impedance, tip (electrode)

impedance, lead body wavenumber and lead body characteristic impedance in the
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test medium. Within this in mind, if one can accurately extract these four complex
parameters, the AIMD model can be developed. Therefore, instead of using a series
of piece-wise values along the lead body for model development, a semi-analytical
model can be generated.

To determine the four parameters described above, at least four experimental
measurements need to be performed. In the measurements, the device should be
placed along different pathways inside the ASTM phantom and the induced heating
or induced voltages are then recorded. Based on the directly measured data as well
as the semi-analytical AIMD model, optimization algorithms can be used to estimate
these parameters based on the measurements. Using this proposed approach, rather
than requiring specific equipment for the relative magnitude and phase measurement,
the AIMD model development can be performed in the standard ASTM phantom.

To ensure a good AIMD model development, the incident field distributions along
the test pathways need to be independent of each other since the correlated incident
field can make the problem to be ill-conditioned. To address this requirement, a set
of pathways based on the Hadamard matrix is used in the study [32], [40]. Besides,
if one can normalize all impedance, the AIMD models can be developed with three
parameters. Based on the measured data, the particle swarm optimization method
(PSO) is used for parameter estimation. As the semi-analytical model is developed
based on induced heating or voltage only, the uncertainty involved by the equipment
measuring the AIMD model shape is eliminated.

The remainder of this chapter is organized as follows. In Section 2, the theory of
choosing appropriate pathways for AIMD model development is presented. In Section
3, using the theory described in Section 2, two sets of experiments are used to develop

the AIMD models. Based on the results of our studies, the conclusions are given in
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Section 4.

3.2 Methodology

In this section, we present the methods for the AIMD model development. For
simplicity, we use the voltage AIMD model development for illustration but the pro-

cedure is also applicable to the heating AIMD model development.

3.2.1 Voltage AIMD Model Development

A voltage AIMD model relates the incident electric field along the lead body to
the induced voltage at the device IPG end. As shown in [24], [25], the induced voltage
in the IPG can be evaluated by the integration of the incident electric fields along

the device pathways with the AIMD model along the lead as

L

= / Eian X TFdl,

L

(3.1)

where Emc is the incident electric field along the pathways in the MRI RF field, L is
the length of the lead body, Fy,, is the tangential components of the Emc along the
pathways, T'F" is the AIMD model, and V},,4 is the induced voltage. One can further

evaluate the V;,4 in a discrete form as

N
Vina & ALY~ Eyap (i) x TF (i), (3.2)

i=1
where Al is the step size (resolution) and N is the total number of segments for the
discretized lead body. Using the transmission line model [38], the AIMD model can

be expressed as
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TF (i) = Ce/™"2 (1 = Type 720181 (3-3)

Then Vj,4 can be obtained by
N
Ving =~ C'Al Z Eian (1) x pik=iAL (1 _ Ftipeszkzmz)j (3.4)
i=1

where k, is the complex wavenumber of the transmission line model, C' is the scaling
coefficient to be determined, and I'y), is the complex reflection coefficient at tip part
from the direction of the IPG to the tip. Since the AIMD models can be expressed
by three complex terms, i.e. C, k, and I';;, it is possible that we can perform several
sets of independent measurements and use the measured voltage values to directly

derive the AIMD model.

3.2.2 Selection of Appropriate Pathways

If M pathways are used, then M induced voltage values can be obtained. The

equation (3.2) can be expressed in matrix form as

Ving = AlEy, - TF (3.5a)
or _ _ ~ o _
Vina Ejan Eign - Eian TF(1)
V2 E2 E2 . pN TF (2
4| _ A t t t (2) ’ (3.5b)
| Vina | | Bien B En | [ TF(N) |

where V4, Ei, and TF are the vector/matrix forms of Vj,4, Ei.n, and TF,

[Eﬁn, EZ2 .., Etlé\fl} is the 1 x N vector consisting of the tangential components of
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the incident electric fields along the i pathway , V{ . is the induced voltage at the
AIMD IPG side along the i'* pathway and T'F (i) is the i value of the AIMD model.
The optimization procedure is to find the appropriate AIMD model parameters to

satisfy the following equation

Ving — AlE;4, - TF = 0, (3.6)

where TF is the ideal AIMD model to be developed. Due to potential measurement
errors in the induced voltages, the measured voltage is Vinszmd + AV,,q, where
AV ,,q is the perturbation of the V;,4 that comes from errors including system errors

and random errors. The approximate AIMD model minimizes the following equation

(3.7)

Y

Hvznd - AlEtUm ' ﬁ

where TF is the estimated ATMD model to be developed. Our aim is to solve the
AIMD model by given induced voltage. As there is round-off error in induced voltage
and electric field usually, the error needs to be estimated. Equation (3.6) can be
transformed into

B Vi = El

tan tan

EtanTFa (38)

where EX

1o 18 the conjugate transpose of the Ey,,. The first order perturbation relation

is

AEE Vi, +E2 AV, = AEZ

tan tan

E...TF + Ef AE,,,TF +EZ E,.,ATF, (3.9)

tan tan
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which it is arranged to get

1

ATF = (Efl Etn) E[l, (AVig — AE,,, TF) +
(3.10)

(E{L Etan) 'AEH

tan

( ind — EtanTF) .
If one defines r = V4 — E;, TF, (3.10) can be transformed into below equation by
the definition of the second norm

1
|ATF|| < | (B, Bun)

AV inall + | AE | [ TF]) +

tan

(3.11)
| (B2 Bae) ™| IIABL I

Dividing through by ||TF|| and doning some algebra so that ||AE.,|| and ||AV .|

only appear in ratios with ||E.,| and ||V, (3.11) can be transformed into

|ATF H “1p [AVinall | Vinall | AE 4|
S anEtan an HEtan H +
| TF| ' ) B [ Vinall [ Etanl [TF[ ([ Etanll
(et o) 125l Il
tanBian) e [Etanll [ Etanll | TF]’
(3.12)
which is also
|ATF|| i (K, ><||Ade|| [ Vinall IIAEtanH)
ITF] = [Vonall Taan]| ITFT " B -
2y 2B I

| Etanll (| Eten |l [ TF’
where k (Ey,) is the condition number of Ey,,. A triangle is drawn to illustrate the
relation between the E;,,, TF and V,,, in Fig. 3.1.

And we have

] [l
[Evan | [ TF[} ~ [[E0n TF|

= tand (3.14a)
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r=V-E, TF

tan

E_TF

fan

Fig. 3.1: The relation between the E;,,, TF and V4.

and

[ Vindl [ Vindl 1
< = . 3.14b
[EBran| [ TE] = TEw0i TF]  cos0 (3140)
Putting everything together, we have
|ATE| 2 [AEwn| | & (Ean) |[AVind|
————— < (K* (Ean) tan 0 + & (Eqqp) . (3.15)
ey < O ) Bl T cosf Vo]

As shown in [41], the upper bound of relative AIMD model error is proportional to
the condition number with the relative difference of induced voltage for simplified

form as

HTF_TFH < i (Byyy) 12 Vinall (3.16)
ITF| IVindl
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Hence in order to reduce the error in AIMD model development, the condition num-
ber of E4,, should be small. Ideally, if the tangential components of the incident field
along all the pathways are orthogonal to each other, the condition number would be
equal to 1. A set of folded orthogonal pathways in phantom is proposed based on the
Hadamard matrix [32] as shown in (2.9). The realization in the ASTM phantom is
illustrated in Fig. 2.13. Since there are three complex unknowns to be solved, the
induced voltages should be measured along at least 6 pathways if the phase infor-
mation for the induced voltage cannot be estimated accurately. Once six individual
measurements along six of the pathways described in Fig. 2.13 are performed, a global
optimization method can be used to solve equation (3.7), the parameters in equation

(2.4a) can be estimated to obtain the AIMD model.

3.2.3 Characteristic Impedance

As the AIMD model can be taken as a transmission line model, there will be
character impedance for this model although it is not used here. This part will
illustrate how to get the character impedance for an insulated solid lead in saline.

As shown in Fig. 3.2, an infinite dielectric coating wire has an inner conductor
which its radius is a. And the outer radius is b with an permittivity of ¢; and an
permeability py. Out of the wire, it is infinite space with an permittivity of e; and
an permeability .

The potential field of the transmission model along this coating wire can be expressed

as

Aur = 7% [y (kpup) + AY, (kp1p)] (3.17a)

and
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Fig. 3.2: The cross section of the infinite dielectric coating wire in homogeneous space.

Ay = e~ihe [BHSQ) (kpzp)} : (3.17b)

where A.; and A., are the potential field for the transmission line model, Jy, Yy and
H(SZ) are the Bessel functions of the zero order, A and B are the constant for the
potential field, and k,; and £, are the wave number along the radius direction which

can be calculated by

kp = /K2 — k2 (3.18a)

z

and

kp2 =/ k% - kfg, (318b)

where k; and ko are the wave number of the dielectric coating and space, k. is the
wave number along the wire direction. When the region 2 is air, k, is pure real
number. If region 2 is a high permittivity material, k,, is pure imaginary or complex

number, which is improper and it is a leaky mode. According to the electric field
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boundary condition at the radius of a, we have

E.,=0 Qp=a, (3.19)
which is
K1 —jk
— = k AY, (k =0. 3.20
jwu€1€ [Jo ( pla) + AYy ( pla)] 0 ( )
Then the constant A is
Jo (k 1(1)
A=— P 3.21
Yo (kpia) ( )
To make it simple,
Ay = e E Y, (kpa) Jo (kpp) — Jo (Kp1a) Yo (Kp1p)] - (3.22)

According to the electric field boundary condition at the radius of b, we have

which is also
En s Yo (kpaa) Jo (kpub) = Jo (kpa) Yo (kb)) = .kie‘j’“”BHé” (Kp2) .
Jwpe JWHES
(3.24)

Then the constant B is

B— €2k§1 Yo (kpla) Jo (kplb) — Jo (kp1a) Yo (kplb)

61]{32

. (3.25)
o2 H? (kpob)
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According to the magnetic field boundary condition at the radius of b, we have

Hy = Hyp Qp =0, (3.26)
which is also
Rl 3t 1, () o (ki) — Jo (kra) Yo' (kb)) = 22342 BHED' (kb
76 [Yo (kpa) Jo' (kp1b) — O(pla)O(pl)]—Ke o (Kp2b).
(3.27)

Here k, can be solved numerically. Then the character impedance is calculated by

1 2
7 — Ez . jw,u1£1k/31AZ1
s H - _L&Azg
?lo=b k2 O (3.28)

_ ko1 Yo (kpla) Jo (kplb) —Jo (kplg) Yo (kplb)
Jwer Yo (k'pla) Jo' (kplb) —Jo (kplg) Yo' (k’plb)‘

The wave number and character impedance are the same as the result in [38].

3.3 Experimental Studies

In experimental studies, the heating and voltage AIMD model of two different
AIMDs were measured and their induced voltage and heating models under a 1.5 T
MRI system were developed using the method described above. The Medical Implant
Test System MITS 1.5 (Zurich MedTech ZMT, Zurich, Switzerland), illustrated in
Fig. 3.3, was used to emulate the RF exposure of the implant in MRI scanners. The
RF coil of the MITS 1.5 system was implemented as a band-pass birdcage coil. The
birdcage coil is 650 mm long and has an inner diameter of 700 mm. The MITS 1.5

system can generate a circular polarized RF magnetic fields.
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Fig. 3.3: MITS 1.5 System. (a) Amplifiers and software parts; (b) RF gradient coil.

3.3.1 AIMD Model for Induced Voltage

For induced voltage measurements, a 52 cm long lead was used with the IPG.
This is a commercially available device with 3 electrodes at the distal end of the
lead. These electrodes are connected to 3 inner conductors which are parallel to each
other in a helical winding pattern. And these conductors are encapsulated inside an
insulating layer. An SMA (SubMiniature version A) connector was attached to the
IPG to pick the induced voltage between the inner conductor and the case of the
IPG. The waterproof clay covered the connection part of the SMA and the IPG. The
lead was fixed by rubber bands on a plastic mesh grid as in Fig. 3.4. By placing the
lead inside the ASTM phantom along eight U-shaped folded pathways shown in Fig.
2.13, the induced voltage values were measured using an oscilloscope.

The tangential components of the incident fields along all 8 pathways are shown

in Fig. 3.5. The magnitudes and phases of the tangential electric fields along these

44



Fig. 3.4: Plastic mesh grid used for fixing the lead.

pathways resemble row elements in the Hadamard matrix changing from 1 to —1 or
—1 to 1 [32]. As shown in Fig. 3.5(b), the phase change along each pathway ensures
the quasi-orthogonality of the tangential components of the incident fields along the
pathways. Furthermore, the eigenvalues of the tangential components of the incident
fields are shown in Fig. 3.5(c). These eigenvalues are very close to each other. This
means the tangential components of the incident fields along these pathways can be
considered as almost orthogonal to each other. With such a condition number around
2.4, a small error in the AIMD development is expected [40].

Using the method described earlier, the developed AIMD model is shown in the
blue line in Fig. 3.6 using measured results along all eight pathways. For comparison,
the measured AIMD model based on the reciprocity method was also shown in the
red line in the same figure [25]. As seen from the results, these two AIMD models
agree very well with each other. The induced voltages obtained through direct mea-
surements and estimated using the proposed approach are shown in Fig. 3.7. As

shown in the figure, the consistency of the estimated and measured induced voltages
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Fig. 3.5: (a) Magnitude of the tangential components of the incident fields along
U-shaped folded pathways; (b) Phase of the tangential components of the
incident fields along U-shaped folded pathways; (c) Eigenvalues of the tan-
gential components of the incident field.
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confirms that the developed model based on the semi-analytical model is effective in

predicting the induced voltage.
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Fig. 3.6: Comparison of voltage transfer functions through proposed method and
reciprocity method (a) Magnitude of AIMD models, (b) Phase of AIMD

models.

To further validate the developed AIMD model, another set of validation pathways
were proposed as shown in Fig. 3.8. These pathways were selected since they can lead
to higher induced voltages for a higher signal to noise ratio. However, the condition

number of the E;,, is 16.8. Therefore, it is more appropriate for validation rather
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Fig. 3.7: Comparison of induced voltages from direct measurement in ASTM phan-
tom and predicted ones using the AIMD model developed in the study.

than AIMD model development.

The validation results are shown in Fig. 3.9. The relative errors between the
direct measurements and estimations by the developed AIMD models using the semi-
analytical model are within 15 %. Besides, the relative errors of estimation with
AIMD model using the reciprocity method and estimation with the proposed AIMD
model compared to the direct measurement are also shown. As shown in the figure,

the relative errors of these two models are very similar.

3.3.2 AIMD Model for Induced Heating

To demonstrate the effectiveness of this approach for AIMD induced heating model
development, a 38 cm long lead was used in the measurements. This system is a
commercial neuro-stimulation system with 4 electrodes at the distal end of the lead.
An optical fiber thermal probe was fixed to the electrode to measure the temperature
rises. Similar pathways as used earlier were used for model development, but each

segment length was shorter since the overall device length was shorter. The tangential
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Fig. 3.8: (a) Z-shaped validation pathways; (b) Pathway position in ASTM phantom.

components of the incident fields and their eigenvalue are shown in Fig. 3.10. The
tangential components of the incident fields along each pathway can be also considered
quasi-orthogonal since the condition number is 2.0. The comparison of the AIMD
models obtained from both methods was provided in Fig. 3.10. The tangential
components of the incident fields along each pathway can be also considered quasi-
orthogonal since the condition number is 2.0. The comparison of the AIMD models
obtained from both methods was provided in Fig. 3.11. Again, we can see that the
AIMD models for the RF induced-heating agree well with each other. It is shown that
the AIMD model developed using the reciprocity method has increased magnitude
near the tip electrode. This is probably caused by the direct coupling between the
excitation and the current probe. At this point, the AIMD model developed by the
semi-analytical model can prevent the disturbance by the equipment of the AIMD
model measurement. The induced heating along these pathways was also shown in

Fig. 3.12, indicating that the developed model can accurately predict the induced
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Fig. 3.9: (a)Comparison of induced voltages between estimation with AIMD model
using reciprocity method, estimation with proposed AIMD model and di-
rectly measured voltage in ASTM phantom; (b) the relative errors between
direct measurement and estimation from different AIMD models.
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RF heating. As clearly indicated in the figure, the AIMD model developed by the
semi-analytical model can effectively predict induced heating over a large range of
temperature rises.

Using the same concept in Fig. 3.8, the validation study was performed for the
developed heating AIMD model. The condition number of the E,, is 16.8. The
induced heating for each pathway becomes generally higher than the folded ones.
The relative error of the estimation with the proposed AIMD model is below 15% as

shown in the figure.
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Fig. 3.12: Comparison of induced temperature rises from direct measurement and
predicted ones using the AIMD model developed in the study.

3.4 Optical Fiber Effects on the AIMD model

This part investigates the effect of fiber optic probe on the AIMD model develop-
ment. When the AIMD is under heating measurement in the RF field, an optic fiber
temperature probe shall be used to measure the temperature rise to avoid potential
influence from the metal parts of the probe. During the measurement, the probe
shall be attached to the lead tightly, which may change the AIMD model under test.
Hence, it is necessary to investigate the TF of a lead with or without a fiber optic
probe attached. Both simulation and experiment were used to investigate the effect

of an optic fiber near lead.

3.4.1 Numerical Study

In the first step, a solid lead connected to a dummy IPG, as shown in Fig. 3.14,
was simulated using reciprocity method. The solid lead is composed of an inner
conductor and an insulation layer. The inner conductor has a radius of 0.4 mm and

is made of PEC. The insulation layer has a radius of 0.8 mm and is made of Teflon
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with a relative permittivity of 3.0. The length of lead is 30 cm and it is connected
to a dummy IPG. The source of this lead was applied on the distal end of lead. The
AIMD model of the solid lead was extracted after simulation was completed.

source
o«

rrr?l O

Insulation layer

“Dummy IPG

Fig. 3.14: Lead model of the insulated solid wire.

In the second step, a solid lead with an optic fiber attached was simulated as

shown in Fig. 3.15.

Lead with an Optical Fiber

e

50 mm

Fig. 3.15: The insulated solid lead with an optic fiber.

All the simulation setup was the same as the previous simulation except that an

optic fiber was attached in parallel to the lead. The optic fiber model has the same
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structure of a T1S-05-PT05 probe from Neoptix which contains two layers. The inner
layer is made of silica with a relative permittivity of 3.8 and a radius of 0.4 mm.
The outer layer is made of Teflon with a relative permittivity of 2.1 and a radius of
0.8 mm. The tip part of the optic fiber is 50 mm long as shown in Fig. 3.15. The
AIMD model of the lead with the optic fiber was also extracted using the reciprocity
method.

The comparison of the AIMD models for these two cases are shown in Fig. 3.16.
It is shown that the amplitude and the phase of both AIMD models agree well with

each other. From the simulation result, the effect of an optic fiber is negligible.

3.4.2 Experimental Validation

The heating AIMD models of a commercial lead with or without an optic fiber
attached were also measured using the reciprocity method. The optic fiber model
is T1S-05-PT05 from Neoptix. The tip of the optic fiber was attached to the lead
as shown in Fig. 3.17, which has the same setup when the heating was measured
inside a RF environment. By measuring the AIMD model shapes in both cases, the
amplitude and phase were compared.

The measurement results are shown in Fig. 3.18. The amplitude and phase of
both AIMD model shapes agree well with each other. From the experiment result,
the AIMD model shape of the lead with an optic fiber is the same as that of the lead

without an optic fiber attached.
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Fig. 3.16: (a)The AIMD model amplitude of the lead only and the lead with an optic

fiber attached in simulation; (b) the AIMD model phase of the lead only
and the lead with an optic fiber attached in simulation.

58



R

Optic fiber

Fig. 3.17: The AIMD model measurement setup of the lead with an optic fiber.

3.4.3 Discussion

Both simulation and experiment methods were used to investigate the difference
between the AIMD models of a lead with or without an optic fiber attached. In
the simulation, a solid lead only and a solid lead with an optic fiber attached were
simulated to extract the AIMD models using the reciprocity method. In the experi-
ment, AIMD models of a commercial lead only and a commercial lead with an optic
fiber attached were measured using the reciprocity method. The AIMD models of
both cases in simulation and experiment were compared. Based on the results, it is

concluded that the optic fiber has minimum effect on the AIMD model development.

3.5 Bending Effects on the AIMD Model

During the AIMD model inversion, folded pathways were used to develop the
AIMD model. As the AIMD model is based on the transmission line model, it is

necessary to investigate whether the AIMD model of the lead along folded pathways
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Fig. 3.18: (a)The AIMD model shape amplitude of the lead only and the lead with

an optic fiber attached in experiment; (b) the AIMD model shape phase
of the lead only and the lead with an optic fiber attached in experiment.
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changes. The change may come from the bending parts or the coupling from near
folded parts. In this part, a solid lead was used in both simulation and experiment
to study the AIMD model change when the pathway changes. Also a helical lead was

used in experiment.

3.5.1 Numerical Study

An insulated solid lead was used in simulation as shown in Fig. 3.19. The solid
lead is composed of an inner conductor and an insulation layer. The conductor has
a radius of 0.4 mm and is made of PEC. The insulation layer has a radius of 0.8 mm
and is made of Telfon with a relative permittivity of 3.0. The length is 40 cm and

the tip part is 10 mm. The source of this lead was applied on the end of the lead.

Source

Insulation layer

Fig. 3.19: Simulation model of the insulated solid lead.

According to the transmission line theory, discontinuity effects can become im-
portant at high frequency. And the bending parts of the transmission line may cause
the wave reflected and induce radiation effects. Twin leads and balun structure can
reduce this effects. The AIMD model contains multiple conductors with helical wind-

ing. For simulation, it is difficult to model the exact same structure and helical
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winding. Hence, the single insulated solid lead was used here. By changing the lead

path, straight, L. shape and U shape were studied as shown in Fig. 3.20.

40 cm
20 cm

15 cm

! “20cm 10 cm
S L U

Fig. 3.20: Lead path of the insulated solid lead.

The AIMD models were extracted using the reciprocity method and compared as
shown in Fig. 3.21 . The phase of the AIMD models keeps nearly the same. The
amplitude of the AIMD models changes when the pathway changes.

Hence the bending changes the AIMD model of the insulated solid lead. It is
possible that the wave reflected at the bending parts. Based on this assumption, an
AIMD model with multiple parts of the transmission line model was proposed [42].
For each bending part as shown in Fig. 3.22, a separate transmission line model was
used.

For part a, the AIMD model is
TF(z) = Cie %% (1 — I'ye7?=7) . (3.29)

62



1.05 - Amplitude of TF (Normalized)

s W

0.95 Mg

0.9

0.85

0.8

0.75

0.7

0.65

0.6

1 1 1 |

0.55| 1 1 1 1
01 015 02 025 03 035 04

Distance to Tip [m]

(a)

Phase of TF(Normalized)

o
©
o
o

100

80

60

40

20

-20

-40

1 1 1 |

_60 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Distance to Tip [m]

(b)
Fig. 3.21: (a) Amplitude of the AIMD model along S, L and U pathway in simulation;
(b)Phase of the AIMD model along S, L and U pathway in simulation.
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Fig. 3.22: Lead path of the insulated solid lead.

For part b, the AIMD model is

TF(z) = Cye %% (1 — I'1e™7%=7) . (3.30)
For bending conrner z., the AIMD model is

01 (]_ - F1€+j2kzzc) = CQ (1 - F2€+j2kzze) . (331)

where (] and C5 are the constants for the transmission line models at part a and b,
z. is the position at the bending corner. Although the reflection coefficient and the
constant are different for different parts, the wave number &, keeps the same. Besides,
for the insulated lead, the wave number can be calculated which has been introduced
in details in the previous section. By using the (3.29), (3.30) and (3.31), curve fitting
method was used to calculate k.. For the straight pathway, the k, by curve fitting
is 6.92 — 71.16 and that by formula is 6.90 — 51.04. The amplitude and phase were
shown in Fig. 3.23. The calculated k. is quite close to one by the formula.

The AIMD models along L. pathway by curve fitting and simulation were as shown

in Fig. 3.24. The AIMD model by curve fitting is quite close to that in simulation.
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Fig. 3.23: (a) Amplitude of the AIMD model along S pathway by simulation and
curve fitting; (b)Phase of the AIMD model along S pathway by simulation

and curve fitting.
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The k. in the curve fitted model is 6.72 — 71.05 which is also close to the k, calculated
by formula.

The AIMD model along U pathway by curve fitting and simulation were as shown
in Fig. 3.25. The AIMD model by curve fitting is still close to that in simulation.
The k. in the curve fitted model is 6.92 — 51.16.

Besides, the reflection coefficients at the tip part for different pathways should
keep the same if the separate transmission line model holds. The reflection coefficient
and k, are given in Table 2. From the data, the reflection coefficient and k., are quite
stable when the pathway changes. Besides, the k, calculated by curve fitting is quite
close to that by formula. Hence, there is reflection at the bending when the pathway
changes and the AIMD model changes for leads with structure like the insulated solid
lead. During the experiment in previous section, helical winding leads were used and
that is the reason. Although leads with helical winding and multiple conductors are
challenging for simulation, experimental validation is still available. In next part, the
experimental validation for the insulated solid lead and the helical winding lead was
performed.

Table 2: The Wave Number and Reflection Coefficient of the AIMD model along
Different Pathways.

Pathway k. r

S 6.92 - j1.16 0.17 - j0.28
L 6.72 - j1.05 0.20 — j0.25
U 6.76 —j1.12 0.19 —j0.25

3.5.2 Experimental Validation

From previous simulation study, the AIMD model of the insulated solid lead

changes when the pathway has bending. The solid lead used in experiment has the
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Fig. 3.24: (a) Amplitude of the AIMD model along L pathway by simulation and
curve fitting; (b)Phase of the AIMD model along L pathway by simulation

and curve fitting.
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Fig. 3.25: (a) Amplitude of the AIMD model along U pathway by simulation and
curve fitting; (b)Phase of the AIMD model along U pathway by simulation

and curve fitting.
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same material and geometry as in simulation as shown in Fig. 3.26.
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Fig. 3.26: The insulated solid lead.

The AIMD model was measured using the reciprocity method and the result was
shown in Fig. 3.27. The little discontinuity for the phase of the AIMD models along
L and U pathways is from the measurement method. During the measurement, the
AIMD model was measured separately for each bending part. This would make the
AIMD model not continuous. At the proximal end of the lead, the AIMD model
changes similarly in simulation. It is validated that bending pathway will change the
AIMD model of the insulated solid lead.

In order to avoid this effect, a commercial lead with helical winding structure was
used. This lead has a length of 52 cm and 3 conductors. Each conductor is helical
winded in parallel to others. And an insulated layer covers all conductors. Same
experiments were performed to compare the AIMD models using the pathways as

shown in Fig. 3.28.
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Fig. 3.27: (a) Amplitude of the AIMD model for the insulated solid lead along S,
L and U pathway in experiment; (b)Phase of the AIMD model for the
insulated solid lead along S, L. and U pathway in experiment.
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Fig. 3.28: The pathways of the insulated solid lead.

The AIMD models measured were shown in Fig. 3.29. Although the magnitude
for the AIMD model along U pathway has minor difference from others, the AIMD
model doesn’t change as the insulated solid lead. The minor difference may come
from experiment errors. As the helical winding is quite tense, the wave transmitted
wouldn’t reflect at the bending corner. This feature makes it possible to use same
AIMD model along different pathways.

Another lead with helical winding structure was also measured. This lead has a
length of 38.5 cm and 4 conductors. Same experiments were performed to compare

the AIMD models using the pathways as shown in Fig. 3.30.
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Fig. 3.29: (a) Amplitude of the AIMD model for the helical winding lead along S, L

and U pathway in experiment; (b)Phase of the AIMD model for the helical
winding lead along S, L and U pathway in experiment.
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Fig. 3.30: The pathways of the insulated solid lead.

The AIMD models measured were shown in Fig. 3.31. The minor difference between
two AIMD models came from the experiment setup. The two AIMD models agree

with each other well. And the bending pathway doesn’t affect the AIMD model.
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Fig. 3.31:
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(a) Amplitude of the AIMD model for the helical winding lead along S
and U pathway in experiment; (b)Phase of the AIMD model for the helical

winding lead along S and U pathway in experiment.
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3.6 The AIMD Model Mode Discussion

Although the AIMD model can be inverted using the transmission line model, it
is based on that there is only one main mode for the transmission. In this part, the

possibility of multi-mode model was discussed.

3.6.1 The Fourier Transform of the AIMD Model

Supposing the AIMD model of an insulated solid lead is made up with several TM
modes, the Fourier transform of the AIMD model should detect these modes as long as
the spatial sample size is small enough and spatial length is long enough. According to
the Nyquist Sampling Theory, the Nyquist frequency is half of the sampling frequency
which is cut-off frequency that one can detect through the sampling. Corresponding
to the Fourier transform of the AIMD model, it is the cut-off value of k.. And the
spatial sampling distance determines the resolution of k, that one can detect. Suppose

the AIMD model is made up with

M
TF =Y Ve ks 4 etk (3.32)
n=0

where C’fn) and C’én) are the constant for the ny, mode, and k.,, are the wave number

of the the ny, mode. And its Fourier transform is
M
F{TF} = B0 (k. — kun). (3.33)
n=0

Ideally all modes in transfer function should be detected. Practically, the AIMD
model is measured discretely and the length of the AIMD model is limited. Hence

the sample size and spatial sample length are critical to recognize different modes.
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To detect Ak, difference between modes in the DFT, the length of the AIMD

model should meet

E < , (3.34)
d— 2w
which is also
27
d > 3.35

where d is the length of the AIMD model. To detect k. for a certain mode in the

AIMD model, the sample size of the AIMD model should meet

LSk (3.36)
2Ad T 2w
which is also
Ad < ki (3.37)

where Ad is the sample size of the AIMD model. Hence the sample size and sample

length are determined by k., of the AIMD model.

3.6.2 Numerical Study

For an insulated solid lead (XTRA GUARD alpha 1563) with an inner conductor
of a 0.4 mm radius and an outer coating of a 0.8 mm radius and a relative permittivity
of 3.0 in saline with a relative permittivity of 78 and a conductivity of 0.47 S/m, the

potential fields of the AIMD model for the n® mode can be calculated by

A = e 752 ], (kyip) + AY, (kpip)] (3.38)

and

A,y = e ke [BH};") (kp2p)] » (3.39)
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where J,, Y,, and H,(f) are the Bessel functions of the n'* order. Similarly to the
previous part, constant A can be got from the electric boundary condition at the

radius a, we have

E.,=0 Qp=a, (3.40)
which is also
K1 —jk
2] (k AY, (k = 0. 3.41
jwﬁb&e [ ( pla) + ( pla)] ( )
Then the constant A is
Jn (]{? 1@)
A=— L 3.42
Yn (k:pla) ( )
To make it simple,
A = e 52 Y, (kpa) Jo (kpip) — o (kpa) Y, (kpp)] (3.43)

According to the electric field boundary condition at the radius of b, we have

Ezl = EZQ @p = b, (344)
which is also
2 2
ie*jkzz Yy, (kpia) J (kb)) — Ty (kpa) Y, (kb)) = ,kie*j’“zzBH,sz) (kab) .
JwEL JwHE
(3.45)

Then the constant B is

_ 82%31 Yo (kp1a) Jn (kpib) — Jn (kpia) Y, (kpid)
1k, H? (k,ob)

. (3.46)
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According to the magnetic field boundary condition at the radius of b, we have

which is also

—k

— LR ke Yo (kp1a) Iy (Kp1b) — Jn (Kpra) Y, (kp1b)] =

21

H¢1 = H¢2 @p = b,

Still, k, can be solved numerically as shown in Table 3.

Table 3: The Wave Number of Different Orders at Different Frequencies.

—k

M2

p2

Freq(MHz)\Order 0 1 2

64 6.90 - j1.04 4.33 -j0.08  3.89 —j0.05
128 12.73 - 32.05 854 —j0.18  7.70 - j0.11
200 19.00 —j3.05 13.25 -j0.23 11.97 - 0.14
300 27.47 - j4.46  19.81 - j0.28 17.90 - j0.16
400 35.70 — j5.98 26.38 —j0.32 23.84 - j0.17

(3.47)

e 52 BH® (kb) .

(3.48)

As the order increases, k, will increase which will also cause k. decrease. According

to the k, results, the result of the Fourier transform will accumulate in the area of

small values. This will make it hard to detect different mode for the AIMD model.

Usually Ad is 0.01 m or 0.005 m and this meets the need to detect the modes in this

table. And the length of the AIMD model is usually smaller than 1 m due to the

physical lead length. However, the resolution requirement here is 0.44 for k, at the

64 MHz, which requires the length to be 14.28 m. Hence, it may be impossible to

distinguish the modes in the transmission line by this method.
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3.7 Discussion

Based on the transmission line model, the AIMD models can be developed through
direct heating or voltage measurements inside the ASTM phantom. To ensure the
accuracy of the model development, the condition number of the tangential com-
ponents of the incident fields along these selected pathways should be as small as
possible. Experiments were performed to validate the proposed method. It is shown
that the AIMD models developed by this approach are accurate as compared to the
models developed using the conventional approach. Further, this method does not
require extra test equipment to measure the shape of the AIMD model, which makes
this approach more efficient, and the disturbance involved by the test equipment can
be eliminated. Experiments about optical fiber effects and bending effects were per-
formed. Optical fiber has minimum effects on the AIMD model during tests. And
the bending for different pathways affect insulated solid leads but not helical winding
leads. The leads with helical winding can keep the wave continuous at the bending
as the helical winding can bear more shape change. Unfortunately, it is impossible
to detect whether there is higher order mode in the AIMD model. According to the
Nyquist Sampling Theorem, the lead length is not enough to do so usually. The un-
certainty of the inversion and validation tests is 17.78%. It includes the uncertainty

of the numerical modeling and experiment uncertainty.
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4 Optimized Design based on the AIMD Model

Since the AIMD model can be taken as a transmission line model, it is possible
to design optimized validation pathway or change the AIMD model to decrease the

induced voltage/heating.

4.1 Optimized Validation Pathways

According to ISO 10974 standard, the AIMD model developed needs validation
before it can be used for estimation of induced voltage /heating in human body. From
previous section, the induced voltage/heating along the orthogonal validation path-
ways is low over half of them. One problem during the experiments is that low
induced voltage/heating brings high errors and low signal noise ratio (SNR). And z
shape validation pathway was proposed to induce high induced voltage/heating so
that the SNR is low. However, the z shape validation pathway may not induce high
voltage/heating for other AIMD models. If the electric field in phantom is given and
the AIMD model is also given, it is possible to design optimized validation pathways
to make the induced voltage/heating high along these pathways. Another problem is
that folded validation pathways are not quite usual in clinical pathways. Although
in Clinical ' pathway, the folded pathways were used as shown in Fig. 4.1. Circular
pathways occur more as leads are usually longer than clinical pathways needed. Extra
length of leads form the circular pathways. In total, the ideal validation pathways
should meet three conditions: 1) make the condition number of the tangential com-
ponent of the incident field small; 2) close to the clinical pathways; 3) induce high

voltage/heating to make the SNR high during experiments.
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1.27mm

Fig. 4.1: The clinical pathway used in the deep brain stimulation.

4.2 Numerical Study

For simplicity, the electric field used for optimized pathways is taken as homoge-
neous fields, i.e., the electric field has the same strength and phase in the designed

area. Induced voltage example is used here and the design for the induced heating is
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the similar. Still, the induced voltage can be calculated by

L (4.1)
= / Eean x TFdl.

L

Although the electric field in phantom is taken as homogeneous, the tangential
components of the incident field can vary a lot by changing lead pathways. Consider-
ing pathways in the direction of the electric field or perpendicular to the electric field,
the tangential components of the incident field can be 1, -1 and 0 if the magnitude of
the electric field is taken as 1 V/m. Diving the AIMD model equally into eight parts,
the tangential components can be also divided into eight parts which are made up
with 1, -1 and 0. As the AIMD model is measured in discrete form, the total number
of the measured points is not exactly divisible by 8. Zeros can be added at the end
of the AIMD model to make it divisible by 8. During the validation experiment, the
added length using zeros should be considered for pathways. The number of divided
part can be other than eight. Eight can make the length of each part 4-6 cm as the
lead length is during 30 cm to 45 cm usually. The induced voltage can be calculated
by

N
Vina ~ ALY Eiap (i) x TF (i)
o (4.2)
~ ALY Eian () X TF; (j)
j=1

where T'F; is the summation of the AIMD model for each part. As the tangential
components of the incident field in each part is the same, the Ey,, can be represented
using one value in each part. Besides, the tangential components for the near parts

can not be 1 and -1 at the same time, which makes the pathway bend 180°. The
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remaining process is to find several orthogonal pathways which induce high voltage.
The total number of the pathways is limited and it is easy to calculate the induced
voltage for all pathways. However, the pathways that induced high voltage for a
given AIMD model are quite similar as the peak position of the given AIMD model
determines the induced voltage mainly. This will make the condition number of Fy,,
high. Several levels of induced voltages were chosen to make the validation pathway
orthogonal. The AIMD model is taken as an example as shown in Fig. 4.2. For other
AIMD models, the design process is the same. The statistic result for the induced
voltage along all possible pathways is given in Fig. 4.3. The validation pathways
were divided into six groups by the values of the induced voltages. Also, six groups
are not necessary and six validation pathways were just as an example here. Pick one
pathway from each group and find the smallest condition number for all the possible
combination. The all possible combination for the six groups is quite large and it is
time consuming to calculate the condition number. In order to have high efficiency,
pick one pathway each time from one group and calculate the correlation for them.
Pick the lowest correlation for the combination from two groups and find the next

pathway from next group to make the correlation lowest.
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Fig. 4.2: (a) Amplitude of the AIMD model for the optimized validation pathways;
(b)Phase of the AIMD model for the optimized validation pathways.
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Fig. 4.3: The statistic result for all possible pathways.

The validation pathways calculated is given by

0

-1 0 0 0 0 0 -1
0 1 -1 -1 0 0 0
1 1 1 1 0 -1 0

% (Sg) = 3.15. (4.3)
0 -1 0 0 —1 —1 0

-1 0 -1 -1 =1 =1 0

1 0 -1 -1 -1 -1 -1

The condition number for this group is 3.15 and the induced voltages are from

each group to make the SNR high. Next, it is to find the corresponding pathways in

phantom. The designed pathway is shown as Fig. 4.4.
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Fig. 4.4: The optimized validation pathways.

As the electric field in the ASTM phantom varies a lot as shown in Fig. 4.5, it is
not easy to find a designed pathway in the ASTM phantom. The more homogeneous

the electric field is, the easier it is to find the corresponding pathways.

E Field
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28. 688
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1A. 868

Fig. 4.5: The simulated electric field in the ASTM phantom.

Another setup was used here to find the corresponding pathways as shown in Fig.
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4.6 [43]. Tt is a high electric field generator that resonance at 64 MHz. As shown
in Fig. 4.6, the signal generator, the power amplifier, the four-way Wilkinson power
divider with pre-matching circuits, and the resonator constitute the high electric field
generating system. The sine wave coming from the signal generator is amplified by
a power amplifier with gain of 50 dB. The matching circuit consisting of lumped
elements adjusts the impedance seen by the input of the power divider to 50 2. It
consists of two separate sets of circuitry for each frequency. The high power signal
is divided into four ways with identical phase and magnitude. The special four-way
feeding network is achieved by exciting the front ((£z) and back (-z) walls respectively
of the cavity as shown in Fig. 4.6 below. With the boundary condition of a PEC on
the surrounding four planes (+z) and (+2z) and a PMC on the gel-air interface (+y),
the resonator supports the TE10 mode at 64 MHz.

The simulated electric field is shown in Fig. 4.7. Compared to the electric field in
ASTM phantom, the electric field in the box is more homogeneous. It will be more
propriate to find the designed pathways. The direction of electric field in the box is
mainly from up to down. The tangential components of the incident field are shown
in Fig. 4.8. The reason why the phase of pathway 1 and 2 is not stable is that the
amplitude of them is close to zero. Specially, the condition number of Ei,, is 3.57,
which is close to the designed one. And the induced voltage amplitude ratio is given
in Table 4 as the amplitude is more significant during experiments. The optimized
validation pathways can validate the AIMD model sufficiently and have a high SNR
during experiments.

Still, the circular pathways were not considered here as it is impossible to make
sure the induced voltage high using the designed process mentioned. A possible

validation pathway was given next. As validation pathways need to be circular, the
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Fig. 4.6: The high electric field generating system. (a) The resonator structure;
(b)The whole system constitution.

Table 4: The Induced Voltage Ratio of the Optimized Validation Pathways.

Pathway Index Induced Voltage Amplitude Ratio
0.72
1.70
1.60
2.27
2.84
3.56

O UL W N~
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Fig. 4.7: The simulated electric field in the box.

radius of the circle and loops of the circle are the two main factors that can be changed
except the location of the validation pathways. Under a homogeneous electric field,
the tangential components of the incident field along circular pathways behave as the
sine function or the cosine function. It will be easy for pathways to be orthogonal
as sine and cosine functions are orthogonal to each other. The circular pathways are
as shown in Fig. 4.9 which are composed of half circle, one circle, two circles and
three circles. It is found that the tangential components of the half circle are also
orthogonal to others. The tangential components of the incident fields are shown in
Fig. 4.10. The peak value of all the tangential components are similar and the total
time period for each validation pathway is corresponding to the total number of the
circles. The condition number of these circular validation pathways is 5.10. However,
the induced voltage/heating along these pathways can not ensure to be high. Still,

these validation pathways are close to suggested clinical validation pathways.
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Fig. 4.8: (a) Amplitude of the tangential components of the simulated incident field

for the optimized validation pathways; (b)Phase of the tangential compo-
nents of the simulated incident field for the optimized validation pathways.
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Fig. 4.9: The circular validtion pathways.

4.3 Discussion

Folded validation pathways and circular validation pathways were proposed to
validate the AIMD model. In order to validate the AIMD model sufficiently, the
condition number of FE,,, should be as small as possible. Both sets of the valida-
tion pathways meet this requirements. Optimized validation pathways were designed
according to the AIMD model. By increasing the induced voltage/heating of the
validation pathways for the leads, the SNR can be high to make sure the accuracy
of the experiments. However, this kind of validation pathways is not close to clinical
pathways. Circular validation pathways were proposed to meet this. Also, it is a
trade-off to the high induced voltage/heating. By using the high E field generator,
designed pathways can be better accomplished. The uncertainty of optimized design
is 9.86%. Still this is based on the numerical modeling. The uncertainty includes the

uncertainty of pathway shift and material property.
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of the simulated incident field for the circular validation pathways.



5 Conclusions

In conclusion, the standard validation pathways in ISO 10974 were discussed in
chapter 2. It was found that two spurious AIMD model could be validated using these
pathways. Through eigenvalue decomposition, the tangential components of the inci-
dent field along the standard validation pathways were highly correlated, which makes
the validation not sufficient. For accuracy and sufficiency, two sets of validation path-
ways based on the Hadamard matrix were designed. These validation pathways can
distinguish the difference of the AIMD model to have a sufficient validation. The key
point of the validation pathways is the condition number of the tangential components
of the incident fields. Low condition number can make sure each validation pathway
sufficient and independent. In chapter 3, based on the proposed validation pathways,
the AIMD model can be inverted efficiently. The low condition number of the tan-
gential components of the incident fields makes the inverse problem well-conditioned.
Specially, the error of inverting the AIMD model is bounded by the condition number
and the error of the induced voltage/heating. In chapter 4, an optimized validation
pathway design in a high electric generator were proposed to perform good valida-
tion. The optimized validation pathways based on a given AIMD model can give a
high SNR and sufficient validation. Also, a set of circular validation pathways were

designed to be related to the clinical pathways in simulation.
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A Appendix

Derivatives of Bessel functions are
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