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Abstract

Epilepsy is a prevalent neurological condition marked by the occurrence of repeated,
uncontrollable seizures. This disorder can present in individuals of all ages, but commonly
manifests in children. Suitable treatment is therefore of high priority, especially in these pediatric
patients, to improve quality of life. One main treatment method is that of surgical intervention, in
which neurosurgeons identify and disconnect cranial regions involved in seizure generation.
Prior to these operations, brain mapping techniques such as intracranial electroencephalography
(1IEEG) and transcranial magnetic stimulation (TMS) are utilized to delineate brain connectivity:
using these methods in tandem would be ideal for providing the quickest, most accurate care
possible. As such, a brain phantom model composed of a hydrogel solution and encased in clear
resin will be developed that can be used to simulate the main effects of TMS on iEEG electrodes.
By considering criteria such as substance reactivity, mechanical properties, shelf life, and
preparation techniques, the preliminary materials chosen are an agar-based hydrogel brain model
surrounded by FormLabs BioMed Clear resin. Upon fabrication of an initial agar solution,
several rounds of preliminary testing will be performed to ascertain the ideal solution
composition. Subsequently, testing methods for measurements of temperature changes, electrical
conductivity, and electrode displacement will be refined and followed to overall simulate

accurate pediatric brain tissue behavior.



Table of Contents

Abstract

Table of Contents

I. Introduction
Motivation
Existing Devices
Problem Statement

I1. Background
Client Information
Design Specifications

II1. Preliminary Designs
Hydrogel Material
Skull Material

IV. Preliminary Design Evaluation
Design Matrices and Summary
Proposed Final Design

V. Fabrication
Materials
Methods
Final Prototype

VI. Testing

VII. Discussion

VIII. Conclusions

References

Appendix

A. Product Design Specifications (PDS)

B. Materials and Expenses

C. Minitab for Initial Agar and Saline Ratios

D. Use of Rheometer with Hydrogel Testing Protocol
E. Hydrogel Thermal Conductivity Testing Protocol
F. Electrode Displacement Testing Protocol

G. Electrode Heating Testing Protocol

H. Electrode Current Generation Testing Protocol

—_— 9 1 N Lt R R WW W

ST N T O T NG T N T NG T NG S S g S g
A AU R R W OS99 N A W WWNN



I. Introduction
Motivation

There are a range of neurological disorders, each capable of causing a profound impact
on an individual's life. Epilepsy, as the fourth most common neurological disease, is
characterized by the regular appearance of uncontrollable seizures. The disorder can be highly
detrimental to one’s ability to thrive, and is associated with a higher risk of depression, accidents,
and death. People of all ages can be affected by this disease, and it often manifests before the age
of one year [1]. Despite this broad demographic, there is a significant lack of research and
clinical explorations in pediatric patients, possibly due to the complicated ethical challenges
surrounding the participation of children in human studies [2].

The obstacles that impede research studies utilizing pediatric participants may result in a
gap of treatment knowledge. As such, constructing study tools that can spur on discoveries
targeted towards this younger population is of great importance. An area of exploration tied to
epilepsy is that of various treatment methods. Aside from the use of medication, surgical
management is an oft-investigated treatment tool in the control of epileptic seizures. Prior to
surgical intervention, which may involve procedures such as temporal lobectomies, or removal
of certain portions of the brain, a variety of brain mapping techniques such as intracranial
electroencephalography (i(EEG) and transcranial magnetic stimulation (TMS) are utilized to
provide a guide for neurosurgeons. These techniques, involving implanted electrodes and applied
magnetic simulation, respectively, have been tested on phantom models before being applied to
human subjects to certify their level of risk and effectiveness [3].

Existing Devices

There exist brain phantoms that have been used in research settings, but none achieve the
specifications as required by this project. Researchers at the University of lowa created a
gel-based brain phantom to prove that TMS and iEEG can be safely used in tandem, specifically
in adult patients. The brain of this phantom was made of poly(acrylic acid) (PAA) saline gel, and
the skull was made of poly(methyl methacrylate) (PMMA). The researchers on this project
determined if combined use was safe by analyzing the change in temperature of the electrodes,
displacement of the electrodes, and introduction of secondary electric currents. The results of this
study showed that the combined use of TMS and iEEG are safe for adults, which is similar to the
goal of this project, except that this project focuses on pediatric patients [3]. There are different
physiological and electrical properties between the adult and pediatric brain, as well as different
safety considerations to be taken into account. Because of these differences, The University of
Iowa’s gel phantom cannot be used to determine if TMS and iEEG are safe in pediatric patients.
Pediatric brain phantoms do exist, but none meet the scope of this project. For example, there is a
3D-printed pediatric head phantom that accurately depicts the size and shape of a pediatric brain,
but was fabricated to create an optimized protocol for pediatric computed tomography (CT)



imaging. The brain of this phantom was made with epoxy resin, and the skull was made with
plaster and resin [3]. As mentioned previously, the size and shape of the 3D-printed phantom
matches this project, but there are no other similarities in their functionality.

Problem Statement

The goal of this project, therefore, is to develop a pediatric brain phantom model that can
be used to simulate the main effects of TMS on iEEG electrodes — induced currents,
temperatures, and changes in position — in order to verify that these brain mapping techniques
can be used in tandem.

II. Background

As previously described, epilepsy is a complex neurological condition in which recurrent
unprovoked seizures occur. These seizures are caused by short, excessive discharge of electrical
activity in the brain: the abnormal propagation of electrical impulses can be caused by
insufficient inhibition, excessive excitation, or a combination of both factors within the brain’s
neuronal network [1]. Various lobes within the cerebral cortex can be involved in seizure
generation, each associated with differing symptoms or manifestations. There are several
antiepileptic pharmacological treatments utilized in treating epilepsy, including both
narrow-spectrum drugs that work for specific seizure types and broad-spectrum drugs that have
some efficacy for a wider range of seizures. About 30% of patients have drug resistant epilepsy,
however; in this case, another treatment option considered is that of surgical intervention. The
mortality rate in children affected by epilepsy is 5-10 times higher than the rest of the population,
so properly treating and controlling these unprovoked seizures is paramount [4].

The surgical approaches taken when pursuing epilepsy treatment can vary widely,
depending on patient-specific pathology. As a whole, the techniques used prioritize minimal
invasive procedures that still target epileptogenic zones. These zones are classified as the regions
of the brain that are capable of generating seizures; upon removal or disconnection of these
areas, seizure freedom can potentially be obtained [5]. Prior to undergoing operation, brain
mapping techniques can generate spatial representations of the patient’s brain to map out which
regions are presenting abnormal behavior. One such method, iEEG, is routinely used in surgical
planning and utilizes electrode systems that are either connected across the surface of or
implanted into the brain. This method provides high spatiotemporal resolution and is especially
advantageous for epileptogenic foci localization [6]. TMS, another technique, assesses brain
circuit excitability through electromagnetic induction, inducing currents to produce action
potentials and painlessly activate brain networks [7]. TMS is renowned for its noninvasive
nature, as well as its capability to illustrate brain connectivity. As a result, both techniques may
provide complementary information for mapping out critical brain regions that should be avoided
during surgery. However, there are several safety concerns around the use of TMS in patients
with iEEG: that of secondary electrical currents, heating of the implanted electrodes, and



electrode array displacement, all of which would have severe consequences for the affected
individuals [3]. Additionally, the impact of these techniques has not been previously studied on
children with epilepsy, but instead on adult patients; dissimilar physiology and comparative
higher resting motor thresholds might require higher levels of stimulation, both of which indicate
the need for adjusted treatment [8].

Client Information

The client for this project is Dr. Ahmed, a pediatric neurosurgeon at the American Family
Children’s Hospital (AFCH) who has a focus in pediatric epilepsy. The alternate contact for this
project is Dr. Manattu, a scientist at the Waisman Center’s Pediatric Neuromodulation
Laboratory (PNL).

Design Specifications

The phantom must accurately represent the physiology of an average pediatric brain and
skull, with a skull circumference of 50-54 ¢m and overall volume of 1,300 ¢cm’ [] []. The material
chosen for the brain must have a similar electrical conductivity as brain tissue, 0.2-0.5 S/m [].
After TMS testing with the phantom is complete, there must be a less than 1 °C temperature
change in the electrodes. There must also be a less than 30 pC/cm? change in charge density of
the electrodes and minimal displacement of the electrodes. See Appendix A for full design
specifications.

III. Preliminary Designs
Hydrogel Material

Gelatin

Gelatin is a natural protein that is derived from the hydrolysis of collagen. Gelatin is
widely used as a hydrogel due to its biodegradability, accessibility, and low cost. Its gelation is
thermo-reversible at approximately 20-25 °C [9]. Gelatin’s preparation includes polymerization,
crosslinking, and hydrolysis. Adjusting the concentration or crosslinking of gelatin during its
preparation can change the properties of the hydrogel like porosity, stiffness, and degradation
rate [10].

Polv(acrvlic acid) (PAA)

PAA is a synthetic polymer derived from the polymerization of acrylic acid. Despite
being synthetic, PAA still shares many of the positive characteristics of natural hydrogels, such
as being biodegradable, nontoxic, and biocompatible. As a synthetic material, PAA can be easily
tuned to increase its mechanical properties via crosslinking or copolymerization [11].

Agar



Agar is a polysaccharide derived from the cell walls of seaweed. Agar is widely used in
biomedical applications due to its biocompatibility and strong ability to gel. Agar is composed of
a blend of agarose and agarose pectin, in which the agarose component allows for gelling.
Gelation is thermoreversible and occurs slightly above body temperature. The mechanical
properties of agar are generally considered to be low, but can be tuned by changing the
concentration of agar, crosslinking, or incorporating other materials [12].

Agarose
Agarose is a polysaccharide derived from red algae, or seaweed, and is a purified form of

agar. Agarose exhibits good biocompatibility, biodegradability, and thermoreversible gelling
which make it able to be widely used in biomedical applications. Chemical or physical
modifications allow agarose to be versatile and used in many different environments. The
gelation of agarose occurs below or around body temperature and this process is
thermoreversible. Agarose on its own is considered to be brittle but enzymatic modifications can
improve this property. Processes like crosslinking can be used to tune agarose to the desired
mechanical properties [13].

Skull Material

Poly(lactic acid) (PLA)

PLA is a thermoplastic polymer that is widely used in engineering and biomedical
applications due to its biodegradable, biocompatible, and nontoxic properties. PLA is often
derived from renewable materials such as corn starch and sugarcane, and is most commonly used
for rapid prototyping via 3D printing due to its wide accessibility and low cost [14]. While PLA
has many advantages, it is considered disadvantageous due to its brittleness, low toughness, and
slow crystallization rate [15]. The elastic modulus of PLA is 3.5 gigapascals (GPa) and its tensile
strength is 50 megapascals (MPa) [16].

Poly(methyvl methacrylate) (PMMA)

PMMA is a thermoplastic polymer widely used in resin 3D printing which has a wide
variety of possible molecular weights. Using different molecular weights of PMMA can change
properties such as viscosity, elastic modulus, and brittleness. PMMA is considered advantageous
due to its transparency and high strength. The elastic modulus of PMMA is between 18 and 31
GPa [17].

FormLabs BioMed Clear Resin (FBC)

FBC resin is a material commonly used for biomedical applications where there is
long-term contact with the skin or mucosal membrane due to its biocompatibility. FBC resin is
printed by FormLabs stereolithography (SLA) printers and may have a clear finish. FBC resin is
compatible with common sterilization methods, including autoclaving and ethylene oxide




sterilization, which make FBC versatile for many different applications. The elastic modulus of
FBC resin is 2.08 GPa and its tensile strength is 52 MPa [18].

FormLabs Standard Resin (FS)

FS resin is a material that is commonly used for creating parts that require showcasing
internal features, like fluidic devices, due to its highly transparent nature. FS resin is printed by a
FormLabs SLA printer, capable of a quick printing speed while maintaining accuracy. The
tensile strength of FS resin is between 46 and 60 MPa [19].

IV. Preliminary Design Evaluation

Design Matrices and Summary

Table 1: Hydrogel Material

Design Weight Gelatin Poly(acrylic Agar Agarose
Criteria acid)
c(::iircrﬁility 20 2/5 8 3/5 12 | 55 | 20 1/5 4
Preparation 20 2/5 8 4/5 12 5/5 20 4/5 16
Tunability 20 1/5 5 5/5 20 3/5 12 3/5 12
Reactivity 15 4/5 12 3/5 9 2/5 6 3/5 9
Shelf Life 15 1/5 3 4/5 12 3/5 9 3/5 12
Cost 10 5/5 10 2/5 4 4/5 8 2/5 4
Total 100 46 69 75 57
Thermal Conductivity

The thermal conductivity criteria analyzes how easily a material conducts heat. A high
thermal conductivity value indicates the material is a great conductor and readily passes heat.
The brain has a thermal conductivity of 0.536 W/m-K, and the chosen material should be within
a similar range [20]. Agar was a close match to the thermal conductivity of the brain, measuring
0.52 W/m-K [21]. PAA and gelatin were slightly less than this at 0.37 and 0.30 W/m-K,
respectively [22], [23]. The thermal conductivity of agarose was significantly less than the brain,
only offering conductivity of 0.121 W/m-K [24].

Preparation



Preparation is defined as the level of difficulty that is required to prepare the hydrogel, as
well as the methods of fabrication possible for each material and their compatibility with this
project. Factors like time and amount of materials needed are considered in the difficulty of
preparation. The hydrogel that requires the least amount of time and materials will score the
highest. An ideal hydrogel will also be able to take on an anthropomorphic brain shape, most
easily achieved via a photoactivation fabrication technique [25]. Of the reviewed materials,
gelatin is the only that requires chemical modification in order to remain stable at room
temperature, despite having a relatively simple preparation without these modifications [9]. The
required modifications gelatin the lowest score in this category, while agar’s simple gelation and
greater stability at room temperature gave it the highest score. Agarose and PAA scored
intermediately as they both require other materials and multiple steps to prepare.

Tunability

Tunability refers to the ability to adjust various material properties of the hydrogel via
changes in its concentration, crosslinking, and other techniques. Material properties are crucial in
determining which gel is most similar to the average pediatric brain, but these can differ
significantly based on adjustments made to the gel. The gel that scores the highest will be the gel
with the best tunability. In general, synthetic polymers are more easily tunable than natural
polymers, as they are more controlled and consistent [26]. Because of this, PAA scored the
highest as it is the only synthetic material. Gelatin scored the lowest as it is not tunable on its
own and requires chemical modifications to become easily tunable [27]. Agar and agarose scored
in the middle, as they can be easily modified by changing their concentrations, but are less
precise than PAA due to being natural materials.

Reactivity

Reactivity refers to the hydrogel toxicity levels, compatibility with the skull polymer, and
durability throughout each testing period. The hydrogel should pose no significant harm to the
handler when performing safe care with the gel such as wearing gloves and avoiding ingestion.
The hydrogel also must not induce a reaction of any sort with the exterior skull mold that will
encase the internal brain phantom. Lastly, the material must be able to maintain its structure
throughout a single testing period with iIEEG and TMS, ensuring little variation in results due to
external sources. Agar scored the lowest due to its toxicity when inhaled and in contact with the
skin [28]. Additionally, it does not maintain its structure as well as the other gels when
needle-like items are inserted into the material [29]. PAA scored in the middle because although
it is generally non-toxic, it also does not maintain its structure after having items inserted into it
[30], [31]. Agarose earned the same score as PAA because although it can recover from item
insertion, it has higher toxicity levels [32], [33]. Gelatin was rated the highest because it is
non-toxic and will maintain its structural integrity [34], [35]. None of the materials are expected
to react with the cured resin material that will be used for the 3D-printed skull.



Shelf Life

Shelf life is defined as the gel’s degradability rate or time before the gel must be replaced
during testing. The hydrogel with the slowest degradability rate and longest amount of time
before it needs replacement will score the highest, as this gel is the most efficient to use. The gel
that scored the lowest was gelatin due to its thermal instability and quick degradation rate [36].
PAA scored the highest as it is a synthetic polymer that is not subject to enzymatic or hydrolytic
degradation [37]. Agar and agarose scored intermediately, with degradation rates of weeks to
months [38], [39].

Cost

The cost criteria is the price of each hydrogel per gram. Gelatin is the least expensive
material by far, costing $0.05 per gram [40]. Agar had the next best price being approximately
$0.39 per gram [41]. Lastly, agarose and PAA were given the same ranking, costing $1.51 and
$1.74 per gram, respectively [42], [43].

Table 2: Skull Material

Design Weight Poly(lactic Poly(methyl FormLabs FormLabs
Criteria acid) (PLA) methacrylate) | BioMed Clear | Standard Resin
(PMMA)
Reactivity
and Shelf 25 3/5 15 5/5 25 4/5 20 3/5 15
Life
Transparency 20 1/5 4 5/5 20 5/5 20 3/5 12
Permittivity 20 2/5 8 3/5 12 5/5 20 5/5 20
Accessibility 15 5/5 15 1/5 3 4/5 12 4/5 12
Mechanical \ =15 | 4 | sis | 10 | sis | 10 | s | s
Properties
Cost 10 5/5 10 1/5 2 3/5 6 4/5 8
Total 100 56 72 88 73
Reactivity/Shelf Life

Reactivity is defined as the relative likelihood of the skull polymer to react with,
including enhance the degradation of, the brain phantom hydrogel. Both FormLabs filaments are
described as non-reactive under recommended conditions, and have very high boiling and flash
points. Shelf life refers to the polymers rate of degradation, especially when exposed to water.
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This is primarily relevant to prevent rapid degradation of both the skull material and the
subsequent changes to the properties of the hydrogel material caused by reactions with any
dissolved skull materials. PMMA, followed by PLA and FBC display the slowest rate of
degradation in water. In this category, however, FBC scored highest due to extensive safety and
degradation testing with positive results. It is important to note that the reactivity of each skull
polymer will depend on the chosen brain hydrogel material — crosslinking agents such as
peroxides should be avoided [18].

Transparency

The transparency category describes the need for optical clarity with regards to the brain
phantom itself. One of the main focuses of the client is to measure possible displacement of
implanted and surface electrodes during the application of TMS current; in order to capture this
potential movement, the user must be able to visualize the phantom itself. In a similar recent
study, clarity was essential, as a motion capture camera system was used to measure said
displacement. As such, two material options scored the highest in this category: PMMA and FBC
resin. Both materials are suitably clear, as PMMA is often touted as a glass substitute and FBC
resin is recommended for visibility purposes [18], [44].

Permittivity

Permittivity refers to a material's ability to allow electric field generation across it. In the
context of this project, permittivity closest to that of cranial bone is preferred: around 2.76 x 10?
F/m in the case of cancellous bone, and around 1.53 x 10? F/m in the case of cortical bone [45].
This value is crucial for accurate testing values and ensuring patient safety. All four polymers
displayed similar lower permittivities when compared to cranial bone. PMMA and PLA reported
values of 2.76 and 2.5 F/m, respectively, at maximum while FormLabs resin options displayed
comparatively higher permittivity values, in the range of 3-4 F/m [46], [47]. Thus, these two
materials were deemed closest to physiological, relative permittivities. It is important to consider
these differences between physiological and polymeric permittivity when establishing testing
procedures.

y bili

PMMA was by far the least accessible, due to the fact that it is not stocked as a material
option in the University of Wisconsin-Madison’s Grainger Design and Innovation Lab at Wendt
Commons (DI Lab), leading to the need to outsource a 3D printing service. Options for this
would be to submit prints to a fee for printing service, but these prints have a long lead time and
no direct control over the printing process. Another option would be to purchase a spool of
PMMA filament, requiring access to a printer not at the DI Lab. In contrast PLA, FBC resin, and
FS resin are all available to print in the DI Lab. PLA is the most accessible, as it is available on
the greatest number of printers and requires no post-processing once the print is complete. Both
FormLabs resins are slightly less accessible due to the fact that there are less available FormLabs
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printers, and require DI Lab staff to perform post-processing to cure the final print to the desired
finish.

Mechanical Properties

The mechanical properties of the skull material were deemed necessary to consider as
well. Although the skull is not under mechanical duress during TMS testing, meaning that tensile
or elastic moduli were of little consequence to the material choice, finding a material with
appropriate porosity to provide similar supportive capabilities to the human skull was preferable.
Once again, both PMMA and the FBC resin were rated the highest in this category. The mean
reported elastic modulus for the human skull is around 8.51 GPa; resin has been found to have an
elastic modulus of around 2.8 GPa, while acrylic-based polymers reportedly present elastic
moduli around 2.15 GPa. As both of these values are on the same magnitude of relevant human
skull properties, both materials received high scores [48] . Porosity was also considered, given
the reported porousness of human bone. However, this was not factored as heavily into this
rating given the inherent capability of 3D-printed parts to achieve a porous structure using a
variety of materials [49] .

Cost

Cost was defined as the cost to 3D print the materials per gram. PLA was by far the most
affordable, at $0.05 per gram. FS resin is the next most affordable at $0.24 per gram and FBC
resin is priced at $0.42 per gram [14]. While the direct cost of PMMA is typically around $0.07
per gram, due to a lack of accessibility, there is an upfront cost associated with using this
material. One option is the prints would have to be outsourced to a third party 3D printing
service, 3ERP, which quoted $27 per gram to print in PMMA [50] . Another option is purchasing
an entire spool of PMMA filament costing in the range of $50-$67 for one kilogram [51] .

Proposed Final Design

The proposed final design is a head phantom that accurately mimics the size and shape of
a pediatric head. The brain of the phantom will be created using an agar hydrogel that
incorporates a sodium chloride (NaCl) solution to increase its electrical conductivity to match
that of brain tissue. The skull of the phantom will be 3D printed with FBC resin.



12

&—/T/

05 mm

Figure 1: Pediatric sized gel box phantom CAD model.
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Figure 2: University of lowa skull-based phantom, to be adapted to pediatric size [3].

V. Fabrication

Materials

Skull Base

FBC resin was chosen as the material for the skull base. FBC is an acrylate,
urethanedimethacrylate, methacrylate copolymer [52], which has a Young’s Modulus of 2.08
GPa [53], consistent to an order of magnitude with the stiffness of cranial bone [48].
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Additionally, this material is readily available to 3D print at the DI Lab at the price of $0.24 per
gram [14].

Brain Tissue Phantom

The project will move forward with an agar-based hydrogel for the brain tissue phantom.
Agar is a natural material composed of the polysaccharides agarose and agarose-lectin, which gel
via self-assembly into a thermo-reversible state [12]. Agar can also be photopolymerized by the
addition of photoactivators, is also highly adjustable with a variety of additives for mechanical
and electrical properties [54].

The hydrogel used in this project will be tuned with NaCl for optimal electrical
properties, as outlined in Section VI, to match those of native brain tissue. NaCl concentration
also has a positive correlation with gel stiffness, which will be accounted for [54], [55]. A
powdered form of agar will be used, which is water-soluble and available at ThermoFisher for
the price of $0.26/gram [41].

Methods

Skull Base

An initial prototype of the brain tissue will be fabricated in a FBC resin rectangular mold,
similar to the University of lowa preliminary phantom [3]. Following preliminary material
testing (see Section VI), the final prototype will be fabricated in the size and shape of a pediatric
human skull. For further design specifications, see Appendix A.

A human pediatric skull will be modeled in SolidWorks 2025, before printing using a
FormLabs Form 4 Stereolithography (SLA) printer. SLA 3D printing involves layer-by-layer
deposition of liquid-phase resins, which are UV-cured as they are deposited [56].

Brain Tissue Phantom

The brain tissue phantom will be fabricated of an agar and NaCl solution, with deionized
water composing the excess volume required to achieve required mechanical and electrical
properties. Preliminary testing (Section VI) will reveal precise concentrations and volumes of

each material required for this phantom.

Briefly, the measured reagents will be mixed in a large beaker, heating the solution up to
90 C to dissolve the agar powder. The solution will be cooled in a 4 °C freezer until first gelled,
before undergoing further polymerization under UV light [54].

VI. Testing

Determining Agar and Saline Ratios
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Minitab software can be used for Design of Experiments (DOE) with the hydrogel as well
as the NaCl solution it will be placed in. A full factorial design will be used with 2 factors and 3
levels for a total of 9 treatment combinations. The rounds of testing will be conducted using
different ratios of NaCl in water for the saline solution while also using various concentrations of
agar hydrogel. The planned saline solutions will be 1%, 3%, and 5% [54], [55]. The planned agar
concentrations will be 2%, 4%, and 6% [21], [S5]. See Appendix C for the current testing
protocol.

Mechanical Properties of Hydrogel

To determine if the hydrogel properly mimics mechanical properties of brain tissue,
mechanical testing must be performed. Part of this testing will be done using a Malvern Kinexus
Ultra+ rheometer with parallel plate geometry to analyze the shear and elastic moduli of the
hydrogel. The final hydrogel will have a shear modulus of 2.4 to 3.0 kPa and an elastic modulus
of 1.08 to 2.49 kPa [57], [58]. The hydrogel thermal conductivity will be within 5% of 0.536
W/m-K and will be tested using the Transient Line Source (TLS) method [20]. See Appendix D
and E for planned testing procedures. The amount of agar present will be altered until the
hydrogel closely reflects brain tissue material.

Electrode Displacement

Positioning of the electrodes must be measured before and after application of TMS to
ensure minimal displacement is occurring. There should be no measurable movement of
electrodes due to the implanted nature of depth electrodes. See Appendix F for the testing
procedure.

Electrode Heating
Temperature of the tissue surrounding implanted electrodes will be taken before and after

TMS application. There must be a <1 “C increase in temperature once TMS has concluded to
ensure no damage to brain tissue [3]. See Appendix G for the testing procedure.

Electrode Current Generation

The presence of a secondary induced current must be measured for the duration of TMS
testing. Generation of an electric field can be measured using the charge density, which will be
less than 30 pC/cm?* when TMS is being administered at full power [3]. See Appendix H for the
testing procedure.

VII. Discussion

Completion of this phantom will allow Dr. Ahmed and his team to validate the use of
TMS in conjunction with iEEG in pediatric patients. A recent study conducted at the University
of Iowa tested the use of TMS on adult patients with iEEG [3]. Initial testing was performed
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using a gel box phantom, followed by a skull-based phantom to validate the safety of
TMS-iEEG. While this phantom addresses several of the current project's concerns, it fails to
address more stringent safety standards and physiological differences in applying TMS to
pediatric patients with iEEG.

Due to the involvement of pediatric patients, this project requires particular ethical
considerations. iEEG is currently approved for use in pediatric patients and is routinely used in
surgical planning for patients with uncontrolled seizures. However, TMS is not yet an approved
treatment method for use in patients under the age of 15 [59]. While there have been several
studies investigating the use of TMS, there is still a lack of formal guidelines for use in pediatric
patients. As a research tool, this phantom must accurately represent a pediatric brain in
physiological and mechanical aspects in order to collect results on the efficacy of TMS used with
iIEEG. Responsible conduct of research and development standards must be upheld. A risk
analysis should be performed to mitigate potential sources of error. If the final phantom fails in
any of the three testing scenarios of electrode displacement, heating, and current generation, the
researchers should not proceed with in vivo testing on pediatric patients.

VIII. Conclusions

Epilepsy is the fourth most common neurological disease, often manifesting in pediatric
patients before the age of one year [1]. iIEEG is routinely used in surgical planning for epilepsy in
adult and pediatric patients. TMS may provide complimentary information for mapping critical
regions of the brain that should be avoided during surgery; however, there are still safety
concerns around the use of TMS in patients with iEEG electrodes actively implanted. This
project aims to develop a phantom for validation of use of TMS in pediatric patients with
implanted cortical electrodes. To achieve this, a gel box phantom will be developed for initial
testing, followed by a pediatric skull-based phantom. The base of both phantoms will be 3D
printed in FBC resin, due to its superior transparency, permittivity, and mechanical properties
compared to other options. For the phantom’s interior, a brain model will be constructed with an
agar hydrogel tuned with NaCl to achieve physiological conductivity. Testing will be performed
to determine hydrogel thermal and electrical conductivities and mechanical properties, as well as
electrode displacement, heating, and current generation.
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Appendix

A. Product Design Specifications (PDS)

Function

Intracranial electroencephalography (iIEEG) is routinely used in surgical planning for
individuals with uncontrolled seizures, such as those with epilepsy. Utilizing electrode
systems either connected across the surface of or implanted into the brain, this method
provides high spatiotemporal resolution [1]. Transcranial magnetic stimulation (TMS)
assesses brain circuit excitability through electromagnetic induction, inducing currents to
produce action potentials and painlessly activate brain networks [2]. While this
neuromodulation technique may provide complementary information for mapping out critical
brain regions that should be avoided during surgery, there are several safety concerns around
the use of TMS in patients with iEEG: that of secondary electrical currents, heating of the
implanted electrodes, and electrode array displacement, all of which would have severe
consequences for the affected individuals [1]. Additionally, the impact of these techniques
has not been previously studied on children with epilepsy, but instead on adult patients;
dissimilar physiology and comparative higher resting motor thresholds might require higher
levels of stimulation, both of which indicate the need for adjusted treatment [3]. The goal of
this project, therefore, is to develop a pediatric brain phantom model that can be used to
simulate the main effects of TMS on iEEG electrodes: currents, temperatures, and changes in
position.

Client requirements

1. The phantom should represent the physiology of the pediatric brain in terms of overall
matter volume, approximately 1300 mm?, and circumference of the surrounding skull,
between 50 to 54 cm [4], [5].

2. The material should have efficient conductivity to allow for proper current testing; to
represent brain tissue conductivity, this value should lie between 0.2 and 0.5 S/m [6].

3. The device must be able to withstand a minimum of 50 magnetic pulses, as is common in
TMS sessions for human participants [1].

4. The phantom must not physically interfere with TMS coil application to allow for
adequate testing. To allow for optimal orientation, the TMS operator should be able to
hold the coil within 5.5 £ 1.6 mm of the scalp [7].

5. The budget must not exceed $500.

Design requirements
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1.  Physical and Operational Characteristics
a. Performance requirements

L.

1l.

1ii.

1v.

The phantom must withstand magnetic pulses up to a frequency of 0.5 Hz, as
performed in a previous TMS study on patients with implanted electrodes [1].
To reflect the higher motor threshold present in a pediatric nervous system, as
the corticospinal tract continues to develop, the phantom should tolerate
pulses up to 2T in magnitude [8], [9].

Similar physiological properties to the young child brain are ideal, including
an overall brain matter volume between 50 and 100 mm* and appropriate
conductivity levels in the range of 0.2 to 0.5 S/m [4], [5].

The shape and structure of the model must be maintained despite implantation
of electrode arrays — up to 90 mm [1].

The construction of the phantom and any necessary container must allow for
measurements of displacement, temperature change, and induced current; as
such, the device should be accessible from several points, such as from each
of the embedded electrodes.

b. Accuracy and Reliability

1.

ii.

1il.

After treatment with TMS, the implanted electrodes should experience <1°C
of heating [10].

The iEEG electrodes should experience displacement of less than 20 mm, as
some deformations of the brain can naturally occur [11]. Ideally, there will be
no significant displacement.

Charge density must be less than 30 uC/cm? when TMS is being administered
at full power [1].

c. Life in Service

L.

11.

1il.

The phantom will be used to ensure the safety of TMS being used with iEEG
technology.

The phantom must be constructed from material that will not degrade over the
entire testing period, such as a 3D printed acrylic polymer. The client will
define the length of time in vitro testing with the phantom will occur.

Each round of TMS testing will last approximately 350 seconds [12].

d. Shelf Life

1.

1l

iii.

The shelf life necessary for this phantom will extend for the duration of client
testing. After in vitro testing is complete, the client will begin clinical trials
with pediatric patients.

To ensure minimal material degradation, the phantom will be stored at room
temperature and humidity, 22-24 °C and 40-60%, respectively [13].

Depth electrodes will be used. They will not be permanently implanted but
should be used within approximately 3 years [14].

e. Operating Environment
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1.  The phantom will be used in conjunction with TMS and iEEG technology.
Materials must be compatible with this technology.

ii.  The phantom will be used in a sterile environment and handled by
neurosurgeons during testing.

iii.  The phantom will be used at average room temperature, 22-24 “C, and
humidity, 40-60% [13].

f. Ergonomics
i.  Neurosurgeons handling the phantom must be able to safely use and replace
components of the phantom, such as the gel and electrodes, between testing.

ii.  The phantom will be placed on a table for the duration of testing,
approximately 1 meter (m) off the ground.

g. Size
i.  The phantom should mimic the size of an average pediatric brain and skull.
ii.  The approximate volume of the phantom will be 50-100 mm? [4].
iii.  The approximate circumference of the skull of the phantom will be 50-54 cm
[5].
h. Weight
i.  The phantom will ideally be less than 2 kg to ensure the phantom is easy to
transport and lift without causing strain to the user.
i. Materials
1. The base of the phantom will be constructed from a 3D printed acrylic
polymer. Acrylic based filament or resin for 3D printing has good optical
clarity for viewing access into the phantom and good durability. 3D printed
polymethyl methacrylate (PMMA) parts showed minimal degradation over 5
years [15].

ii.  6-12 contact EEG electrodes will be embedded in silicone for precise
positioning of the implanted electrodes [1]. Depth arrays (platinum macro
contacts) are implanted while grid arrays (platinum-iridium) are placed on the
cortical surface [12].

iii. A hydrogel will be used to approximate brain tissue. Similar phantoms have
used a polyacrylic acid saline gel [1], agar, gelatin, or agarose. The addition of
NaCl is necessary to achieve physiologically accurate electrical conductivity
[16].

iv.  Fiberoptic fluorescent temperature sensors can be connected perpendicular to
the electrodes to measure changes in temperature [12].

v.  Ferromagnetic materials will be avoided so as to not interfere with the TMS
induced magnetic field [17].

j- Aesthetics, Appearance, and Finish
1. The base of the phantom should be 3D printed from a clear filament/resin so
that the implanted electrodes and internal components can be easily viewed.



ii. A replaceable hydrogel brain mimics the texture and conductive properties of
the brain. However, a gel with greater optical clarity is desired for positioning
and viewing the electrodes.

iii. A gel-based phantom housed in a rectangular box is better for calibration
testing and can be used to evaluate temperature changes and basic
electromagnetic effects of TMS [18].

iv. A skull-based phantom would provide greater anatomical accuracy and more
complex geometry is important to evaluate TMS induced fields more
realistically [19]. Therefore a combination approach will be taken, where a
simpler gel-box phantom will be created for initial testing, before moving onto
a more complex skull-based phantom.

2. Production Characteristics
a. Quantity
1. The client desires one gel based phantom housed in a 3D printed rectangular
box to first be created for preliminary testing before progressing to a
skull-based phantom for improved accuracy.
b. Target Product Cost
i.  The total production cost must not exceed the budget of $500.

3.  Miscellaneous
a. Standards and Specifications
1. MTR Standards 2.4 and 3.3 require pediatric patients with implanted
electrodes to have an inter-electrode impedance of up 10 kOhms maximum,
and that electroencephelograms be run with a reduced sensitivity of 7
microvolts (uV), respectively [20].

ii.  CFR Standard 882.5802 defines the use of TMS coils for treatment of
neurological and psychiatric disorders as Class Il medical devices with
specific controls. Therefore, the testing procedure defined must consider
magnetic pulse output, magnetic and electrical field, built in device safety
features, and patient exposure to sound during device use [21].

iii.  The testing of the phantom must follow ASTM standard F2182, which details
a test procedure for measuring temperature change due to induced current
during magnetic resonance applied to implanted devices [22].
b. Customer
1. The customers for this project are pediatric patients with intracranial
implanted electrodes who will need to undergo neurosurgery.
c. Patient-related concerns
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[1]

[2]

[3]

[4]

[3]

[6]

[7]

1. Patient-related concerns during simultaneous iEEG and TMS include heating
of electrodes, induced electrical current, and displacement of electrodes. This
phantom will investigate the likelihood and severity of each of these concerns
on a pediatric patient.

d. Competition

i. A similar phantom used to test the safety of combined iEEG and TMS was
recently made at the University of lowa [1]. This phantom used a polyacrylic
acid (PAA) gel base with a polymethyl methacrylate (PMMA) wall,
representing the brain and skull tissue, respectively. This phantom was
successfully used to verify safety of concurrent iEEG and TMS use in adult
patients undergoing treatment for neuropsychiatric disorders. While this
phantom addresses many of the current project’s concerns, it fails to account
for more stringent safety standards and physiological differences required
when considering pediatric patients.
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B. Materials and Expenses

Table 3. BPAG Expense Sheet

Item Description i\:::rufac- gﬂ: Vendor ‘CIZI::M Date |# }(L‘::z:] Total Link
3D prints
Formlabs Step wedge with .
BioMed thicpknessgs of 0.1, UW Design
Clear 02,and03inches | |nA [NA WA 101 1| s7.14] 7.4
Sample for prelim Innovation
Swatch presentation prop Lab

$0.00
Category 2

$0.00
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$0.00
TOTA

L: $7.14

C. Minitab for Initial Agar and Saline Ratios

I.
2.
3.

In Minitab go to Stat — DOE — Factorial — Create Factorial Design.
Choose “General Full Factorial Design” with 2 factors, 3 levels each.
Click factors and enter:

1. Factor A: Agar % (Levels: 2.0, 4.0, 6.0)

ii.  Factor B: Saline % (Levels: 1.0, 3.0, 5.0)
Under “Options” select Randomize Runs, Number of Replicates = 3. Click OK to
generate the design. This will generate 9 sample combinations with three
replicates of each for a total of 27 experiments.
Fabricate gels using provided sample combinations. Test conductivity of 3
replicates of each.
Fill in conductivity values collected from the experiment.
Go to Stat —» DOE — Factorial — Analyze Factorial Design. Select the response
variable (conductivity).
View Pareto chart of effects, ANOVA table, and residual plots to determine ideal
sample combination.

D. Use of Rheometer with Hydrogel Testing Protocol

1.

Turn on the valve to the air line. Do not switch on the rheometer without turning
on the air, as it will trip the machine and trigger an emergency shutdown of the
system.

Open the rSpace software on the computer attached to the rheometer.

Turn on Kinexus Ultra+ Rheometer by using the switch at the back of the
machine. Insert cone or plate geometry and allow rheometer to execute its
initialization processes. These steps are pre-programmed and automatic

Note: The internal level sensor of this rheometer is not working well recently, and
you may find an error message that the machine is not properly labelled. Ignore
this message as long as you physically verified the alignment of the rheometer
with a spirit level as described in Part II.

Perform a 2-minute torque map in air. To do this, go to rFinder and search for
“Calibration_0105 Kinexus Torque Mapping.rseq”. This step is necessary to
calibrate the system before each use of the rheometer.

Go to rFinder and search for the sequence “General torque sequence.rseq”. Select



10.

I1.

12.

13.

14.

15.

16.
17.
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to use temperature control, and set the temperature to the desired polymerization
temperature in °C. As soon as you see the temperature start to change, you can
close the sequence. The rheometer will continue to work towards equilibrium at
the polymerization temperature even though you closed the sequence.

Go to rFinder and search for the sequence “Set Gap.rseq” (there is also a shortcut
button for this sequence). Set the gap to 70 mm.

Go to rFinder and search for the sequence “Set rotational position.rseq”. Set the
rheometer’s absolute position to 3.142 radians. If the upper geometry later gets
bumped, or you have other reason to believe the geometry’s absolute position is
no longer 3.142 radians, repeat this step.

Use “General torque sequence.rseq” to perform shear testing of the sample. This
sequence twists your sample back and forth between two specified absolute
positions (which is just the theometer’s term for angular positions) eight times,
then returns it to the nominal equilibrium absolute position of 3.142 radians.

You can select to use temperature control, but if the rheometer is already set to the
desired temperature, clicking “no” will simply tell the rheometer to maintain its
current temperature. If you click “yes”, you can avoid waiting for equilibrium by
clicking the “skip” button (the rheometer’s definition of thermal equilibrium is
quite strict, and can take upwards of 5 minutes to achieve).

Enter the minimum and maximum angles (absolute positions) that you would like
the geometry to twist your sample to.

Enter the maximum angular velocity you would like rotations to happen at. I
recommend .0000351 rad/s. This value ensures quasi-static loading.

Enter the maximum angular acceleration you would like rotations to happen at. |
recommend .0000117 rad/s>. This value removes the inertial effect.

Display the torque vs angle data in rSpace as a table format, and copy them to an
excel sheet.

Then use a MATLAB script to get the best fit modulus from the torque vs angle
data.

Close the rSpace software.

Switch off the rheometer (switch is at the back of the machine).

Turn off the air line by closing the valve. This is done for the overall safety of the
system and the surroundings when the rheometer is not in use.

E. Hydrogel Thermal Conductivity Testing Protocol

1.

2.
3.
4

Place prepared hydrogel in the phantom skull base.

Power TLS device on.

Ensure thermal conductivity probe is properly attached to the device.
Calibrate device.
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5. After the device has finished powering on, insert the testing probe until fully
submerged, approximately 5 cm.

6. Select the testing procedure within the device to measure thermal conductivity.

7. Once testing has concluded, remove the probe from the hydrogel and sanitize with
ethanol.

F. Electrode Displacement Testing Protocol
1. 10-contact platinum depth electrodes will be implanted into the phantom with 1
cm spacing.
2. Place external electrodes on the phantom skull.
3. Prepare for TMS by properly calibrating the phantom with the TMS computer
program.
4. Once calibration has successfully occurred, place the phantom on a stable surface.
5. Prepare the high-speed camera to measure at approximately 6664 frames per
second (FPS) and begin recording.
6. Place the TMS probe on the skull exterior of the phantom, and administer
treatment at 100% power.
7. End video recording and inspect data.
Once data is approved, remove the TMS electrodes.
9. Analyze video data to determine if any displacement occurred.

*®

G. Electrode Heating Testing Protocol

1. 10-contact platinum depth electrodes will be implanted into the phantom with 1
cm spacing.

2. Place external electrodes on the phantom skull.

3. Prepare for TMS by properly calibrating the phantom with the TMS computer
program.

4. Once calibration has successfully occurred, place the phantom on a stable surface.

5. Place temperature sensors directly on the inserted electrodes.

6. Deliver TMS treatment at 100% machine output while taking temperature
measurements.

7. Detach TMS electrodes from skull base phantom.

8. Analyze temperature data and determine degree of heat transfer.

H. Electrode Current Generation Testing Protocol
1. 10-contact platinum depth electrodes will be implanted into the phantom with 1
cm spacing.
2. Place external electrodes on the phantom skull.



7.
8.
9.
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. Prepare for TMS by properly calibrating the phantom with the TMS computer

program.

Once calibration has successfully occurred, place the phantom on a stable surface.
Attach oscilloscope probes to two electrodes in parallel and begin measuring
peak-to-peak voltage on oscilloscope.

Administer TMS treatment to the phantom while continuing to measure voltage
levels.

Switch probes to perpendicular orientation, and continue collecting data.

Once sufficient data has been collected, disconnect the probes from the electrodes.
Detach TMS electrodes from skull base phantom.

10. Analyze data collected from the oscilloscope to determine induced current levels.
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