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Abstract

Purpose: Radiation induced bowel toxicity is challenging for abdominal SBRT due to proximity
to PTV and high dose/fraction. Remote magnetic navigation systems (RMNS) have been
developed for magnetic capsule endoscopy, in which the RMNS mounted on a robotic arm
controls the location and orientation of a magnetic capsule within the bowel. Our goal is to apply
this technology to enable subtle shifts in bowel location relative to PTV to achieve more
favorable anatomy and reduce SBRT radiation dose. The purpose of this study is to examine the
frequency of cases that would benefit from this application in various SBRT treatments near the
GI tract and the possible dosimetric advantage this method of displacement could be via

analytical modeling and finite element analysis.

Methods: First, prior SBRT cases (<5 fractions) ranging from 2019-2023 were reviewed;
prescriptions labeled as liver, pancreas, adrenal, and abdominal were identified and stratified for
analysis. The maximum dose to GI tract (small bowel, large bowel, and stomach) was recorded,
along with distance to the closest edge of the Planning Target Volume (PTV) on the simulation
CT. Daily CBCT images were also reviewed to quantify interfractional variations. These SBRT
cases were then selectively refined based on physician review and recommendation. Secondly,
using force simulation data of a prototype RMNS developed by a collaborator, two mathematical
models were developed to predict behavior of the capsule in the bowel; both portrayed bowel and
surrounding tissue as a double spring-based system with spring constant determined via Young’s
Modulus of tissue. The first used springs in series and utilized Euler-Bernoulli Beam Theory; the
second used springs in parallel to model a capsule fixed within abdominal cavity. The models
were applied to calculate the bowel displacement achievable from a prototype magnetic capsule
(neodymium, 9mm-diameter, 18mm-length) and RMNS (4 coils, 571 loops, 10A) mounted on a

robotic arm. Potential dose sparing was quantified for prior clinical SBRT cases (n=10) identified
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as potential candidates for RMNS intervention. Finally, exploratory finite element analysis was
performed in FEBio Studio to investigate gastrointestinal deformation under magnetic actuation.
Patient-specific STL meshes derived from CT segmentation were imported initially, although
simplified geometric models were also developed to reduce computational complexity. Soft tissue
behavior was explored using Neo-Hookean, Mooney—Rivlin, and elastic-damage material
formulations. Simulations incorporated nodal loading, prescribed displacements, rigid-body
capsule representations, sliding contact conditions, and fixed boundary constraints, with solver

parameters adjusted iteratively to improve convergence.

Results: At simulation, GI tract was within 2cm of the PTV for 16/50, 50/50, 22/28, and 11/14 for
liver, pancreas, adrenal, and abdominal SBRT cases, respectively; the GI tract overlapped with
the PTV for 7/50, 36/50, 13/28, and 4/14 cases, respectively. Small bowel, large bowel, and
stomach were roughly equally likely to be within 2cm of the PTV for liver (11/50, 12/50, and
7/50, within 2cm respectively), and pancreas SBRT cases (49/50, 48/50, and 47/50 within 2cm,
respectively); while there was more variation for adrenal (19/28, 11/28, and 14/28, respectively)
and abdominal SBRT cases (10/14 and 4/14 within 2cm, for bowel and stomach respectively).
Overall, 99/142 (69.7%) of SBRT cases examined exposed healthy GI tissue to high amounts of
dose due to proximity (2cm) to the target. After physician review, the original 99/142 cases that
were deemed potentially clinically applicable were cut to a total of 28 favorable cases. Of these
28, 6 were liver cases, 12 were pancreas cases, 8 were adrenal cases, and 2 were abdominal cases.
10 of these physician narrowed cases (n=3 liver, n=2 adrenal, n=3 pancreas, n=2 abdominal) were
selected for in-depth dosimetric analysis using mathematical models. Application of the
mathematical models to these representative cases demonstrated reductions in dose to
gastrointestinal organs-at-risk following simulated displacement of the OAR contours. Across the

analyzed cohort, both models predicted decreases in maximum dose, mean dose, and high-dose



volumetric metrics (D1cc and D0.5cc). Model 1 generally produced larger reductions compared
to Model 2. On average, Model 1 resulted in reductions of approximately 8.8%Rx in maximum
dose, 1.2%Rx in mean dose, 6.8%Rx in Dlcc, and 7.5%Rx in D0.5cc. Model 2 produced smaller
but measurable reductions of approximately 3.8%Rx in maximum dose, 0.5%Rx in mean dose,
3.3%Rx in Dlcc, and 3.7%Rx in DO0.5cc. Exploratory finite element simulations demonstrated
qualitative deformation of simplified GI geometries under applied loading; however, numerical

convergence limitations prevented extraction of reliable quantitative displacement metrics.

Conclusion: These results demonstrate that GI organs-at-risk are frequently located near
abdominal SBRT targets, creating significant challenges for safe dose delivery. The mathematical
displacement models developed in this work suggest that magnetically induced GI displacement
could provide measurable reductions in dose to critical GI structures in select clinical scenarios.
While exploratory finite element simulations highlight the potential for more advanced
biomechanical modeling, further development of patient-specific modeling techniques and
magnetic actuation systems will be required to fully realize this approach. Overall, this work
establishes a preliminary framework for evaluating magnetic GI displacement as a potential

strategy for improving organ-at-risk sparing in abdominal SBRT.
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1. Introduction

1.1 SBRT and Significance

Stereotactic body radiation therapy (SBRT) or stereotactic ablative radiation therapy
(SABR) has become a go-to non-invasive, and ablative treatment option for physicians. SBRT is
defined as a highly conformal radiotherapy technique effective in treating early-stage primary and
oligometastatic, extracranial disease, delivering more ablative doses (>5 Gy/fx) within a fewer
number of fractions (<5 fx) than conventional fractionation radiation therapy (CFRT) (1.8-2
Gy/fx, 28-45 £x) [1], [2], [3]. SBRT is commonly used in patients who are surgically or medically
inoperable. Apart from its common use in lung treatments, SBRT has been found to be especially
effective in abdominal treatments. In a study of patients with hepatocellular carcinoma with
abdominal lymph node metastasis, patients who received SBRT had a median overall survival
(OS) time of 29.6 months compared to an OS time of 9.9 months for CFRT [4]. In a separate
study comparing the efficacy of SBRT in locally advanced pancreatic cancer, it was found that
the 2-year OS percentage was 26.9% for SBRT versus 13.7% for CFRT [5]. Additionally, in a
comparison of treatments between SBRT and CFRT for various abdominal metastases
(abdominal lymph nodes, kidney, pancreas, and liver), the median 12 and 24 months treated
metastasis control rate for SBRT was 100% and 93.41% respectively compared to 62.02% and

35.27% for the metastasis control rate for CFRT [6].

1.2 Radiobiology and Bowel Toxicity

The main target of any type of external beam radiation therapy (EBRT) is to cause
strand-breaking damage to the DNA of the tumor cells within the planning target volume (PTV).
During EBRT, normal tissue surrounding the PTV also receives some dose of radiation due to
photon scattering effects. In CFRT, the lower doses to surrounding tissues over a longer period
allow healthy tissue to repair double strand breaks. The feature that differentiates SBRT from

CFRT is its impressive local tumor control and the delivery of large doses in few fractions which
1



results in a high biologically effective dose (BED) to the tumor [7]. The improved local tumor
control associated with SBRT is made possible in part by conformation of high doses to the target
and rapid dose fall-off gradients away from the target via use of multiple coplanar, non-coplanar
static fields or arc therapy — otherwise known as volumetric modulated arc therapy (VMAT) or
intensity modulated radiation therapy (IMRT) [7]. Additionally, the use of any image guidance
techniques like MV or kV CT to provide a three-dimensional patient image directly prior to
radiotherapy combined with proper patient positioning and immobilization devices drastically
improves conformity [8].

However, because of the higher doses of radiation per fraction in SBRT combined with
the shorter treatment time, the radiobiological advantage of normal tissue sparing due to the
normal fractionation scheme of CFRT becomes lost [9]. To offset this loss in therapeutic ratio
(specifically in normal tissues with a low o/ ratio < 3), a prudent approach is multifraction SBRT
with interfraction times greater than 24 hours. Additionally, with CFRT, treatments can be
lengthy, delaying systemic therapy and have also not been shown to be curative in unresectable
disease [10].

In abdominal SBRT, portions of the gastrointestinal (GI) tract (such as stomach, small &
large bowel) are specifically sensitive to radiation induced toxicities due to their low o/ ratios.
Tissues with a low o/f ratio (normal late-reacting tissues) are more radiosensitive at higher doses
per fraction than rapidly proliferating tumors and early-reacting tissues [7]. Radiation-induced
small bowel toxicity is the term that is traditionally used to define any injury to the small bowel
resulting from radiotherapy; in a more pathological sense, radiation-induced small bowel toxicity
is mainly explained by clonogenic cell death and apoptosis in crypt cells, resulting in the
insufficient replacement of the villus epithelium, the breakdown of the mucosal barrier, leading to
mucositis, and the prominent inhibition of compensatory proliferative reactions [11]. Radiation-

induced small bowel toxicity comes in acute or chronic forms. Acute radiation-induced small



bowel toxicity usually presents itself as colicky abdominal pain, bloating, loss of appetite, nausea,
diarrhea and fecal urgency either during or shortly following radiation therapy — with most
patients noticing these symptoms during the second week of treatment and the symptoms
themselves peaking by the fifth week. Chronic radiation-induced small bowel toxicity can
develop between 18 months and 6 years after a completed radiation therapy course, sometimes
being reported up to 30 years after. Chronic radiation-induced small bowel toxicity can present as
post-prandial pain, acute or intermittent small bowel obstruction, fibrosis, bleeding, fistula
formation, nausea, anorexia, weight loss, bloating, diarrhea, steatorrhea and malabsorption of
selected or multiple nutrients [8], [11]. The reported cumulative incidence of grade 2 or higher GI
toxicity range from 15 to 26.1% [12], with approximately 10% experiencing late toxicity [13]. In
a separate study of 22 pancreatic patients, grade 2 or higher toxicity was reported in 79% of
patients [14], [15]. Additionally, 51% of prostate RT patients develop lower GI diagnoses 6-60
months after prostate diagnosis [16]. 90% of patients who receive pelvic radiotherapy develop a
permanent change in their bowel habitat; 50% of patients with pelvic irradiation describe their
quality of life having been adversely affected by the symptoms above, with 20-40% rating the
effect on quality of life as moderate or severe [§].

Of these patients, approximately 15-20% require an altered therapeutic course [8],
requiring physicians to face a difficult tradeoff of reducing PTV coverage of the prescription dose
or accept an increased risk of secondary bowel complications. This difficulty for the physician,
but most importantly for the patient, highlights the need for technologies that help to spare dose

to radiosensitive organs such as the bowel.

1.3 Current Technology Helping to Spare Dose to OARs
Within SBRT, a particularly difficult organ system to plan around is the GI tract. This
complication is due to the significant inter and intrafractional motion and appearance variability

of GI organs, leading to the introduction of significant uncertainties to OAR dose [17]. Because
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of these difficulties, multiple technologies have been developed for use in radiation therapy with
hopes of sparing dose to OARs such as the small bowel, large bowel, and stomach. The below

sections outline the current technologies used in such applications.

1.3.1 Online Adaptive Radiation Therapy

Online adaptive radiation therapy (0ART) is the act of reimaging of patient anatomy
directly before treatment and then reoptimizing the plan to match daily changes in luminal organ
shapes and positions [17], [18]; oART has been implemented via the use of Magnetic Resonance
(MR) guided LINACs (MRgART) and ring-gantry LINACs, like the Varian Halcyon. These
implementations of 0ART have been shown to significantly reduce the dose to OARs for rectal,
bladder, and liver cancers while still maintaining PTV coverage [19], [20], [21]. An additional
study of oART in head and neck cancer patients found that oART was associated with
significantly improved coverage and dose homogeneity of the PTV, but not superior OAR sparing
[22]. However, this method of 0ART has the potential to greatly increase the workload on
dosimetrists, physicians, and physicists alike. One study found the median time to perform the
daily oART replan to be 15.97 minutes with a maximum time of 46.6 minutes; median times of
0ART fractions for SBRT prostate (17.34 minutes) were significantly higher than
hypofractionated prostate treatments (14.93 minutes). This same study found the average
minimum cost per single adapted fraction to be $103.58 [23].

Additionally, while oART can minimize the overall treatment volume, the dose delivered
to the small bowel or other radiosensitive organs is still significant if the bowel is directly
adjacent to the treatment volume. That is, while oART can provide slight dosimetric advantage by
minimizing the treatment margins, but does not provide a way of proactively creating a gap

between the bowel and the treatment volume when none exists.



1.3.2 Hydrogel Spacers

Hydrogel spacers, like SpaceOAR, Barrigel, or BioProtect, have been developed to
specifically address the problem of excess dose to rectum in prostate SBRT. These hydrogel
spacers are injected into the anatomical space between the prostate and the rectum, physically
displacing the rectum wall away from the prostate [24]. Some hydrogels contain a small
percentage of iodine for better visualization on CT imaging. The hydrogel remains solid for 3
months post placement, at which point it begins to absorb into the anatomy of the patient,
typically occurring within 6 months; complete reabsorption of the hydrogel in 100% of patients is
seen after 9 months [25]. Although this technology is a promising method of creating a gap
between treatment volume and nearby organs at risk, it is limited almost exclusively to cases that
involve prostate cancer; additionally, although rare, insertion of a hydrogel in these cases has
been shown to cause adverse complications such as pulmonary embolism, anaphylaxis, rectal or
urethral injuries, infection, mechanical injury, ischemic injury, increased radiation dose to sexual
organs such as the lower penile bulb, and reduced sexual function and satisfaction [24], [26],

[27].

1.4 Purpose of this Work

The purpose of this work is to investigate application of Remote Magnetic Navigation
Systems (RMNS) in SBRT to spare dose to radiosensitive GI tract (small bowel, large bowel, or
stomach). We propose a small magnetic capsule be fixed on some portion of the GI tract that will
be physically manipulated via the use of an external magnetic control system to displace GI

OARs away from the PTV in abdominal SBRT.

1.5 Remote Magnetic Navigation Systems in Medicine
RMNS are a technology that has been applied to other areas of medicine and shows potential

promise for radiation therapy. The systems that are actively applied clinically can mainly be



separated into two different groups: magnetic assisted minimally invasive surgery and magnetic

controlled capsule endoscopy.

1.5.1 Magnetic Assisted Minimally Invasive Surgery

Minimally invasive surgery (also known as laparoscopy or keyhole surgery) is a form of
surgery which provides a greater benefit to the patient over conventional open surgery via
minimization of unnecessary trauma caused in the process of performing the surgery; these
techniques lessen trauma, pain, blood loss, scarring, and the recovery time for patient [28]. In
recent years, there have been many advancements in minimally invasive surgery — of these,
perhaps the most notable is magnetosurgery. Magnetosurgery is the guidance or actuation of
surgical instruments during operations using magnetic fields and forces; typically, a
magnetosurgery platform utilizes a magnetic catheter control setup, an imaging system, and a
robotic manipulator for precise positioning of the magnetic field during surgery [29]. The first of
these systems which received clinical approval was the Stereotaxis Genesis in 2003. This system
utilized a magnetically controlled endocardial catheter in the treatment of cardiac arrhythmias and
has since been used in more than 140,000 successful surgical applications [29]. Since then,
different surgical applications using magnetosurgery have been explored.

In 2014-2015, the Levita Magnetics’ Surgical System utilized an external magnet and a
magnetic grasper assembly in laparoscopic cholecystectomy in which the magnetic grasper
assembly delivers and applies a detachable grasper tip to the gallbladder. The grasper tip, once
attached to the gallbladder, releases and the handle is removed, allowing the introduction port to
be used by another surgical instrument. With the handle being removed and the grasper tip
secured onto the gallbladder, an external magnet is then placed over the patient’s abdomen and
used to obtain unconstrained shaftless tissue retraction and mobilization with the magnetic
grasper tip. Once the procedure is completed, the grasper tip is reattached to the handle via the
introduction port and removed from the patient [30].
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Additionally, in the mid 2010°s, Magnetecs and Aeon scientific released a
magnetosurgery system similar to the Stereotaxis Genesis which utilized similar magnetic
catheters and electrophysiological procedures for the treatment of cardiac arrhythmia [29]. Most
recently however, a 7 degree-of-freedom (DOF) robotic arm with a permanent magnet and a soft
magnetic continuum guidewire was utilized to achieve neurovascular navigation; this being used

for aneurysm embolization and thrombectomy procedures in cerebrovascular models [29], [31].

1.5.2 Magnetic Controlled Endoscopy

In accompaniment to magnetic assisted minimally invasive surgery, remote magnetic
navigation systems have also been utilized for magnetic controlled capsule endoscopy.
Traditional capsule endoscopy involves the patient swallowing a small capsule that includes a
camera,; this capsule is then moved through the patient’s GI tract through natural peristalsis and
gravity [32]. However, these systems lack any control of the capsule itself and often, complete
gastric visualization utilizing this capsule design is impossible due to the large size of the gastric
cavity [33]. Because of this, magnetically guided capsule endoscopy systems were developed and
implemented clinically by various companies such as Siemens Healthcare and Olympus Medical
Corporation; in this type of system, magnetic fields from an external magnet are used to orient
and propel the capsule within a fluid-distended stomach. This type of propelled capsule offers
greater diagnostic efficiency over its unpropelled counterpart for small bowel investigations, but
screening of the stomach and large bowel are still done via a manual flexible endoscope [32].

With manual flexible endoscopes come many challenges; these include sedation related
events, patient discomfort due to bowel looping from poor maneuverability, perforation and
colonic trauma, large learning curve and training time for physicians, and variable quality of the
procedure. To combat these challenges, magnetic flexible endoscopes have been developed and
used alongside clinically available robotic manipulators. These magnetic flexible endoscopes are
like manual flexible endoscopes minus the inclusion of a magnet within the tip. Using external
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magnetic fields produced with robotic manipulators and external magnets, magnetic flexible
endoscopes allow for increased maneuverability within the patient during colonoscopy [34].
Some magnetic flexible endoscopes contain small surgical instruments alongside the camera and
magnet to aid in resection of ulcers or gastric disease [34], [35].

Aside from diagnostic procedures, some magnetic endoscopic technologies have been
used in magnetic compression anastomosis, magnetic compression without anastomosis,
endoscopic submucosal dissection, natural orifice transluminal endoscopic surgery, magnet-
assisted foreign body and pancreaticobiliary stent removal, prospective tumor marking, and
magnetic-anchor-assisted percutaneous endoscopic jejunostomy [35].

1.6 Applying Remote Magnetic Navigation Systems to Abdominal SBRT
for GI Sparing

Although there have been many applications of RMNS in medicine by means of
magnetic assisted minimally invasive surgery and magnetic controlled endoscopy, there remains
no clinically available implementation of a RMNS in radiation therapy techniques and
procedures. By applying RMNS to radiation therapy, patients stand to benefit via displacement of
radiosensitive OARs within the GI tract using non-invasive measures to reduce the secondary
toxicities outlined in previous sections. To effectively achieve this, the remote magnetic actuator
of the system would need to be relatively portable, have a flexible arm to position the actuator at
any portion of the patient’s surface, and be able to operate within a LINAC vault. Dependent on
the depth within the patient, the magnetic control system would apply a varying magnetic force

on the magnetic capsule. A representation of this manipulation can be seen in the figure below.



Magnetic Control System

.

4

| % |pistance: 9.13 em | Bowel Contour
\ -
¥

My

B ' ‘,\

V/////////f?//////,w/

Figure 1: Representation of RMNS applying magnetic force to an internal magnetic capsule
near a right adrenal target.

There are a variety of ways that this magnetic capsule or an internal magnet could be
introduced into the patient for application in radiation therapy. Prior work into the subject
explored magnetic hydrogels placed internally to the patient and/or a magnetic capsule on the end
of a catheter which is placed temporarily at the time of SBRT. Major challenges exist for these
methods regarding biocompatibility of material and that placement at the time of treatment would
be a major disruption to the SBRT treatment workflow.

An alternative is to emulate the process used for clinical pH monitors such as the
Bravo™. The Bravo pH procedure is used in patients that exhibit heartburn, acid regurgitation, or
gastroesophageal reflux disease (GERD). In this procedure, a radiotelemetry pH-sensing capsule
(6x5.5x25mm?) containing an antimony pH electrode and a reference electrode located at its
distal tip with an internal battery and transmitter within is mounted onto the end of a transoral or
transnasal prepackaged delivery catheter. Using this catheter, the capsule is guided, orally
preferred over nasally, to 6 cm above the SCJ or S5cm above the proximal aspect of the LES
within the patient’s esophagus. Upon being in the correct position, an external vacuum pump

attached to the delivery system is turned on, applying 600 mmHg vacuum pressure to the well of



the capsule, sucking in adjacent esophageal mucosa. After the external vacuum pump stabilizes at
a pressure of 510 mmHg for 10-15 seconds, successful capture of the esophageal mucosa is
assumed, and the external vacuum pump is turned off. The capsule is then fixed, and the delivery
system is removed from the patient. The procedure itself is then completed, and the patient is
instructed to continue with their usual daily activities with no major interruptions. The capsule
itself remains in this position for 48-96 hours; in this time, it wirelessly transmits information
regarding pH to a wireless receiver worn by the patient around their neck or on their waist. When
the capsule detaches from the esophagus, it travels naturally through the GI tract, and is passed by

the patient [36].

Figure 2: Adaptation of the Bravo™ pH procedure for RMNS, with capsule placement
along the stomach wall. Created in BioRender.

An application of a remote magnetic capsule such as this would be a good fit for SBRT
for two major reasons. The first being that this placement could be done within short proximity to
the time of treatment simulation; that is, the SBRT fraction(s) could be carried out without much

difference from a standard oART or IGRT fraction. Second, the capsule could be placed in
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exactly the area of interest and necessity, easily passing through the patient after SBRT was

administered with minimal follow up procedure, similar to physical spacers such as hydrogels.
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2. Background Work and Collaborations

Prior to this study, our laboratory conducted foundational investigations into the
application of RMNS for GI sparing during SBRT. Previous work examined the effects of
introducing a magnetic foreign body on radiation dose distributions and image quality during

simulation and treatment planning.[37].

2.1 Brief Explanation of Results and Collaborations Explored

These prior studies also included evaluation of internal magnetic devices, such as
magnetic hydrogels and magnetic capsules, as well as investigation of prototype RMNS systems
originally developed for magnetic capsule endoscopy.

Results from these studies demonstrated that the dosimetric impact of the magnetic field
itself is minimal; therefore, dose calculation in the absence of a magnetic field provide a
sufficient first-order approximation for dosimetric analysis. The primary exception to this occurs
in the presence of air gaps surrounding the magnetic object; these can increase backscatter into
surrounding GI tissue. To mitigate this effect, the internal magnet should be encased in a low-Z
material, such as low-density plastic, to reduce backscatter into the GI tract.

Additional work for our laboratory demonstrated the ability to apply magnetic forces to
ex-vivo bowel tissue. Magnetic field modeling of the RMNS and the internal magnetic devices
was also performed to estimate the forces that can be generated under different configurations.
These modeled force values are directly applied in this work to estimate achievable magnetic
forces and corresponding tissue displacement under various clinical scenarios.

To enable experimental investigation of magnetic actuation, our laboratory established a
collaboration with the Integrated Control and Dynamics Laboratory (ICARL) in South Korea.
This group had developed a mobile prototype RMNS for magnetic capsule endoscopy. After
reviewing available magnetic actuation systems, this prototype was identified as a suitable

platform due to its mobility, compact size, and ability to apply magnetic fields from multiple
12



orientations; this was perfect for variable clinical scenarios. A more detailed description of the
prototype RMNS can be found within Section 5.2.1. Through this collaboration, the ICARL
prototype RMNS was explored as a platform for applying magnetic forces for GI displacement in

SBRT.

2.2 Relation of Prior Work to the Current Study

Prior work on this subject focused on the application of a prototype RMNS, feasibility of
imaging in the presence of an internal magnet, and the dosimetric effect of both a magnetic field
and magnet in the path of the treatment beam. This study, however, will focus on two major
questions that have yet to be addressed: (1) reviewing abdominal clinical SBRT cases to quantify
how often RMNS intervention would be useful, and to identify specifically promising prior SBRT
cases; (2) Apply biomechanical modeling to estimate the achievable bowel displacement that

could be applied via use of a RMNS in realistic clinical scenarios.
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3. Applicability of RMNS in Clinical Cases

An important step in demonstrating the possible benefit that a RMNS could have in
displacing the GI tract in abdominal SBRT is to investigate which SBRT cases could potentially
benefit from this type of procedure. This section examines how previous SBRT cases were

reviewed and classified as well as the results of this review.

3.1 Identifying Potentially Applicable SBRT Cases

3.1.1 Methods

Previous abdominal SBRT cases ranging from 2019 — 2023 treated within Duke
University Radiation Oncology were identified via their radiotherapy prescription by selecting for
prescriptions including photon treatment (< 5 fractions) within the abdominal region labeled as
the following: liver; pancreas; adrenal; and general abdominal. The simulation CT of each case
was reviewed within the treatment planning system and maximum dose to the small bowel, large
bowel, and stomach were recorded. In addition, the distance from the GI OAR in question to the
most proximal edge of the PTV was measured using the native distance tool within External
Beam Planning.

This recorded distance was separated into two subcategories based on proximity to the
PTV: within 2cm from the PTV and overlapping with the PTV. Cases which fell into the category
of overlapping with the PTV often had a higher max dose to the OAR and were labelled as high
importance for future case review by a Radiation Oncologist. This list of potentially applicable
SBRT cases was then imported into a MATLAB script which was used to sort the data and
provide a cumulative fraction curve for each case type: liver, pancreatic, adrenal, or general
abdominal.

This preliminary evaluation of cases was followed by physician review. This is a

necessity as some areas of the GI tract would be difficult to initially place the internal magnet.

14



Additionally, anatomy of the GI tract is complex and contains many different tissues; for
example, the presence of connective tissues and parenchymal attachments could limit mobility of
the GI tract relative to the PTV (these tissues could displace together). Furthermore, a physician
can review the case to see if it would be clinically beneficial to lower GI dose in this manner

given other various constraints.

3.1.2 Results of Case Review

Upon examination of simulation CT images of the liver, pancreatic, adrenal, and general
abdominal cases, the GI tract was within 2cm of the PTV for 16/50 (32%), 50/50 (100%), 22/28
(78.57%), and 11/14 (78.57%) for liver, pancreas, adrenal, and general abdominal SBRT cases,
respectively. Upon further examination of these CT images, the GI tract overlapped with (was 0
cm from) the PTV in 7/50 (14%), 36/50 (72%), 13/28 (46.43%), and 4/14 (28.57%) cases for the
liver, pancreatic, adrenal, and general abdominal, respectively.

For the small bowel, large bowel, and stomach, each were roughly equally likely to be
found within 2cm of the PTV for liver (11/50 for small bowel, 12/50 for large bowel, and 7/50 for
the stomach), and pancreas (49/50 for small bowel, 48/50 for large bowel, and 47/50 for stomach
within 2cm respectively) SBRT cases. When looking at the adrenal (19/28 for small bowel, 11/28
for large bowel, 14/28 stomach) and general abdominal (10/14 for general bowel and 4/14 for
stomach within 2cm, respectively) cases, there was more variation present. Overall, 99/142
(69.7%) of SBRT cases exposed healthy GI tissue to considerable amounts of dose due to
proximity (< 2cm) to the PTV. An overview of the cumulative fraction of cases which fall under a
certain distance can be found in the figure below as well as an easier representation of the data in

a table also found below.

15



Cumulatire Fraction of Liver SBRT Plans

Cumulative Fradion of Adrenal SBRT Plans

=
)

o
]

=
)

=
o

o
=

o
w

=
~

o

C}

o
©

o
&)

=
~

o
@

o
o

=
=

=
w

=
~

=

o

Minimum Distance to Various SBRT Target Organs

Minimum Distance to Liver SBRT Target
[
T ]

L —
L —
—I

L L s . L . n n )
6 8 10 12 14 16 13
Distance of Gl Tract from PTV (cm)

Minimum Distance to Adrenal SBRT Target

L Il_li
, o
i i

| [

]

e

i

Distance of Gl Tract from PTV (cm)

Cumulative Fraction of Pancreas SBRT Plans

Cumulative Fraction of Abdominal SBRT Plans

<
©

)

=

a2

=

=

=

o

=

Minimum Distance to Pancreas SBRT Target

I ——

=

|

L L L L s n n |

15 2 25 3 35 4 45
Distance of Gl Tract from PTV (em)

Minimum Distance to Abdominal SBRT Target

' n L

=

. L
4 6 8 10 12
Distance of Gl Tract from PTV (cm)

Figure 3: Fraction of abdominal SBRT cases within distance bins from the PTV across
various organ sites: liver, pancreas, adrenal, abdominal.
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Table 1: Frequency of GI OARs within 2cm of or directly overlapping the PTV across
cohort sites.

Target Bowel Small Large

Organ Category (General) Bowel Bowel Stomach Any

Liver Within 2
(n=50) cm of PTV

Liver Overlappin
(n=50) g PTV

Pancreas Within 2
(n=50) cm of PTV

- 11 (22%)  12(24%)  7(14%) 16 (32%)
- 3 (6%) 4 (8%) 3 (6%) 7 (14%)

- 49 (98%)  48(96%) 47 (94%) 50 (100%)
Pancreas | Overlappin - 33(66%)  32(64%) 27 (54%) 36 (72%)

(n=50) g PTV

Adrenal Within 2
(n=28) cm of PTV

Adrenal | Overlappin
(n=28) g PTV

Abdome Within 2
n (n=14) | cmof PTV

- 19(68%) 11 (39%)  14(50%) 22 (79%)
- 9 (32%) 5 (18%) 5 (18%) 13 (46%)
10 (71%) - - 4 (29%) 11 (79%)

Abdome | Overlappin o 0 0
n (n=14) ¢ PTV 3 (21%) — - 2 (14%) 4 (28%)

3.1.3 Results of Physician Case Review

Upon reviewing abdominal SBRT cases with a physician, it became clear what types of
cases would be best candidates for GI tract sparing intervention using an RMNS. Pancreatic
cases, although previously having the highest potential of applicability based on distance from the
GI tract were deemed difficult due to the duodenum always being in proximity, which cannot be
moved because it simply goes retroperitoneal. Pancreatic body/tail cases, however, are less
constrained and could be potential candidates for magnetic GI navigation due to the GI structures
in this region being the stomach, jejunum, and ilium which are more mobile. In review of these
pancreatic cases specifically, one landmark to search for in inapplicable pancreatic head cases is
the presence of a pancreatic stent. Additional cases within the abdominal region that are likely
applicable are left-sided liver lesions, adrenal lesions, retroperitoneal lymph nodes, and

potentially kidney lesions.
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Another clinical consideration was regarding placement of the internal magnetic capsule;
since the small bowel is difficult to reach via endoscope, SBRT cases related to large bowel and
stomach would likely be preferable. Based upon these total clinical criteria put forth by the
physician, the original 99/142 cases that were deemed potentially clinically applicable were cut to
a total of 28 favorable cases. Of these 28, 6 were liver cases, 12 were pancreas cases, 8 were
adrenal cases, and 2 were abdominal cases. 10 of these physician narrowed cases (n=3 liver, n=2
adrenal, n=3 pancreas, n=2 abdominal) were selected for in-depth dosimetric analysis using the

mathematical models exemplified in the following chapter.
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4. Mathematical Modeling of RMNS Deformation

To quantify the separation between GI tract and tumor that potentially could be induced
by an RMNS a mathematical model was developed to estimate the displacement of the internal
magnetic capsule in the presence of an external magnetic field created by the RMNS. Two
different models exemplifying the displacement of the bowel were crafted; both were built based
on simple, general spring force with the inclusion of the Young’s Modulus into the spring
constant for the system. A simple outline of this can be seen below:

Fyag =k 6 (4.0.1)

Where Fyq4 is the force applied by the RMNS, k is the spring constant, and & is the

displacement of the magnet and thus the bowel. This spring force is true for any situation where
deformation is small and linear over some small distance §. The inclusion of Young’s Modulus

into this can be seen below:

E = — (4.0.2)

o_la_"L
e 6 / L SA

Where the Young’s Modulus, E, is the stress, g, over the strain, €. ¢ is defined as the
force, F, applied over a cross-sectional area, A. € is defined as the fraction of displacement, &,
along the direction of force application over the original length of the material in that direction, L.
For the following equation, the original thickness of the material is the thickness of the bowel
wall, t; thus, L becomes t. Bringing equation 4.0.2 into 4.01 gives us:

Ft két Kkt EA
— — = — Sk=—

=4 A" A : (4.0.3)

This gives a spring constant in terms of a Young’s Modulus; this characterization of a
spring constant in terms of the Young’s Modulus of the material is common in many physics’

textbooks.
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4.1 Model 1

After obtaining the spring constant k in terms of E, A, and ¢, the first question becomes:
what is the area applying the force to the wall of the OAR? Since the capsule is not rectangular,
simply multiplying the width of the capsule times the length of the capsule is not sufficient.
Instead, at any orientation of the magnet, a circular face is applying this force. Thus, an arc length

is needed to find this area of force application as seen in the figure below.

Figure 4: Local bowel wall deformation due to capsule indentation, illustrating contact
geometry and placement.

Therefore, the area of application of the force then becomes:
A= Teap 0 leap = Scap * Leap (4.1.1)
Where 74y, is the radius of the capsule, l.4,, is the length of the capsule, 6 is the angle

between the last two points of contact A and B, and s, is the arc length between those
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respective points. Technically, this equation only works for a capsule along its length interacting
with the organ wall and not the tip of the capsule. If looking at the tip interacting, the equation
4.1.1 simplifies to:
A= Toqp 0 Teap = Scap *Teap (4.1.2)
This orientation, however, would be less likely to occur during placement and thus is not
used moving forward. If needed, the length of the capsule could easily be replaced with the radius
of the capsule. The spring constant with this consideration then becomes:

E-Teapleap -0
t

kiocar = (4.1.3)

This schematic considers two limiting responses to magnetic actuation of the bowel: a
local displacement and a global segment displacement. Depending on the relative magnet
orientation and anatomy, the applied magnetic force may act as either a push or a pull on the

bowel wall nearest the magnet.

Bending

~~ Axis

klocal kglobal

Figure 5: Schematic of bowel response to magnetic actuation, showing the push or even pull
deformation modes — locally and globally.

Equation 4.1.3 then describes solely the local deformation and therefore local spring

constant of the magnet deforming the OAR. When an entire tube begins to bend about a certain
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point along its centroidal axis, however, this becomes global bending or a global spring constant

for the system. The moment of inertia of a hollow tube bending about its centroidal axis is [38]:
T ha 4
leue = 7 (Roue = Riy (4.1.4)

Where R,,; is the radius from the center of the bowel segment to the outer wall of the
bowel and R;,, is the radius from the center of the bowel segment to the inner wall of the bowel.
However, bending of the tube itself is governed about the central bending axis [38]. The location
of this central bending axis can be seen in figure 5; it lies halfway between R;,, and R ;. Thus,
our moment of inertia of a hollow tube bending about its centroidal axis in terms of the central

bending axis can be defined by the following:

T t\* t\*
ltype = Z (Rbend + E) - (Rbend - E) (4.1.5)

Where t is again the thickness of the bowel wall. This equation can then be simplified

into the following:
m 3 3
Ttyupe = Z(4Rbendt + 4Rpenat ) (4.1.6)

In mechanics and biomechanics, it is commonplace that hollow tubes can be simplified as
simple beams with different moment of inertia [38], [39]. Because of this, Euler-Bernoulli beam
theory can be applied to our model, relating displacement of the beam, in this case bowel
segment, to the magnetic force and moment of inertia of the tube. From Euler-Bernoulli beam
theory we have [38]:

1 FL3
c Eltube

(4.1.7)

Where § is the displacement of the beam, L is the length of the bowel segment tube, and
C is a constant determined by the end-of-beam boundary coefficients. For a segment of the bowel,
an end-of-beam boundary coefficient of clamped-clamped (or fixed-fixed) is assumed, giving a

value of C to be 192 [40]. Then, from equation 4.0.1 we can rearrange to achieve:
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F ek (4.1.8)
5 - . .

We can then use this in conjunction with 4.1.7 to achieve the following:

o) _ 1 L3 (4.1.9)
F C Eliype o
So,
F  Ely
5=¢ 2'3‘ % Kgiopal (4.1.10)
CEn
kglobal = T (4’Rl§endt + 4Rbendt3) (4‘-1-11)

Overall, this gives both kg;,pq; and Kpenq in terms of physical parameters of the system
and there are two different biological “springs” in effect here. An important distinction is that
these springs act in series. Thus, they can be combined to achieve and effective spring constant in

the following manner [41]:

1 1
- = Z— (4.1.12)
keffective 7 ki

LI + ! (4.1.13)
keffective klocal kglobal o

Giving,

K - 47 ety (4.1.14)
effective — n_CE(4Rgendt + 4Rbendt3) Ercapelcap 1.

However, it is important to note here that all terms within this equation are linear. In this
model, parameters should change based upon the displacement distance from the original location
of the small bowel wall or original OAR location. The first and most intuitive parameterization is
to look at the area of force application term, A. This is for the simple fact that as the magnetic
capsule indents further into the OAR, this area increases as more OAR is touching the magnetic

capsule — making A — A(J). In this term, given by equation 4.1.2, the only parameters are 7,4y,

lcap, and 6; however, 7,4, and [ 4y are physically set by our capsule which is assumed to be a
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rigid object. Thus, & must become 6(8). Below is a figure representation of the local indentation

with additional geometry.

Figure 6: Geometric representation of angular dependence of displacement based on
contact region of curvature.

Within this figure, the displacement can be seen as being approximated as the sagitta of
the circular segment formed by the contact region (point A and B), representing the inward
deviation form the original circular wall and given by the following equation derived from

trigonometry:

8 = Teap (1 — cos (g)) (4.1.15)
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This assumption makes physical sense as when 8 — 0, Cos(e/ 2) — 1, making § — 0;

this should be true because at 8 = 0 the magnetic capsule becomes tangent with the edge of the

OAR and displacement is 0. Solving equation 4.1.15 for 8 yields:

0(6) = 2-cos™?! <1 _9 > (4.1.16)

Teap
The next parameter to discuss being dependent on § was thickness of the bowel wall t.

As the contact arc of the capsule presses on the bowel wall, it becomes thinner as it stretches.
Although bowel tissue is nearly incompressible (Poisson Ratio of approximately 0.49 [41], [42])
and it is somewhat accurate to simply call it t, for sake of model correctness, this assumption was
not made. However, based upon this general idea, we can build a framework for the thickness of
the bowel being dependent on displacement. This gives us:

NOHOER (4.1.17)

Where M is simply some constant. Meaning,

t(8) = (4.1.18)

M
NG
But, as § —» 0, S(6) — 0, causing t(§) — oo. Because of this, the constant term was
defined as S, the smallest physically meaningful contact arc between points A and B. Thus:
So = S5(6o) (4.1.19)
Where §, is the smallest deformation that causes the smallest meaningful contact arc. An
important note is that contact is resolved relative to the first resolved contact state of:
S(6)t(6) = Spty (4.1.20)
Where t; is the initial thickness of the bowel wall before any sort of compression due to

the magnetic capsule. By relating these equations, the following is achieved:

S(8o)

—_— 0 —_—
t(5) - tO 5(5) - tO 3(5)

(4.1.21)
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And when replacing with the arc length definitions based on equations 4.1.2 and 4.1.16,

we achieve the following as t(§) and kjpcq;:

20yqp cOS™? (1 - ﬁ) cos™! (1 - &)

T, T,
t(8) = t, P — ¢ cap (4.1.22)

0 0 0
-1(1 _ -1(1 _
Zrcap cos (1 rcap) cos (1 Tcap)

When plugging this back into the equation for local spring constant the following is

obtained:

é‘ 2
(-5
2Ercaplcap . [COS ( Teap

k =
local to COS_1 (1 B 50 )
rcap

(4.1.23)

Where §, was chosen as the smallest deformation which causes the smallest physically
meaningful contact arc. It is governed by:
8o = 1 -tywheren € 0.01 — 0.05 (4.1.24)
This just states that meaningful contact begins after about 1% of contact thickness
interaction. When used in a finite element analysis software, which is discussed in a later chapter,

this value should coincide with the minimum mesh element dimension. k;,.,; then becomes:

Y 2
(-5
ZErcaplcap . [COS ( Teap

k =
local to cos-1 (1 B Wto)
rcap

(4.1.25)

Additionally, like with the local spring constant, adjustment of the global spring constant
dependence on § needed considered as well. For clarification, the displacement in each respective

spring is different. Meaning that for k;,¢q; the § becomes 64¢q;, and for kgopq; the § becomes
8g1obar- This is fine because we can solve the displacements given a force that is the same

between both. The total displacement is simply:

Ototal = Orocat + 6global (4.1.26)
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With that clarification, now the topic of how § effects the global spring constant can be
discussed. In this model, it is assumed that the length of the bowel segment being bent is
approximately 10 cm. Also assumed is that the displacements expected for maximal clinical
benefit are up to 2cm or 20% of the length of the bowel segment. In this case, nonlinear beam
theory becomes applicable. Euler-Bernoulli beam theory can be extended to moderate/large
deflections using von Karman kinematics. In von Karman kinematics, the first correction to linear

beam behavior comes from von Karman strain terms [43]. In general, this is of the form:

du d?w 1 /dw\?
_ ( ) (4.1.27)

o T T 2\
Where for the purposes of this model, the last term is of importance as it is of the highest

order. Therefore, it is a safe assumption to state that nonlinear axial strain is proportional as:

dw\?
Nonlinear Strain ~ (E) (4.1.28)

In this model with bowel length of L and displacement of §, this leading-order nonlinear

correction to spring stiffness is of the order:

2

(%) (4.1.29)

When this becomes inserted into the beam energy/moment relation, this quadratic strain

produces a correction to the load-deflection relation of the form [43], [44], [45]:

EY 2
kglobal(6) = kglobal' [1 + B (Z) ] (4.1.30)

Where B is a chosen parameter > 1 that just adjusts how fast kg;0p4; is affected by
stiffening. So, the kg;5pq(6) then becomes:

CEm 8\
Kgtonar(®) = <2 (+R3enato + 4Ryenatd) [1 +5(3) ] (4.13D)
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The final component of adjusting any parameters to vary with § is the Young’s Modulus,
E. This is slightly different for the local and global situations. In the local situation, the strain can
be defined as such:

SLocal
to

(4.1.32)

€local =

Based upon biophysical stiffening models [38], [44], [45], [46] a fractional stiffening
similar to equation 4.1.30 is applied to Young’s Modulus terms. For local Young’s Modulus, this

1s of the form:

Eocar = Eo(l + alocalglocal) (4.1.33)
_ 5local
Elocal - EO 1+ alocalt— (4-1-34)
0

Where a;,.4; is a chosen term > 1 that governs rate of strain-dependent stiffening. This
is essentially a term that controls how sensitive stiffness is to compression via compaction and
fiber recruitment. For the global beam bending, physical strain is defined as [38], [44], [45], [46]:

Eglobal ~ Rpenak (4.1.35)

Where k is a term defining the curvature of the beam. For moderate deflections this

becomes:

R§, lobal
Eglobal = i; - (4.1.36)

And by the same methods followed in equations 4.1.33 and 4.1.34, the global Young’s

Modulus becomes:

Eglobal = Eo(l + aglobalgglobal) (4-1-37)

E Rbenddqlobal)

global = Eo <1 + Agiobal 12 (4.1.38)

Where E|, is the original Young’s Modulus of the tissue obtained from reference

literature, @gopq 1 @ parameter > 1 which governs rate of bending strain stiffening. This term
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encompasses tension in outer fibers of the beam, bending-stretch coupling, and structural
resistance increase.

Finally, after dependence on displacement was implemented into both k;4cq; and Kgiopais
the following are the respective spring constants:

[COS_l (1 _ 5106(11)]2
rcap

cos™1 (1 — ﬂ)
Teap

2E, S1ocal
kiocar(6) = t (1 + Qocal ;ca )rcaplcap ’
0 0

(4.1.39)

CrE,
4

Rbend 8global
12

kglobal(6) = I

Sgiobar)’
<1 + g10pal ) (4Rpenato + 4Rpenatd) = [1+ B <M (4.1.40)

Using these two equations, for each applied force F, the corresponding local and global
displacements were obtained by numerically inverting the nonlinear force-displacement relations
governing local compression and global bending. The local response was defined by a nonlinear
contact law of the form:

F = Fiocai(Biocat) = kiocar(Siocar) Sioca (4.1.41)

Where the local force, Fj,.q;, depends on indentation through both displacement-
dependent stiffness and a contact geometry term. For a given applied force, call it F;, the
corresponding local displacement &;,.,; Was obtained via solving the following:

Fiocai(Biocat) — Fi =0 (4.1.42)

This nonlinear equation was solved numerically over a bounded range using a root-
finding procedure within MATLAB. Like this procedure, the global bending response was

governed by the following nonlinear force law:

F= Fglobal(Sglobal) = kglobal (6global) 5global (4-1-43)
Where the stiffness varies with displacement due to strain-dependent Young’s Modulus
and geometric nonlinear effects. For the same applied force F;, the corresponding global

displacement &4;,pq; Was obtained via solving the following:
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Fglobal(6global) —F=0 (4.1.44)
This was done by the same method of numerical root-finding as in equation 4.1.42 in
MATLAB. Because these local and global deformations were assumed to act in series, the same
applied force F; was applied through both mechanisms while their respective displacements were
additive. Thus, the total displacement was computed as:
Stotat (F) = G1oca1(Fi) + S8g10pa1 (Fi) (4.1.45)
That is, for each applied force, the total deformation of the system was determined by
solving the coupled nonlinear local and global force-displacement relationships and summing
their respective contributions. The physical parameters for each component corresponding to
width of a tubular bowel segment and bowel wall thickness [47], [48], and the Young’s Modulus
of small bowel [49], [50] were found from literature. An important note is that in future

modeling, these Young’s Modulus can easily be swapped for those of other organs.

4.2 Model 2

For clarification and comparison, a second mathematical model was developed to model
the deformation of the small bowel. This model was built based on the small bowel being
essentially rigid in a body cavity and the surrounding material having an average Young’s
Modulus; it emulates the scenario where the bowel is attached locally, via parenchymal
attachments, to surrounding tissues. This system is essentially a box on two parallel springs

system as seen in the figure below:
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Figure 7: Conceptual illustration of the physical basis for the second mathematical model.
Created in BioRender.

The displacement on the center object can be defined by the following:
F = kiotar * 0 (4.2.1)
Where F is the force applied on the center object, § is the displacement of the object on
the springs, and k;,¢,; is the total spring constant defined as [38], [41]:
kiotar = kleft + kright (4.2.2)
Based on this, and previous definitions of spring constant in terms of Young’s Modulus,

the one side stiffness k becomes:

k = (4.2.3)

Where w is the depth of the bowel from each surface side shown in the figure below:
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Figure 8: Definition of left-right surface depth used within Model 2 spring constant

derivation.
So, in general, this k becomes:
E oA  Eg,gA
Kotar = ‘Z)"Z + ‘Z)’i (4.2.4)

And if symmetric, this just becomes equation 4.2.5. The next step in refining this model
was defining the area of contact 4 in terms of physical parameters of the system. In this model,
the whole bowel is assumed to be moving; because of this, the area of contact A would be:

A = Lpower * Whowel (4.2.5)

Where Ly, 1S the length of the bowel segment in question encountering the
surrounding medium and the capsule and W),,,.; is the width of the bowel. Because this is a
circular segment, this can be further refined as the arc length at any given point defined by:

Wyowet = Router * 0 (4.2.6)

Where Ryt 1S the outer radius of the bowel segment. In this model, 6 was assumed to
be 8 = m, splitting the bowel segment into left and right hemispheres. With this assumption in
mind, the area of contact A then becomes:

A = LyowerRouter™ (4.2.7)

This causes the new k;,tq; term to become the following:
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EangbowelRouter” + EangbowelRouterT[
wy, Wgr

(4.2.8)

kiotar =

However, equation 4.2.8 does not capture that as one side (for simplicity let’s call it the
left side w;) is compressed by the displacement term &, the other side elongates or stretches. This
choice is generally arbitrary and depends solely on stiffening location. This is a simple fix and
equation 4.3.8 becomes:

EangbowelRouter” EangbowelRouterT[
w,— 0§ wg+96

(4.2.9)

kiotar =

Where the signs on the § term are dependent on the side of stiffening or compression.
The final step in adjusting this term is stating that the average Young’s Modulus stiffens on the
side of compression while the other does not. This was implemented following a bounded
exponential stiffening law driven by strain which is consistent with biological tissue models
derived from exponential stress-strain behavior [46], [51], [52]. This is as follows:
E(e) = Eo + (Emax — Eo) f(€) (4.2.10)
Where E,, 4 is the maximum Young’s Modulus defined by literature, and f (¢) is defined
as:
f(e) ~ ePe (4.2.11)
Combining these gives:
E(e) = Eg + (Emax — Eo) (1— e7F2®) (4.2.12)
Where f is a chosen ramp parameter, and (&) is a compressive strain proxy based upon

geometry of the system, giving:
—Bs
E(e) = Eq + (Emax — Eo) <1 — e > (4.2.13)

Implementing these terms into equation 4.2.9 along the appropriate side of compression

gives:

33



=BS
E, + (E —E)(l—ewL>]L R T
. _ 0 max 0 bowelouter N EOLbowelRouterT[ (4 , 14)
total w,— 6 wgr+6 -

Where E is the original average Young’s Modulus of the surrounding tissues; this was
found by examining the Young’s Modulus of fat, organ tissue, connective tissue, and bodily
fluids within the abdominal cavity. The governing nonlinear force-displacement relationship
defined in equation 4.2.14 was solved numerically to determine the displacement resulting from a
given set of applied magnetic forces, F;; this was done using the same bracketed root finding
procedure as found in section 4.1 within MATLAB. The specific parameter values used for this

evaluation are described within Chapter 5.
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5. Application of Mathematical Models

The two mathematical models developed in the previous chapter help to provide a
relationship between applied magnetic force and GI displacement. Within this chapter, the models
are applied to investigate whether magnetically induced GI displacement could be sufficient to
increase separation between the OAR and the PTV. This analysis will proceed in the following
manner: (1) generic investigation of model behavior and (2) application within clinical cases

utilizing clinically realistic parameter values.

5.1 Parameter Sensitivity Analysis

Before the mathematical models were applied to specific clinical cases, a parameter
sensitivity analysis was performed to evaluate how variations in key physical parameters
influence the predicted displacement. A representative GI geometry was selected, and individual
parameters were varied across physiologically reasonable ranges while the resulting displacement
was computed. This helps to provide insight into which parameters most strongly influence
system behavior. The following parameters are taken as baseline for model 1:

Table 2: Baseline parameters for Model 1 parameter sweeps.

Parameter Value
Young’s Modulus 0.006 MPa
Bowel Segment Length 10 cm
Bowel Wall Thickness 3 mm
C (Clamped-Clamped Beam Constraint) 192
Bowel Segment Radius 15.75 mm

And for model 2 the baseline parameters were taken to be:

35




Table 3: Baseline parameters for Model 2 parameter sweeps.

Parameter Value
Young’s Modulus 0.006 MPa
Outer Radius of Bowel 5 mm
Left-Right Gap 150 mm both sides
Patient Thickness 30 cm

5.1.1 Young’s Modulus Variation

The Young’s Modulus of GI tissues vary depending on anatomical location, strain level,
and measurement method. The exact mechanical stiffness of the GI tract and surrounding
abdominal tissues cannot be uniquely defined for all patients; thus, a sensitivity analysis was
performed to evaluate how variations in Young’s Modulus influence predicted displacement in
the two proposed mathematical models. Based upon various literature, Young’s Modulus of GI
tissues ranges from 2-20 kPa (0.002 — 0.020 MPa), whereas tissues such as fat, organ tissue,
connective tissue, and bodily fluids within the abdominal cavity utilized within Model 2 ranged
from 0.002-0.01 MPa [42], [50], [53], [54], [55], [56]. From each of these ranges, the baseline
Young’s Modulus was taken to be 0.006 MPa as it fits well within both ranges. These variations

in Young’s Modulus were plotted in the force versus displacement curves below.
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Force vs Displacement for Varying Young's Modulus - Model 1
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Figure 9: Predicted displacement vs. magnetic force for varied Young’s modulus (Model 1).

Force vs Displacement for Varying Young's Modulus - Model 2
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Figure 10: Predicted displacement vs. magnetic force for varied Young’s modulus (Model
2).

As is expected, an increase in Young’s Modulus for both models leads to an increase in
stiffness and thus a reduced predicted displacement for a given applied force. This arises due to
tissue stiffness directly increasing the effective resistance to deformation within both models. The

sensitivity analysis demonstrates that while stiffness influences the magnitude of displacement,
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the qualitative behavior of the models remains consistent across physiologically reasonable range
of Young’s Modulus values. Additionally, the displacement value given from the first model is
overall higher than that of model 2; this is also expected as model 2 treats the whole bowel as
moving through the tissue of the abdomen, causing greater effective resistance and thus a more

conservative approach.

5.1.2 Length of GI Segment Variation — Model 1

The length of GI segment free to deform under magnetic actuation influences the overall
mechanical response of the system. Within the first mathematical model, the segment of the GI
tract is approximated as a clamped-clamped beam undergoing global bending in response to an
applied magnetic force. Because beam deflection depends strongly on the original beam length
[38], a sensitivity analysis was performed to evaluate the effect of varying L on the predicted
displacement. The GI segment length was varied from 20mm to 200mm with 100mm used as the
baseline value. This range was selected to represent short, constrained segments as well as longer,
more easily deformable GI segments that may occur depending on anatomical configuration. This
analysis strictly applies to Model 1 as in this model the GI segment is approximated as a beam

undergoing global bending. The plot of this analysis can be seen in the figure below.
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Force vs Displacement for Varying Segment Lengths - Model 1

—o—L=50mm —e—L=75mm —e—L=100mm (baseline) —e—L=150mm —e—L=200mm

Displacement (mm)
g & & & & &g

3]
I=]

o

0 0.5 1 1.5 2 2.5 3 3.5 4

Applied Magnetic Force (N)

Figure 11: Predicted displacement vs. magnetic force for varied GI segment lengths (Model
1).

As expected, increasing the length of the deformable GI segment significantly increases
the predicted displacement. This behavior arises from the cubic dependence of beam deflection
on segment length, substantially reducing the effective bending stiffness of longer segments. This
sensitivity analysis demonstrates that anatomical variations in GI segment length can strongly

influence the magnitude of displacement predicted by the first mathematical model.

5.1.3 Left — Right Gap Variation — Model 2

In Model 2, the GI segment is assumed to be confined within the surrounding abdominal
cavity, where displacement itself is limited by the available space between the OAR and the
surrounding tissues. The initial left and right gap distances represent the available displacement
before the bowel encounters any sort of mechanical resistance from adjacent structures. In Model
2, displacement occurs toward the compression boundary, defined as the side of the OAR nearest
the applied magnetic force. In the implementation used here, this boundary was represented as the
right-side gap. Because OAR positioning can vary between patients, a sensitivity analysis was

performed to evaluate how variations in the initial gap distances influence the predicted
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displacement. This baseline left and right initial gap were taken to be symmetric and set at
150mm respectively. This is based on an average patient thickness of 30cm which falls between

the literature range of 28-32cm [57].

Force vs Displacement for Varying Left-Right Gap Distances - Model 2
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Figure 12: Predicted displacement vs. magnetic force for varied initial gap distances (Model
2).

The results demonstrate that the available space surrounding the bowel strongly
influences the displacement predicted by Model 2. Smaller initial gap distances significantly
restrict GI movement, while larger gaps allow greater displacement under the same applied
magnetic force. This behavior is reflective of the mechanical confinement imposed by
surrounding abdominal structures and tissues. When the section of the GI tract is located closer
towards the location of applied magnetic force (right-side gap), the available displacement is
limited by the reduced space for motion and increased stiffness of the surrounding medium.
Conversely, when the compression-side gap is larger, the effective stiffness of the system
decreases, allowing greater displacement for the same applied force.

Some curves in the figure above exhibit minor crossover behavior as force increases; this
occurs because the total stiffness of the systems depends on contributions from both the

compression and opposing sides of the surrounding cavity. As the gap distances are varied
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asymmetrically, the relative influence of each side changes with displacement, producing slight
differences in effective stiffness that can lead to curve intersections. Despite these small
variations, the overall trend remains consistent: configurations with larger compression-side gaps

allow greater displacement under applied magnetic force.

5.2 Prototype Remote Magnetic Navigation System

The sensitivity analyses presented in the previous section demonstrate how variations in
mechanical and geometric parameters influence the displacement that is predicted by the
proposed mathematical models; however, to apply these models to realistic scenarios, it is
necessary to define the external forces capable of producing bowel displacement. Within this
work, these forces are derived from an ICARL developed RMNS designed to actuate an internal
magnetic capsule within the GI tract. This RMNS generates magnetic forces through an external
magnetic coil and a magnet contained within the capsule, allowing controlled displacement of the
GI tract.

This section provides an overview of the RMNS and the forces applied within the
mathematical models. The geometry of the magnetic capsule is described, followed by the force
measurements achieved by magnetic actuation at varying depths within tissue. The resulting force
values serve as the external inputs used in the clinical displacement calculations in following

sections.

5.2.1 Overview of the RMNS and Magnetic Simulation Parameters

The Remote Magnetic Navigation System (RMNS) used within this work is an
electromagnetic actuation platform used to generate controlled magnetic forces on a magnetic
capsule internal to the patient located within the GI tract. The system consists of a set of
externally positioned copper electromagnetic coils mounted on a robotic positioning arm,
allowing the magnetic actuation device to be precisely positioned about the patient relative to

target patient anatomy.
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The below figure illustrates the experimental setup used for electromagnetic actuation.
The electromagnetic coils are mounted on a robotic arm, which enables precise positioning of the
magnetic field source relative to the capsule location. This configuration allows controlled
manipulation of the magnetic capsule through adjustment of both the coil position and the current
supplied to the coils. This is normal to the face of the internal magnet in the direction of the

applied magnetic force induced by the coil.

Robotic arm

S

Electromagnetic
Coll

A
L

Figure 13: Prototype RMNS system with electromagnetic coil array positioned above
porcine intestine. Image courtesy of ICARL.

The RMNS utilizes four electromagnetic copper coils arranged symmetrically around a
focal point. Each coil is composed of 571 conductive copper wire loops that generate a magnetic

field when an electrical current is applied. In the experimental configuration used within this
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work, approximately 10 A of current was applied to the coils to generate a magnetic field of
strength 5 mT within the region of interest. The axes of the coils are oriented such that they

intersect at a focal point, which defines the origin of the coordinate system used in the magnetic

field simulations.
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Figure 14: Electromagnetic coil array and focal point geometry. Image courtesy of ICARL.
To characterize the magnetic field produced by the system, magnetic field simulations
were performed within a cubic region of interest measuring 150mm x 150mm x 150mm, with a
spatial grid resolution of 5mm. Within this simulation space, the magnetic field is primarily
oriented along the x-direction, while resulting magnetic actuation force is generated along the z-
direction, corresponding to the direction of desired GI displacement. The simulated magnetic

field distribution within the region of interest is shown in the figure below.
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Figure 15: Region of interest for electromagnetic coils (top) and simulated magnetic field
distribution map (bottom). Image courtesy of ICARL.

This RMNS actuates a magnetic capsule containing a permanent Neodymium magnet.
The capsule used in this study was modeled geometrically as a cylindrical capsule with a
diameter of 10mm and a length of 28mm, consistent with typical capsule endoscopy devices. The
internal permanent magnet has a length of approximately 18mm and a diameter of 9mm as seen

in the figure below:

Leapsute = 28mm
Dinag
=9mm

Figure 16: Capsule geometry and magnet dimensions. Image courtesy of ICARL.
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When exposed to the magnetic field generated by the RMNS coils, the Neodymium
permanent magnet within the capsule experiences a magnetic force arising from the interaction
between the magnetic moment of the magnet and the magnetic field gradient produced by the
electromagnetic coils. This force then translates the capsule, subsequently inducing a
displacement in the surrounding bowel tissue. Magnetic field simulations of the RMNS system
were performed by collaborators, and the resulting magnetic force distributions were provided for

use in the modeling framework developed in this work.

5.2.2 Magnetic Force Simulation Results

While the previous section described the electromagnetic actuation system and the
simulation environment used to characterize the generated magnetic fields, the primary quantity
of interest for the displacement models developed in this work is the magnetic force acting on the
capsule as a function of distance from the electromagnetic coils themselves.

Magnetic force values obtained from the electromagnetic simulations conducted by our
collaborators at ICARL were provided as a numerical dataset describing the force acting on the
capsule along the z-direction; this corresponds to the direction of GI displacement. These results
represent the achievable applied magnetic forces produced by the RMNS at varying depths

relative to the coil assembly.
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Force vs Depth of Prototype RMNS
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Figure 17: Magnetic force as a function of depth from magnetic coils.

The above figure illustrates the magnetic force generated by the RMNS as a function of
capsule depth. As is expected, the magnitude of the magnetic force decreases with increasing
distance from the electromagnetic coils. This behavior arises from the reduction in magnetic field
strength and field gradient as the distance between the capsule and coils increases.

The force values represent the range of forces that could be generated by the RMNS
within the simulated region of interest. These forces serve as the external inputs used in the
mathematical displacement models developed in this work. Specifically, the force values
extracted from the simulation dataset were used as the applied force vector F; within the
nonlinear force-displacement relationships governing both Model 1 and Model 2. By using force
values derived from the RMNS electromagnetic simulations, the displacement predictions

generated by the mathematical models reflect physically achievable magnetic actuation forces,
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allowing the resulting displacement estimates to remain consistent with the capabilities of the

proposed RMNS.

5.3 Application of Mathematical Models to Clinical Cases

To evaluate the potential clinical impact of magnetically induced bowel displacement, the
mathematical models developed in Chapter 4 were applied to a set of representative clinical
SBRT treatment plans. A total of n = 10 cases were selected for analysis based on physician
recommendations and clinical criteria described previously. These cases included treatment sites
where GI OAR proximity to the PTV presents a potential limitation for safe dose delivery,
including pancreatic, abdominal, liver, and adrenal tumors.

For each case, relevant anatomical geometry was extracted from the clinical planning CT
images to determine the parameters required for each displacement model. These geometric
parameters were used together with the RMNS-generated magnetic force values described in
Section 5.2 to calculate the predicted bowel displacement for each case.

The predicted displacements obtained from each model were then applied to the GI OAR
contours (large bowel and stomach) within the TPS by shifting the structures according to the
calculated displacement values. Following contour adjustment, the treatment plans were
recalculated to evaluate the resulting changes in dose. Dosimetric metrics including maximum
dose, mean dose, dose to 1cc, and dose to 0.5cc were recorded before and after the simulated
displacement.

Representative examples from each treatment site are presented to illustrate the modeling
and dosimetric evaluation process. Finally, aggregate statistics across all analyzed cases are
presented to summarize the overall dosimetric impact of the proposed magnetic bowel

displacement approach.
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5.3.1 Extraction of Patient Geometry

Patient-specific anatomical geometry was obtained from the clinical CT images using the
contouring and measurement tools available within the Eclipse TPS. These measurements were
used to determine the geometric parameters required for application of the displacement models.

For each case, the distance from the patient’s surface to the side of the GI contour that
was most proximal to the PTV was measured. This location represents the most clinically
relevant direction for potential bowel displacement. The measured distance corresponds to the
depth of the internal magnetic capsule relative to the patient surface and represents the
compression-side distance used within Model 2. This location also represents the direction in
which the external RMNS would apply magnetic actuation. To determine the opposing boundary
required for Model 2, the distance from the bowel contour to the patient surface approximately
180 degrees opposite the compression-side direction was also measured. This distance represents
the non-compression-side boundary used in Model 2. This can be seen in the figure below

exemplifying these measurements on an adrenal case.

2

% |pistance: 15.17 cm

Figure 18: Measurement of compression and non-compression side distances in an adrenal
lesion case.
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A practical consideration involved the location of the treatment couch relative to the
patient’s anatomy. In some cases, the optimal location for RMNS placement corresponded to the
side of the patient that was in contact with the treatment couch. In these situations the physical
presence of the couch would prevent placement of the external electromagnetic coils at the
desired location; this could be combatted via having the patient positioned in an alternate
orientation, such as prone positioning. These constraints were noted when evaluating the potential
feasibility of magnetic displacement for each case.

The resulting geometric measurements were used as input parameters for the
displacement models to estimate the GI OAR motion achievable under an applied magnetic force

for each clinical case.

5.3.2 Application of Predicted Displacements

The magnetic force values obtained from the RMNS electromagnetic simulations
corresponded to discrete capsule depths relative to the coil assembly. For each of these depths,
the corresponding magnetic force was used as input to the displacement models described in
Chapter 4 to calculate the predicted displacement for both Model 1 and Model 2. This process
produced displacement values corresponding to the set of depths provided by the simulation
results.

For each clinical case, the measured capsule depth obtained from the treatment planning
CT images was then used to determine the corresponding bowel displacements. Because the
measured depth did not necessarily coincide with the discrete depths provided by the simulation
dataset, linear interpolation was performed between the predicted displacement values
corresponding to the nearest simulated depths. For example, if the capsule depth for a given
patient was measured to be 8.32 cm, the predicted displacements corresponding to the simulated

depths of 8.0 cm and 8.5 cm were used to interpolate the displacement at the measured depth.
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Using this approach, a predicted displacement value was obtained for each clinical case
for both Model 1 and Model 2. These predicted displacements were then applied within the
contouring software of the TPS by translating the significant OAR contour along the direction of
the compression-side distance identified during measurement. This is exemplified in the figure

below.

¢ Distance: 2.12 e |

L xJpistance: 15.17 em |

Figure 19: Patient CT showing large bowel contour shifts for Model 1 and Model 2.
Separate modified OAR contours were generated for each model by shifting the original
bowel contour by the displacement predicted by the respective model. After the contours were
adjusted, the structures were returned to the external beam treatment planning environment and

the treatment plans were recalculated to evaluate the resulting changes in dose.

5.3.3 Dosimetric Evaluation Method
Following contour shift and plan recalculation, dosimetric metrics for the OAR were

extracted from the TPS to evaluate the impact of the predicted displacement. For each case, dose
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statistics were recorded for the original treatment plan as well as for the modified plans
corresponding to the displacement predicted by Model 1 and Model 2.

The evaluated dosimetric statistics included maximum dose, mean dose, dose to 1cc
(D1cc), and dose to 0.5¢cc (D0.5¢cc). Specifically, D1cc and D0.5cc were found using the dose
volume histograms of each case given within the TPS and can be found in the figure below.

These metrics were selected because they are commonly used clinical indicators for evaluating

high-dose exposure to OARs in SBRT.

Figure 20: DVH comparison of Model 1 and Model 2 bowel contours for same
representative case as above.

For each clinical case, the dosimetric values obtained from the origan plan were
compared with those obtained after the simulated bowel displacement. The resulting differences
in the recorded metrics were used to quantify the potential reduction in bowel dose achievable
through an applied magnetic force from the given RMNS. This comparison was performed

separately for the displacement predicted by Model 1 and Model 2.
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5.3.4 Representative Case Examples

To illustrate the geometric displacement and resulting dosimetric impact predicted by the
proposed models, representative examples from several treatment sites are presented. One case
from each of the primary disease sites evaluated in this study was selected, including liver,
adrenal, pancreatic, and abdominal tumors. These cases were chosen to demonstrate the range of
anatomical configurations in which GI OAR proximity to the target volume may limit dose
delivery.

In addition to the geometric visualization of the displaced contours, the corresponding
dose volume histograms (DVHs) are presented for the original treatment plan and for the plans
recalculated after applying the model-predicted bowel displacement. These DVHs illustrate the
resulting changes in bowel dose that occur when the OAR contour is shifted away from the

planning target volume.
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Figure 21: Representative adrenal case CT with model contours.
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Figure 23: Representative pancreas case CT with model contours.
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Figure 25: Representative liver case CT with model contours.
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Figure 26: Representative liver case DVH with model curves.
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Figure 27: Representative abdominal case CT with model contours.
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Figure 28: Representative abdominal case DVH with model curves.

Below is a representation of all dosimetric statistics taken from each case:
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Table 4: Dosimetric statistics for four representative cases comparing original and model

plans.

%’;ﬁ Plan Mo Il;)‘c’)s" (% Mean Rl));se % Dlec(% Ry  DO.5cc (% Ry)
Original 67.90 19.00 65.60 65.85
Abdomen | Model 1 67.50 18.20 65.50 65.70
Model 2 67.90 18.50 65.56 65.70
Original 99.20 21.80 66.76 76.90
Adrenal | Model 1 75.70 18.70 48.36 53.56
Model 2 89.00 20.00 55.06 62.31
Original 79.60 28.60 68.83 70.34
Pancreas | Model 1 70.90 26.50 63.87 65.68
Model 2 75.10 27.50 65.84 68.15
Original 83.60 16.20 70.05 73.60
Liver Model 1 73.30 15.00 60.17 62.72
Model 2 78.20 15.70 65.61 62.76

The displacement and dosimetric results for the representative cases are summarized in
the tables above. In general, both displacement models produced reductions in GI OAR dose
compared to the original treatment plans. The most substantial reduction was observed in the
adrenal case, where Model 1 reduced the maximum dose from 99.20% of prescription to 75.70%
and significantly decreased the high-dose volumetric metrics (D1cc and D0.5cc); this stems from
the larger overall achievable displacement seen within the first model. Large reductions were also
observed in the pancreas and liver cases, where both models reduced maximum dose and high-
dose exposure to OAR volumes. In contrast, the abdominal case demonstrated minimal
dosimetric change due to the complexity of the treatment plan, which included two high-dose
planning target volumes located near the stomach. In this configuration, displacement of the
stomach away from one region of high dose did not substantially reduce exposure from the
second target. These representative examples illustrate that the potential dosimetric benefit of
OAR displacement depends strongly on both anatomical proximity and treatment plan

complexity.
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5.3.5 Aggregate Results Across All Cases

To evaluate the overall impact of the proposed GI displacement approach, the dosimetric
results were analyzed across the full cohort of n = 10 clinical cases. For each case, the predicted
displacements obtained from Model 1 and Model 2 were applied as described previously, and the
treatment plans were recalculated to determine the resulting changes in dose. Rather than
reporting absolute dose values, the results are presented as dose reductions relative to the original
treatment plan to directly quantify the potential benefit of magnetically induced GI displacement.

For each case, the reductions in maximum dose, mean dose, dose to 1 cc (Dlcc), and
dose to 0.5 cc (D0.5cc) were calculated for both models. The tables below present the

displacement and dose reductions for each individual case across the analyzed cohort.
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Table 5: Displacement results for ten representative cases for Model 1 and Model 2.

Case Site OAR Capsule Depth (cm) Model Displacement (mm)
1 Liver Stomach 9.22 ng: ; 3;
2 | Abdominal Large Bowel 9.49 ng: ; 3?

Model 1 6.2

3 Pancreas Stomach 8.13 Mz le 2 39
Model 1 N

4 Pancreas Stomach 8.38 Mz le 2 16
5 Pancreas  Large Bowel 7.17 ng: ; zi
6 Adrenal  Large Bowel 9.12 ng: ; 32
7 Liver Large Bowel 10.62 ng: ; ?(1)
8 Liver Stomach 8.04 ng: ; gz
9 Adrenal  Large Bowel 11.22 ng: ; ?i
' Model 1 2.9

10 | Abdominal Stomach 10.72 Mz le 2 15
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Table 6: Reductions in bowel dose metrics relative to the original treatment plans.

Max Dose Mean Dose DlIcc DO0.5¢cc

Case Site OAR Model Reduction Reduction Reduction Reduction
(%Rx) (%Rx) (%Rx) (%Rx)
7 Liver Stomach Model 1 10.30 0.60 5.32 5.88
Model 2 5.80 0.30 2.93 3.34
. Large  Model 1 -0.20 0.30 1.38 0.70
2| Abdominal p Col Nodel2  -0.20 0.10 0.02 0.11
3 Pancreas  Stomach Model 1 8.70 2.10 4.80 4.69
Model 2 4.50 1.10 1.90 2.23
4 Pancreas  Stomach Model 1 12.20 2.10 10.47 10.89
Model 2 3.40 0.50 2.88 3.07
5 Pancreas Large Model 1 1.30 0.80 4.13 3.63
Bowel  Model 2 0.30 0.30 2.33 1.95
6 Adrenal Large  Model 1 23.50 3.10 18.31 23.10
Bowel Model 2 10.20 1.80 11.78 14.39
7 Liver Large Model 1 10.30 1.20 9.95 10.81
Bowel Model 2 5.40 0.50 4.51 4.98
s Liver Stomach Model 1 8.70 0.30 6.04 5.85
Model 2 420 0.10 3.24 3.25
Large  Model 1 12.70 0.70 7.89 9.19
? Adrenal  povel  Model2  4.60 0.20 2.94 3.61
. Model 1 0.40 0.80 0.11 0.09
10| Abdominal - Stomach ;4015 g9 0.50 0.05 0.08

To summarize the overall performance of the displacement models across the patient
cohort, the mean and standard deviation of the dose reductions were also calculated for each
dosimetric metric. The tables below report the average displacement and dose reductions as well
as the associated errors, described as the standard deviations, for both Model 1 and Model 2.

Table 7: Mean and standard deviation of displacement across all cases for each model.

Metric Model 1 Mean £ SD Model 2 Mean + SD

Displacement (mm) 49 +1.8 22+0.8
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Table 8: Mean and standard deviation of dose reductions across all cases for each model.

Metric Model 1 Mean + SD Model 2 Mean + SD

Max Dose Reduction (%Rx) 8.79+7.11 3.82+3.19

Mean Dose Reduction

(%Rx) 1.20 £ 0.93 0.54 £ 0.53
DIcc Reduction (%Rx) 6.84+5.22 3.26 +3.30
D0.5¢cc Reduction (%Rx) 7.48 £ 6.65 3.70 £4.05

The aggregate results demonstrate that both displacement models consistently reduced
bowel dose metrics across the analyzed cohort, with Model 1 producing larger reductions than
Model 2 for all evaluated metrics. On average, Model 1 achieved greater reductions in maximum
dose, mean dose, and both dose-volume metrics compared to Model 2; this is thanks to the larger
displacements achievable within Model 1. The relatively large standard deviations observed
across all metrics indicate notable variability between individual cases. This variability is
expected given the differences in anatomical geometry, tumor location, and treatment plan
characteristics among patients. The largest reductions were seen in adrenal and pancreas cases,
whereas abdominal cases demonstrated minimal improvement due to difficulty in RMNS
positioning, as well as the presence of multiple competing high-dose regions within the treatment

plan.
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6. Finite Element Analysis and Patient Specific Modeling

The analytical models developed in the previous chapters provide a useful framework for
estimating GI OAR displacement under externally applied magnetic forces. These models enable
rapid evaluation of displacement behavior across a variety of clinical scenarios and allow the
potential dosimetric benefits of GI displacement to be explored efficiently. However, the
simplified assumptions required for analytical modeling limit their ability to fully represent the
complex anatomical and mechanical environment present within the human abdomen.

In particular, the GI tract and surrounding abdominal structures exhibit highly irregular
three-dimensional geometries and heterogeneous mechanical properties that cannot be fully
captured using simplified geometric representations. Additionally, interactions between adjacent
organs, boundary constraints imposed by surrounding tissues, and nonlinear material behavior
may significantly influence the resulting displacement of GI tissue under applied forces.
Analytical models necessarily approximate these effects to remain computationally manageable.

Finite element analysis (FEA) provides a potential pathway for addressing these
limitations by enabling detailed biomechanical simulations using patient-specific anatomical
models. In an FEA framework, complex organ geometries derived directly from clinical imaging
data can be represented using three-dimensional mesh models, allowing realistic tissue
deformation and mechanical interactions to be simulated under applied loads. Such an approach
could provide a more detailed representation of magnetically induced bowel displacement within
individual patients.

To explore the feasibility of this approach, preliminary work was performed to
investigate a workflow for constructing patient-specific biomechanical models from clinical CT
images. This process involved extracting anatomical structures using 3D Slicer, preparing and
refining mesh geometries within Rhino 3D, experimenting with modeling approaches in

Grasshopper, and attempting finite element simulations using FEBio. The following sections
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describe this exploratory workflow and discuss the capabilities and limitations encountered with

each software platform.

6.1 Segmentation and Geometry Extraction (3D Slicer)

Patient-specific anatomical geometries were extracted from clinical CT datasets using the
open-source medical imaging software 3D Slicer. Clinical imaging data was imported into the
software using the DICOM interface within Eclipse, which included both the volumetric CT
image set and the associated RTSTRUCT contour data generated during the treatment planning
process. The RTSTRUCT file contains physician-defined contours of anatomical structures and
target volumes used for radiotherapy planning.

Within the 3D Slicer environment, the imported RTSTRUCT dataset allowed individual
anatomical structures to be visualized and selectively displayed in three dimensions. The figure
below illustrates an example of the CT dataset loaded into 3D Slicer, along with the

corresponding contoured anatomical structures reconstructed in three dimensions.

Figure 29: 3D patient structure set after importing patient specific DICOM file into 3D
Slicer.
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Utilizing the segmentation and model generation tools available in 3D Slicer, each
selected structure was converted into a triangulated surface mesh and exported as an STL file.
This allowed each anatomical structure to be represented as an independent three-dimensional
surface model. Exporting in this manner allowed individual manipulation of each organ geometry

in subsequent stages of mesh preparation and biomechanical modeling.

6.2 Mesh Processing (Rhino 3D)

The STL surface meshes exported from 3D Slicer were imported into Rhino 3D for
additional mesh processing and geometric refinement. While the meshes generated directly from
CT segmentation accurately represented patient anatomy, they contained a very large number of
surface elements due to the high spatial resolution of the original medical imaging data. As a
result, the raw meshes were computationally demanding to manipulate and posed challenges for
subsequent modeling and simulation workflows.

To improve mesh usability, several mesh-processing operations were performed within
Rhino. Surface smoothing tools were applied to reduce small segmentation artifacts and
irregularities that arise during CT-based surface reconstruction. Additionally, the QuadRemesh
function was used to convert the original triangulated meshes into quadrilateral-based meshes
with more uniform topology. This process significantly reduced the total number of surface

elements while maintaining the overall anatomical shape of the structures.
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Figure 30: Patient-specific stomach mesh processed and imported into Rhino.

Despite these optimizations, patient-specific meshes extracted directly from CT
segmentation remained relatively complex and computationally intensive to manipulate,
particularly when multiple anatomical structures were loaded simultaneously. To address this
limitation during exploratory modeling, simplified geometric representations of patient anatomy
were also constructed within Rhino. These simplified geometries preserved the approximate
spatial relationships between anatomical structures while greatly reducing the computational
burden associated with highly detailed segmented meshes.

The use of simplified geometries allowed preliminary modeling and exploratory
deformation studies to be performed more efficiently, while still maintaining a reasonable

approximation of the anatomical environment in which GI displacement would occur.

6.3 Exploratory Deformation Modeling (Grasshopper and Kangaroo)
The Grasshopper visual scripting environment within Rhino 3D was explored as a
potential framework for simulating deformation of anatomical meshes under externally applied

forces. Grasshopper allows geometric operations to be constructed through a node-based
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programming interface, enabling complex geometric transformations and relationships to be
defined without conventional scripting. This environment allows geometric workflows to be
constructed visually by connecting functional components that operate on geometric data such as
points, surfaces, and meshes. To incorporate basic physical behavior into these models, the
Kangaroo?2 physics engine was utilized within the Grasshopper environment.

Kangaroo? is a dynamic physics solver that allows mesh-based systems to be simulated
using particle-spring mechanics Within this framework, mesh vertices are treated as particles
connected through constraint relationships, allowing forces and geometric constraints to be
applied to the mesh structure. As the solver iterates, the mesh geometry is dynamically updated in
response to these constraints, allowing deformation behavior to be visualized interactively within
the Rhino program environment [58].

Within this work, anatomical meshes derived from CT-based segmentations were
imported into Rhino and processed within the Grasshopper environment. The meshes were then
incorporated into Kangaroo2 simulation workflows where forces were applied to selected mesh
vertices to stimulate localized deformation of GI structures. Initial exploratory models focused
mostly on stomach geometries, where external force vectors were applied at mesh locations
representing the positioning of the internal magnetic capsule. The Kangaroo2 ‘Bouncy Solver’
iteratively adjusted the mesh configuration in response to the applied forces and internal mesh

constraints, allowing qualitative deformation behavior to be observed.
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Figure 31: Grasshopper and Kangaroo2 workflow for stomach deformation simulation.

The above figure illustrates an example of this workflow. A stomach mesh imported into
Rhino is shown alongside the Grasshopper visual scripting interface used to define the
deformation model. The node-based structure defines mesh inputs, physical constraints, and
applied force vectors, which are then passed to the Kangaroo2 ‘Bouncy Solver’ to compute the
resulting deformation.

Although this framework allowed interactive visualization of deformation behavior,
several limitations were encountered when attempting to model realistic biomechanical tissue
deformation. The simplified particle-spring mechanics used within Kangaroo2 do not fully
represent the nonlinear material properties complex mechanical interactions present in biological
soft tissues. Additionally, constructing stable constraint systems for complex anatomical meshes
proved challenging within the visual scripting environment. As a result, while Grasshopper and
Kangaroo?2 provided a useful platform for exploratory deformation modeling and visualization,
they were not well suited for performing rigorous biomechanical simulations of GI tissue
displacement. These limitations motivated further exploration of dedicated finite element analysis

software for more advanced biomechanical modeling.
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6.4 Finite Element Modeling (FEBio)

To further explore the potential for more detailed biomechanical modeling of GI tissue
displacement, finite element analysis (FEA) was investigated through the software known as
FEBio. FEBio is an open-source FEA software specifically designed for biomechanical
simulations of biological tissues and materials. Unlike the simplified analytical models presented
in previous chapters, finite element modeling allows complex geometries, nonlinear material
behavior, and contact interactions between anatomical structures to be represented more

realistically.

6.4.1 Geometry Preparation and Mesh Generation

Initial efforts focused on importing patient-specific anatomical meshes generated from
CT-based segmentation. These initial structures were remeshed and smoothed within Rhino and
imported as STL meshes within FEBio Studio for finite element modeling; however, these
meshes contained very large number of surface elements and irregular geometries, resulting in
significant computational challenges during mesh generation and solver execution.

To reduce this computational complexity, simplified anatomical representations were
developed. In these models, GI structures such as the stomach and bowel segments were
approximated using cylindrical geometries within FEBio Studio. These simplified geometries
were then converted into volumetric finite element meshes using the TetGen meshing tools
available within the FEBio environment. The figure below illustrates an example of the simplified
finite element geometry used within these exploratory simulations. In this model, cylindrical
structures are used to represent the stomach and small bowel, with an additional rigid structure

representing the anatomical constraint of bone.
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Stomach

Figure 32: Simple meshes representing GI structures found within the abdomen.
6.4.2 Material Modeling

Several material formulations available within FEBio were explored to approximate the
mechanical behavior of gastrointestinal tissue. These included Neo-Hookean, Mooney—Rivlin,
and elastic damage material models. The Neo-Hookean and Mooney—Rivlin formulations are
commonly used hyperelastic models for soft biological tissues and allow specification of
mechanical properties such as Young’s modulus and Poisson’s ratio [51], [59].

The elastic damage material formulation was also investigated as a potential method for
modeling progressive tissue deformation and localized mechanical failure. However, this model
required additional parameters related to damage evolution and damping coefficients that were
difficult to determine from available literature. As a result, implementing stable simulations using

this formulation proved challenging.
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6.4.3 Boundary Conditions and Loading Conditions

Various loading and boundary condition strategies were explored to simulate the
interaction between the magnetic capsule and GI tissue. These included: (1) nodal force
application, representing the magnetic force acting on the tissue at the location of the magnetic
capsule; (2) prescribed displacements, used to approximate externally induced tissue deformation;
(3) representing the magnetic capsule as a rigid body interacting with surrounding tissue through
rigid interactions; (4) the implementation of sliding-elastic contact forces between different
anatomical structures; and (5) zero-displacement boundary conditions to constrain selected
regions of anatomical geometry. These approaches were tested individually and in combination to

approximate the mechanical interaction between the capsule and surrounding GI tissue.

6.4.4 Solver Behavior and Numerical Challenges

During simulation, several numerical challenges were encountered that limited the
stability of the models. Solver issues included but were not limited to zero-line step size errors,
negative Jacobian determinants, and non-convergence of the nonlinear solver. In many cases, the
simulations terminated due to these errors and only partial simulations were achieved. To
improve the solver stability, several adjustments were attempted. These included modifying the
simulation time duration, adjusting the time step sizes, iteratively reforming the stiffness matrix
during simulation, and transitioning from static analysis to a dynamic Langrangian formulation.
These modifications did improve solver behavior in situations, allowing some simulations to
progress further before termination.

However, simulations incorporating more complex material formulations such as elastic
damage models were particularly difficult to stabilize. In these cases, interactions between the
rigid magnetic capsule and surrounding tissue often produced unstable deformation behavior; the
capsule exhibited unrealistic motion within the simulated structures where it bounced around the

interior.
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6.4.5 Example Simulation Results

Stomach

Figure 33: FEBio simulation of stomach deformation under applied nodal force.
Despite the challenges described, several exploratory simulations were successfully
executed using simplified material models and nodal force loading conditions. The figure above
shows an example finite element model simulation result consisting of simplified stomach and
bowel geometries with a rigid bone anatomical constraint. In addition, the figure below shows the
corresponding displacement magnitude distribution generated during one of these finite element
simulations. In this example, localized deformation of the stomach structure is visible in the

region where the nodal force is applied.
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Stomach

Figure 34: Example displacement magnitude distribution obtained from an FEBio
simulation.

Although these simulations provided useful visualization of deformation behavior, many
of the models did not fully converge and therefore did not produce reliable quantitative results.
As aresult, these simulations were used primarily to explore modeling strategies rather than to

generate definitive biomechanical predictions
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6.4.6 Future Potential of Patient-Specific Finite Element Modeling

Despite the challenges encountered during these exploratory simulations, finite element
analysis remains a promising approach for modeling magnetically induced GI displacement in a
patient-specific manner. Unlike analytical models, finite element frameworks can incorporate
realistic anatomical geometries derived from medical imaging, heterogeneous tissue material
properties, and complex interactions between adjacent organs.

Future work could build upon these preliminary investigations by refining mesh
generation strategies, improving material parameter selection, and implementing more robust
contact modeling. With further development, patient-specific finite element models could provide
detailed predictions of tissue deformation under magnetic actuation, potentially enabling more
accurate assessment of organ displacement and associated dosimetric benefits in radiation therapy

planning.
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7. Conclusion

This work investigated the feasibility of using magnetically induced GI displacement as a
strategy for reducing radiation dose to GI OARs during abdominal SBRT. Analysis of clinical
SBRT plans demonstrated that GI structures are frequently located within proximity to the PTV,
with approximately 70% of cases examined containing GI tissue within 2cm of the target. This
close spatial relationship exposes healthy GI tissue to high radiation doses and highlights the need
for strategies that increase separation between the PTV and surrounding OARs.

To evaluate the potential benefits of magnetic GI displacement, analytical mathematical
models were developed to estimate bowel deformation and displacement under externally applied
magnetic forces via RMNS. Following initial screening of clinical cases based on GI proximity to
the PTV, a subset of 10 anatomically favorable cases was further refined through physician
review to identify scenarios where magnetic displacement would be clinically feasible. These
representative cases were then used for detailed dosimetric evaluation using the developed
mathematical models.

Application of the models demonstrated that simulated GI displacement can produce
reductions in maximum dose, mean dose, D1cc, and DO0.5cc to affected GI structures. The first
model, which utilized Euler-Bernoulli beam theory and accounted for both global and local
bending, generally predicted larger displacements and correspondingly greater reductions in dose
compared to the second model, which incorporated spatial constraints form surrounding anatomy.
These results suggest that magnetically induced GI displacement has the potential to provide
measurable dosimetric benefits in selected abdominal SBRT cases where GI OARs are located
within close proximity to the PTV.

Exploratory finite element modeling was also performed to investigate more advanced
biomechanical simulations of GI deformation. While these preliminary simulations demonstrated

qualitative deformation behavior under applied loading, numerical convergence challenges
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limited the ability to generate stable quantitative predictions. Nevertheless, these investigations
highlight the potential for future patient-specific biomechanical modeling approaches to further

improve prediction of organ displacement under magnetic actuation from a RMNS.

7.1 Clinical Considerations for a Clinical RMNS

While the results of this study suggest that magnetic GI displacement may provide
dosimetric benefits in selected abdominal SBRT cases, several factors may influence the clinical
feasibility of this approach. The magnitude of achievable displacement will depend on the
strength of the applied magnetic force as well as the anatomical constraints of the surrounding
abdominal tissues. In the clinical environment, bowel motion may be constrained by adjacent
organs, mesenteric attachments, and surrounding soft tissues, which may limit displacement
compared to the simplified modeling scenarios explored in this work. In addition, the depth and
location of the internal magnet capsule relative to the external RMNS will affect the magnitude of
the applied force, with increasing depth reducing achievable displacement.

Practical considerations related to placement of the RMNS must also be considered. In
some cases, the optimal location for applying the magnetic field may coincide with the treatment
couch, making it physically impossible to position the RMNS in that location during treatment
delivery. Alternative patient positioning, such as prone positioning, may be required to achieve
favorable displacement directions.

Despite these considerations, the modeling results suggest that even small displacements
can produce meaningful reductions in OAR dose. In the representative clinical cases analyzed,
the displacement magnitudes predicted by the mathematical models were generally only a few
millimeters yet still resulted in measurable reductions in maximum dose, mean dose, dose to 1cc,

and dose to 0.5cc.
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7.2 Limitations

Several limitations of this study should be considered. First, the analytical models
developed in this work rely on simplified geometric and mechanical assumptions to estimate
bowel displacement. While these models provide useful first-order estimates of deformation
behavior, they cannot fully capture the complex anatomical environment and heterogeneous
tissue mechanics present within the abdomen; in particular, there is inherent uncertainty in the
exact elastic properties of gastrointestinal tissues, as these cannot be precisely determined without
patient-specific in vivo characterization.

Additionally, the modeling framework used assumes a simplified displacement of the GI
contour without accounting for any corresponding deformation or shift of the PTV. This
assumption likely results in an overly optimistic estimate of achievable GI sparing, as interactions
between surrounding anatomical structures are neglected. A future direction for combatting this
limitation is being explored in deformable registration within the abdomen. Uncertainty also
exists in the accuracy of the GI contours used in this study. These contours were derived from
clinical datasets and may be overly conservative as bowel position can vary significantly on a
day-to-day basis. As a result, the true spatial relationship between the bowel and PTV during
treatment may differ from that represented in the planning images.

Furthermore, the PTV margins used in this analysis may be larger than what would be
employed in a clinical workflow incorporating online adaptive radiotherapy (0ART). Because GI
sparing strategies would likely be paired with adaptive techniques that account for daily
anatomical variation, the margin assumptions in this study may underestimate the potential
clinical benefit.

Second, the dosimetric evaluation was performed on a limited number of representative
clinical cases selected through physician review, and the magnitude of the achievable

displacement and dose reduction may vary across a broader patient population. Additionally, the
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displacement values predicted by the models assume that the applied magnetic forces can be
realized clinically, which will depend on the performance and positioning of the RMNS.

Finally, the finite element analysis performed in this work was exploratory in nature.
Numerical convergence challenges and uncertainty in simulated tissue material properties limited
the ability to generate stable, patient-specific simulations. Future work incorporating improved
material characterization and refined modeling techniques may enable more accurate

biomechanical simulation of GI deformation under magnetic actuation.
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