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Abstract

Radiation-induced implant capsular contracture is a challenging complication of post-
mastectomy breast reconstruction. The objective of this thesis was to establish a novel rodent
model that replicates the critical properties of this complication. Retired breeder female
Sprague-Dawley rats underwent surgery with custom smooth silicone implants placed under the
right 4" mammary fat pad. Half these rats received 26Gy of ionizing radiation to the implant and
fat pad. Radiated implants had both higher Baker grades of capsular contracture and Kumar
scores denoting radiation-induced fibrosis. Irradiated capsules showed increased Masson’s
trichrome staining and significantly higher hydroxyproline to total protein ratio compared to
controls, collectively indicating higher collagen levels in irradiated capsules. Picrosirius red
staining qualitatively demonstrated a trend towards increased red birefringence in irradiated
capsules, reflecting denser collagen bundling. This model is therefore a reliable reproduction of
radiation-induced capsular contracture, and can be used to evaluate potential preventative and

therapeutic non-surgical interventions.

Keywords

capsular contracture, implant capsular contracture, mammary fat pad, breast reconstruction,

radiation fibrosis, rat model capsular contracture, collagen deposition, collagen fibril bundling



Summary for Lay Audience

Breast reconstruction can improve the quality of life for women with breast

cancer. Reconstructing, or creating a new breast, with silicone implants is the most common
technique. Excessive scarring around the implant is a difficult problem after surgery and is
greatly increased when the patient has radiation treatment. This can be extremely painful and
disfiguring for the patient. This thesis outlines the creation of an animal experimental model of
this scarring around implants after radiation. For the study, 13 female rats had surgery to place
implants below their breast tissue on the right side. Four weeks after surgery, half of the rats
then received radiation treatment to the implant and breast tissue, the other half did not. The
amount of scarring around the implants was examined and graded using known rating scales.
The rats were sacrificed four weeks after radiation and eight weeks after surgery. The implant
with surrounding scar and breast tissue were collected. Special tests were used to look at the
scarring under the microscope and also to measure the amount of collagen in the scar around the
implant. The difference between the rats receiving radiation and no radiation was compared.
The radiation treatment created more scarring around the implant that could be seen and felt on
exam. This could also be seen under the microscope with our special stains of the scar tissue.
The radiated implant scar had more collagen measured with our special test. This thesis shows
successful creation of an animal model of radiation created implant scar and has potential to
impact the lives of women with breast cancer. This model is special because custom miniature
implants were used that are exact copies of the ones used for patients. As well, the implants
were placed below breast tissue which is unigque, and replicates the position in patients. This
model can be used in the future to further study this scarring and test possible medications that

can prevent this problem.
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1 Introduction

1.1 Breast Reconstruction

In Canada, it was estimated that 27, 400 women would be diagnosed with breast cancer in 20201.
Due to increased screening and improvements in adjuvant therapies, the 2020 projected mortality
rate was 22 per 100 000 population, a decline of 49% since its peak in 1986 (43 per 100 000
population)!. The 5-year and 10-year survival rates for breast cancer are 88% and 82%,
respectively?. With improvement in overall survival, comes improvements in quality of life.
One factor that can improve the quality of life of women with breast cancer is breast
reconstruction. Women undergoing mastectomy can choose to have their breast reconstructed
either using their own tissue (autologous) or with implants (alloplastic), and this is an informed
decision that is made between the patient and surgeon.

Alloplastic, or implant-based breast reconstruction, continues to increase in popularity and
remains the most common form of breast reconstruction®. Improvements in implants and
techniques such as use of acellular dermal matrix, fat grafting, and nipple-sparing mastectomy
have contributed to this increase in popularity as outcomes have correspondingly improved. In
addition, there has been an increase in bilateral reconstructions as more women with breast
cancer genes are identified and undergo prophylactic mastectomies®. In post-mastectomy
implant-based reconstruction, a breast implant is placed either at the time of mastectomy
(immediate reconstruction), or in a delayed fashion, after mastectomy and adjuvant therapies. If
placed immediately at the time of mastectomy in a single-stage, the implant is most commonly
placed below the pectoralis major muscle and acellular dermal matrix is used as a biologic mesh
to support the implant. Increasingly, sub-glandular (pre-pectoral) reconstruction is being used in

conjunction with acellular dermal matrix®.

In a delayed setting, a 2-stage procedure is required. First a temporary tissue expander is placed,
and then after expansion has occurred, it is exchanged for a permanent implant. If adjuvant
radiation has been given, then the tissue expander is most often placed in combination with
autologous tissue by use of a latissimus dorsi pedicled flap. This is done for the purpose of

bringing into the area non-radiated, and well-vascularized, tissue to allow for better expansion.



The most common autologous reconstruction option remains the DIEP flap (deep inferior
epigastric perforator). This is a skin and subcutaneous tissue flap taken from the lower abdomen,

that is transferred by microsurgical techniques to build the new breast.

1.2 Post-Mastectomy Radiation Therapy

According to the American Society of Clinical Oncology guidelines, indications for post-
mastectomy radiation therapy (PMRT) include close (<4mm) or positive margins, large primary
breast tumours >5cm, or 4 or more positive lymph nodes®. There are more recent guidelines
however that suggest PMRT be considered in order to reduce locoregional recurrence in those
with 1 to 3 positive lymph nodes”®. Post-mastectomy radiation therapy has been shown to
reduce the rate of loco-regional recurrence in node-positive patients®. In the setting of expected
adjuvant PMRT, immediate autologous reconstruction (DIEP flap) is often the preferred
technique. This is because patients who have undergone immediate alloplastic breast
reconstruction and require PMRT have been found to have poorer aesthetics scores, higher
complication rates, including capsular contracture and reconstructive failure, and lower patient
satisfaction scores in comparison to patients who do not receive radiation®. However, there may
be reasons autologous reconstruction may not be an option for patients including; inadequate
abdominal adipose tissue, prior abdominoplasty, or medical comorbidities prohibiting long
anesthetics!®. In these cases, patients may decide on immediate alloplastic reconstruction even
knowing the risks of radiation, as opposed to living without a breast. There are also instances
where PMRT is not expected preoperatively, but then the final pathology dictates otherwise. In
the setting of immediate alloplastic breast reconstruction, the rate of PMRT in the literature
ranges from 15.9% to 17.0%°%12,

1.3 Breast Conserving Therapy

In patients that undergo lumpectomy and breast conserving therapy (BCT), radiation therapy to
the remaining breast has been shown to halve the rate of local recurrence®®. In BCT patients,
there can be loss of volume of the breast, creating asymmetry with the contralateral natural
breast. In this setting, some patients seek out augmentation of the smaller breast in lieu of a
reduction of the contralateral breast. In addition, there are patients that have previously
undergone cosmetic augmentation and then subsequently develop breast cancer. Patients may be



candidates for BCT, and receive radiation therapy with their breast implant in situ. In each of
these scenarios, there is the potential for a breast implant to be in the field of radiation during
treatment, or subsequently being placed in breast tissue that has undergone radiation fibrosis.
Breast augmentation remains one of the top 5 most common surgical cosmetic procedures
according to the American Society of Plastic Surgery4. As the population ages, there will be
increasing numbers of women who develop breast cancer with prior augmentation. A recent
literature review showed that the risk of developing capsular contracture with BCT was 22%,
with the risk being greater for whole breast irradiation and higher doses, compared to accelerated
partial breast irradiation'®. Current National Comprehensive Cancer Network (NCCN)
guidelines recommend dosing regimens of 46-50 Gy in 23-25 fractions, or 40-42.5 Gy in 15-16
fractions for whole breast radiation. Typical boost doses, recommended in patients at higher risk
for recurrence, relevant for patients who undergo BCT, are 10-16 Gy in 4 to 8 fractions!®.

Accelerated partial breast irradiation is reserved for select patients with low risk cancers.

1.4 Breast Implant Capsular Contracture

Breast implant capsular contracture is a difficult and unpredictable complication occurring in up
to 25% of all implant based breast reconstructions’~2°. For women with breast cancer, adjuvant
radiation therapy can improve long term survival rates and decrease local cancer recurrence, but
also dramatically increases the rate of capsular contracture - up to 73% 2. Normal capsule
formation is the result of an inflammatory foreign-body response to the implant in order to
promote wound healing and is necessary to produce a stable collagen capsule that maintains the
implant position. Capsular contracture occurs if the response persists towards chronic
inflammation, with persistent recruitment and activation of fibroblasts that differentiate into
myofibroblasts, and thus leading to excessive myofibroblast activity that results in collagen
deposition and bundling. This in turn causes fibrosis and contracture of a rigid collagen
capsule?®?®, Activated fibroblasts and myofibroblasts are characterized by high expression of
fibroblast activation protein (gene name FAP) and a.-smooth muscle actin (aSMA, gene name
ACTA2) respectively 242, The pathological switch that propels a ‘healthy capsule’ towards
contracture formation remains incompletely characterized, and the etiopathology is likely

multifactorial. Interestingly, post-radiation delay of implant-based reconstruction does not



eliminate the risk of capsular contracture, indicating a persistent level of radiation-induced

fibroblast activation leading to fibrotic progression®’28,

Clinically, patients can experience painful capsular contractures, breast disfigurement,
psychological distress, and risk of reconstructive failure with implant loss. A variety of
preventative intra-operative techniques are used to reduce the incidence of capsular contracture
such as triple-antibiotic solutions or povidone-iodine irrigation to wash implants prior to
insertion, and limiting direct handling of implants, which have shown efficacy?® .,
Pharmacological therapies such as steroids and systemic leukotriene antagonists have also been
used, but there is limited evidence to support their efficacy?>*2. Montelukast (Singulair; Merck)
and zafirlukast (Accolate; AstraZeneca), are both leukotriene antagonists approved for the
treatment of asthma. They reportedly act by inhibiting cysteinyl leukotrienes (leukotrienes C4,
D4, and E4) and suppress myofibroblasts®>. However, their utility in treating capsular
contracture is controversial®2.

Prevention of capsular contracture remains the mainstay of treatment with meticulous surgical
technique and sterility. Once contracture develops, surgical management remains the only
reliable option with surgical excision of part or all of the capsule (capsulectomy) and implant
replacement. If contracture recurs, implant removal and failure of reconstruction may occur, a
devastating consequence for many women whom breast reconstruction closes the chapter of their

oncologic recovery®.

1.5 Radiation-Induced Fibrosis

lonizing radiation is integral to breast cancer therapy. The therapeutic effect of ionizing radiation
is attributed to induction of DNA damage that causes apoptosis of cancer cells®3. lonizing
radiation generates reactive oxygen species (ROS), and these are implicated in the establishment
of the late complication of external beam radiation, radiation-induced fibrosis (RIF). RIF can
occur in skin and subcutaneous tissue, as well as other organs®. This radiation injury to normal
tissue is ultimately the result of persistent inflammation and hyper-activation of fibrotic
pathways resulting from both the stimulation of fibroblast proliferation and differentiation into
myofibroblasts*>%®. Not only is there excessive fibroplasia, but myofibroblasts produce collagen

and other extracellular matrix components that culminate in fibrosis and reduce the tissue



compliance®®. This reduced tissue compliance impairs the quality of life for cancer patients, and
poses challenges to post-mastectomy breast reconstruction. The persistently inflamed micro-
environment and myofibroblast survival are considered to be major factors in radiation-induced

capsular contracture.

Radiation injury is triggered by a cascade of cytokine activation with TGF-3 as the master
switch®®. TGF-P signaling is mediated via two cell surface serine/threonine protein kinase
receptors®’. TGF-P type II receptor first binds TGF-p and presents it to the type I receptor,
leading to the formation of a heterotetrameric receptor complex and activation of TGF-f type 1
receptor. SMAD proteins are a class of proteins that mediate responses to the TGF- ligands and
receptors; activated TGF- type 1 receptor induces phosphorylation and nuclear accumulation of
SMAD proteins, which then act as transcription factors promoting the expression of various

target genes®’.

A role for the TGF-f signaling pathway has been reported in one study with respect to
development of radiation-induced implant capsular contracture. Katzel et al (2011) used
SMAD3 knock-out mice to demonstrate the role of TGF-f3 signaling through phosphorylation of
SMAD?3 in radiation-induced capsular contracture. They found that irradiated smooth silicone
implants, placed dorsally in the knock-out mice, demonstrated few changes on micro-computed
tomographic scanning compared to wild-type mice that showed shape and contour deformation®®.
Histological analysis with hematoxylin and eosin/Alcian blue staining showed differences in
capsular thickness with the wild-type mice showing thicker capsules with more disorganization
of the collagen fibers. Overall, the results suggested SMAD3/ TGF-J are potential targets for
prevention of capsular contracture. The limitations in this study were placement of the implants
under dorsal skin of the mice as opposed to ventrally under mammary fat pads, which mimics
placement in patients. Multiple sessions of general anesthesia were used to complete the micro-
CT scanning, increasing the risk of systemic complications to the mice. Limited histologic
analysis of capsular tissue and no immunohistochemistry was performed in this study to establish
evidence for fibrosis and capsular contractures. Future studies to further elucidate the TGF-f3

pathway in radiation-induced capsular contracture are necessary.



1.6 Clinical Grading Scales

1.6.1  Capsular Contracture

The clinical grading of capsular contracture was introduced in 1978 by Baker. This scale is still
the most widely used and accepted for clinical classification. It ranges from grade 1 (hormal
capsule) to grade 4 (severe) (Table. 1)>*%°, The Baker grade has been used in animal models of
capsular contracture, including porcine and rabbit models, and given that it is a clinical

qualitative grading scale it can easily be applied to different species*: .

Table 1. Baker Classification of Capsular Contracture after Augmentation Mammoplasty.

I Breast absolutely Natural
natural; no one could
tell breast was
augmented

] Minimal contracture; | Palpable
| can tell surgery was
performed, but
patient has no
complaint

i Moderate Visible
contracture; patient
feels some firmness
v Severe contracture; Painful
obvious just from
observation

1.6.2  Radiation Injury

The Kumar score is a scale that was originally developed for assessment of radiation injury in the
hind leg of mice (Supplemental Figure 1)*. Within animal model-based literature, it has been
used to provide a high level of detail for cutaneous radiation injury including erythema, dry

desquamation, moist desquamation, ulceration, and full thickness injury®’.



SCORE SKIN CHANGES

1.0 No effect

1.5 Minimal erythema, mild dry skin

2.0 Moderate erythema, dry skin

25 Marked erythema, dry desquamation

3.0 Dry desquamation, minimal dry crusting

35 Dry desquamation, dry crusting, superficial minimal scabbing
4.0 Patchy moist desquamation, moderate scabbing

45 Confluent moist desquamation, ulcers, large deep scabs
5.0 Open wound, full thickness skin loss

55 Necrosis

Supplemental Figure 1. Kumar Scale. A non-linear, semi-quantitative scale to assess radiation skin damage in
mice.

1.7 Current Animal Models

There have been numerous published studies using various animal models of capsular
contracture. There is great variability in these published models, and there remains a paucity in
the literature of a reproducible and robust animal model of radiation-induced capsular
contracture. Ideally, there would exist a “gold standard” model that could be used reliably and
repeatedly. One variable factor in published studies has been the type of animal used. Rodents
remain the most common animal used, with some models using mice, and others that have used
rats. There is consensus in the literature that the rat provides a reliable, reproducible and
relatively cheap model, while providing accurate histological extrapolation to human tissue®®.
Rats are also larger rodents than mice, which makes any surgical procedure and implant
placement easier. In general, the radiation dosages studied in animal models are comparatively
higher than human doses, as rodents, and specifically rats, are relatively radio-resistant. For
example, Takikawa et al developed a rat model of radiation-induced skin ulcers using a single
dose of 30 Gy that induced erosion and ulcers at 4 weeks, where they found no visible change

with a 10 Gy dose®®. Optimizing the dose of radiation creates a challenge to any rat model, in



that a high enough dose to induce capsular fibrosis, while minimizing systemic effects and skin

ulcers is required.

Wright et al used female Sprague-Dawley rats and placed custom 2mL smooth implants (Mentor,
J&J) either subcutaneously dorsal or submuscular below latissimus dorsi>. Ten days
postoperatively, rats underwent targeted 20 Gy radiotherapy. At 3-months post-operative, both
irradiated groups showed hair loss and hyperpigmentation at the radiated site, indicating mild
fibrosis. The histologic examination was limited to capsular thickness, that showed no difference
between groups. However, the authors comment that the subcutaneous placement showed more

morphological and clinical deformation than submuscular placement as viewed on micro-CT.

Diehm et al in their 2019 study used female Lewis rats and miniature textured silicone implants
in the submuscular dorsal position®t. At one day post-operative, they delivered a 10 Gy single
dose based on Katzel et al (2010 and 2011) who found deformational change on micro-CT to a
custom implant in mice®¥°2. Diehm et al in their study found capsule thickness was higher in the
irradiated group both on MR imaging and histologic analysis. As well, they observed a denser
arrangement of collagen fibers accompanied by an overexpression of pro-fibrotic and
inflammatory genes CD68 or TGFB-1. They found that injections of collagenase of the
bacterium C. histolyticum (CCH) reduced capsular thickness, but they experienced hematomas
as a complication due to vessel wall thinning from unfractionated irradiation. They then
modified their model to deliver the radiation in fractionated doses of 6 fractions of 8 Gy,
equivalent to a clinical treatment regimen, as literature suggests increased vessel wall thickness
with fractionated dosing®®. This radiation delivery was effective at inducing contracture as well,
and they did not experience any hematomas with the CCH injections. CCH demonstrated to be

effective on reducing capsular thickness and fibrosis.

Eltze et al also used fractioned dosing in their study using male Sprague-Dawley rats and
subcutaneous placement of modified textured implant or tissue expander®*. Radiation was
delivered 1-month post-operative using 6-MeV electron beam divided into three fractions of 7.75
Gy each in 5 days for a total dose of 23.25 Gy. They examined fibrosis and capsular contracture
qualitatively rating as mild, moderate, and severe and found greater fibrosis in the radiated group

at 1-year post-implantation.



Although Eltze et al and Diehm et al demonstrated induction of capsular contracture with
fractionated dosing, which replicates treatment model used in patients, this is impractical in an
animal model. This limits the model’s reproducibility, given that it requires multiple treatment
sessions to coordinate and multiple anesthetics for the animals. Erpolat et al (2021) used male
Wistar rats, placing a smooth mini silicone implant beneath the panniculous carnosis®. Similar
to Wright et al, they delivered a single fraction of 21.5 Gy external irradiation using a 6-MV
linear accelerator. Their aim was to maximize fibrosis and capsular contracture while minimizing
the number of anesthetics required. They then evaluated the histologic and
immunohistochemical findings at 3 months after radiation. This is in accordance with Kim et al.
who showed that capsular contracture of irradiated mice had become more apparent at 3 months
compared with the findings at 1 month®®. From these published studies, it is clear that a one-time
dose of at least 20 Gy is sufficient to induce minimal contracture, while 30 Gy induces ulcer
formation. Therefore, one-time total dosing would be between 20-30 Gy in an ideal model.
Although fractionated dosing is effective, it is not efficient for a laboratory model. In terms of
follow-up period, 1 month appears sufficient to see an effect, and remains more practical than an
extended period of up to 1 year.

These previous rodent models of radiation-induced capsular contracture are not only inconsistent
in their radiation dosing, but also their implant type and position. Regarding implant type,
various substances have been used as the “implant” ranging from small pieces of silicone sheet
to manufacturer supplied custom mini-implants, either with textured or smooth surface. For best
reproducibility, a model that uses custom replicate silicone implants by the major implant
manufacturers would be ideal, as this would reproduce the implants used in humans. The other
limitation is that these previous models have either placed the implants dorsally or mediolaterally
in the subcutaneous, sub-panniculus carnosus, or sub-muscular position (sub- latissimus dorsi
muscle). To my knowledge, none have yet been reported to place implants sub-mammary, a

unique position that replicates placement in patients.

Truong et al has previously developed a novel rodent model of mammary fat pad fibrosis by
administering a single dose of gamma radiation (26Gy/11.2min) to the 4th left and right
mammary fat pads in retired female Sprague-Dawley breeder rats®’. Radiation-induced fibrosis

was detectable as early as 1-week post-radiation and was substantial by 3-weeks post-radiation.
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Molecular and biomarker analyses confirmed that this dose of radiation was sufficient to induce
fibrosis of the mammary fat pad. This model provides a basis of radiation-induced mammary fat
pad fibrosis that could be easily adapted to include a sub-mammary fat pad implant. Thus, it can
be adapted to create a novel rodent model for radiation-induced breast capsular contracture.
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2  Thesis Objective and Aims

The main objective of this thesis is to establish a unique in vivo rodent model of radiation-induced
breast implant capsule contracture that replicates the type of implant and tissue positioning used
in humans, that can then be used to identify non-surgical therapies for reducing or preventing

capsular contracture.

Objective 1: Modify the previously established rodent model of radiation-induced mammary fat

pad fibrosis developed by Truong et al to include a sub-mammary gland silicone prosthesis.

Aim 1. Develop a standard surgical procedure in a rodent model that can be easily
replicated involving the implantation of a right 4" sub-mammary fat pad silicone
prosthesis.

Aim 2: Develop a standard radiation protocol to deliver one-time dose of irradiation to the

4" right mammary fat pad and implant for a total dose of 26 Gy.

Aim 3: After surgery and delivery of radiation treatment; use established clinical
assessments of capsular contracture and radiation fibrosis to evaluate for effect.

Objective 2: To assess for radiation-induced fibrosis, of implant capsules and adjacent mammary

fat pads, and compare to non-radiated implant capsules and adjacent mammary fat pads.

Aim 1: Use paraffin embedded tissue sections stained for Masson’s Trichrome and
Picrosirius Red to quantify collagen content and collagen architecture of the right 4%
implant capsule and adjacent mammary fat pad in radiated animals compared to non-

radiated. As well as in the left 4" mammary fat pad sham surgery tissue samples.

Aim 2: Use tissue hydrolysis assays for hydroxyproline and total protein to quantify the
amount of collagen in tissue samples of the right 4" implant capsule and adjacent mammary
fat pads in radiated animals compared to non-radiated. As well as in the left 4" mammary

fat pad sham surgery tissue samples.
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3 Methods

All experiments were approved and compliant with the standard operating protocols of the Animal

Use Subcommittee (Protocol # 2017-153) at Western University in London, Ontario, Canada.

All animal work was conducted at London Health Sciences Centre, London Regional Cancer

Program (LRCP), and Health Sciences Animal Research Facility, Western University.

3.1 Animal Experiments Overview

Experiments were conducted using Sprague Dawley retired female breeder rats (Charles River)
to determine the dose of radiation required to induce clinically detectable fibrosis and implant
capsular contracture. Rats were caged in pairs, in a temperature-controlled room, with a 12-hour
light/dark cycle, and were provided water and a standard rat diet. One rat was kept as a control
(no surgery, no radiation). Figure 1 outlines the experimental overview. Thirteen rats underwent
implant surgery (described below), with seven rats then receiving radiation to the implant 4-5
weeks post-operatively (surgery, radiation). Six rats were kept as non-radiated implant surgery
controls (surgery, no radiation). Experiments were done in two sets. The first set having five
animals total - 3 surgery/radiation, 1 surgery/non-radiation, and the single control animal. The
surgery protocol and radiation delivery was determined to be technically feasible in the first set
of animals and thus, the second set was then completed with four additional surgery/radiation

rats (7 total) and five surgery/non-radiation rats (6 total).

Power analysis and sample size calculation was performed using the following equation for a
qualitative endpoint between two groups®®: Sample size = 2 (Za2+ ZB) 2 x P (1 — P)/(pl — p2) 2.
A power of 0.8 and significance level of p < 0.05 was used. The endpoint used was the
development of clinically detectable capsular contracture. The prevalence in the case (radiated)
group (pl) was assumed to be 100% or 1.0, and the prevalence in the control (non-radiated)
group (p2) 20% or 0.2 based on the rate in the literature of development of capsular contracture

without radiation.
Zap = Zoosi2=Z 0.025 = 1.96 (From Z table) at type 1 error of 5%

7B =70.20 = 0.842 (From Z table) at 80% power
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P = Pooled prevalence = (prevalence in case group [p1] + prevalence in the control group [p2])/2
=(1+0.2)/2=0.6

Sample size = 2 (Za/2 + ZB) 2 x P (1 — P)/(pl — p2) 2= 2(1.96 + 0.842)? x 0.6 (1-0.6)/(1-0.2)2 =
5.88.

Thus, a sample size of 6 rats was calculated per group, and accounting for a 10% attrition rate, 7
rats per group would be needed. Unfortunately, one rat in the non-radiation group died
unexpectedly after receiving the animals at our facility. This was prior to the beginning of the
experiments, and was not an adverse event of the protocol. The timing between the two sets of

animal experiments was unintentionally extended due to the COVID-19 pandemic.

Retired Female Sprague-Dawley Rats
(13 total)

SURGERY (All Rats)
Mini-silicone implant - RIGHT 4" mammary fat pad
Sham surgery - LEFT 4" mammary fat pad

/ 4 week RECOVERY \

Group 1 Group 2
RADIATION (7 Rats) NO Radiation (6 Rats)

1stset— 3 rats 1stset— 1 rat
2nd set—4 rats 2nd set— 5 rats

\4 week RECOVER‘Y/

Euthanasia
8 weeks Post Surgery

260y
RIGHT side

Figure 1. Animal Experiment Overview.
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3.2 Surgery

Surgery was conducted at the LRCP animal facilities. Animals were weighed then administered
a single dose of Meloxicam (1-2mg/kg) thirty minutes pre-operatively. Animals were then
induced and maintained with isoflurane gas anesthesia via a nose cone for the surgery (Figure 2).
Rats were positioned supine on a warming pad and limbs secured in position with tape.
Lubricant was used to protect the eyes. Temperature was then measured. Hair over the 4™ set of
mammary fat pads was then clipped in a 2cm diameter centered around the nipple. Skin was
prepped with antiseptic scrub (chlorhexidine) followed by alcohol wipe and then final
application of antiseptic solution (betadine). On the right and left side, an incision was made
through the skin and subcutaneous tissue below the 4™ mammary fat pad, a pocket was then
dissected below the fat pad with scissors (Figure 3). On the right side, a 2cc custom “mini”
cohesive silicone gel implant (Mentor, Johnson&Johnson) was placed in the pocket after being
irrigated with betadine. Dimensions of the implant are 2cm diameter and 1cm projection
(height) (Figure 4). On the left side, no implant was placed (sham surgery). The incisions on
both sides were then closed with an absorbable suture and secured with skin glue. Animals were
then administered oxygen vis nose cone until awoken from anesthesia and then transferred to a

clean bed for recovery.
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Figure 2. Rat surgery set-up. Gas anesthesia provided via nose cone with 4th set of mammary fat pads clipped in

preparation.

_
¢
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Figure 3. Intraoperative image of rat implant surgery demonstrating the pocket created below the right 4th

mammary fat pad.

15
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Figure 4. “Mini” cohesive silicone gel implants supplied by Mentor/J&J. Base diameter is 2cm, and projection of
the implants is 1cm.

3.3 Post-Operative Monitoring

Animals were monitored daily for the first 7 days post-operatively and then weekly thereafter.
Meloxicam was administered (1-2mg/Kg) on post-operative day 1. Weight was recorded along
with recording behaviour, appearance, activity, and examining the surgical site for
complications. The rats that did not undergo radiation treatment were continued to be housed
and monitored at LRCP until 8 weeks post-operative. The implant was examined weekly for

evidence of capsular contracture and given a Baker grading score.

3.4 Irradiation

The animals in the radiation group underwent irradiation to the implant at 4-5 weeks post-
operatively. The initial set with three rats underwent radiation at 5 weeks, and the second set of
four rats at 4 weeks. The difference in radiation timing between the groups was due to
scheduling constraints. The irradiation was carried out at the LRCP using a clinical linear
accelerator (Clinac 21iX, Varian Medical Systems, Palo Alto, CA) for a total of 26Gy (2600MU
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at 600MU/min). A total dose of 26Gy was chosen as this dose was able to induce clinically
detectable fibrosis of the mammary fat pad by 1 week in the paper by Truong et al. As well,
based on previous animal studies, as described in Chapter 1.7, it is clear that a one-time dose of
at least 20 Gy is sufficient to induce minimal contracture, while 30 Gy induces ulcer formation.
The lowest energy photon beams at 6MV was employed and a target field of approximately 3 cm
x 3 cm was used with the mammary fat pad and implant centered in the beam. This is in
contrast to Truong et al where a field size of 1cm was used with a lower energy beam (100 kV).
With the addition of sub-mammary fat pad silicone implants, a larger field with 0.5 cm margin
was needed to cover the size of the implant (2cm diameter). Max dose was at a depth of 1-1.5cm

in water, and the acrylic plastic animal holding box provided the buildup to the maximum dose.

Animals were induced and maintained with isoflurane gas anesthesia via nose cone for the
irradiation. For the initial set of three animals, the rats were positioned within the induction
chamber on their sides on a foam pad in lateral decubitus position, with the implant on the right
isolated away from the abdomen using plastic positioning sticks (Figure 5). Gantry angle of the
photon beam was such that the beam was pointed directly down onto the implant on the animal’s

right side.
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Figure 5. First set of rats receiving radiation treatment were positioned in the induction chamber in the lateral
decubitus position on a foam pad. The implant and fat pad isolated from the body using positioning sticks.

After the initial set of animals, a 3D printed platform (“ratform’) was created for the animals to
be positioned upon. The platform allowed the animals to be positioned prone in the induction
chamber, with an open trough running the length of the platform the width of the implant (Figure
6). This allowed the implant to fall below the level of the platform and for the remainder of
abdominal tissue to be blocked (Figure 7). This allowed for consistent isolation of the implant
and overlying fat pad, while limiting radiation to surrounding tissue and abdominal organs. A
lateral opposed pair of 6MV photon beams (at 90° and 270° gantry angles) was employed for the
irradiation. Using the room lasers, the implant was first centred at the isocentre of the linear
accelerator. We then dropped the couch until the vertical position of the isocentre lined up at the
level of the platform so that we can employ asymmetric jaws to avoid irradiating the rest of the
rat due to beam divergence. For example, for the 90° beam, we used the following jaw settings
(at 0° collimator rotation): X1 =0cm, X2=3cm, Y1 =1.5cm, Y2 =1.5cm, resulting ina 3 cm

x 3 cm field size that encompasses the implant with a margin.
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Figure 6. The second set of rats receiving radiation treatment were positioned using a 3D printed platform
“ratform” in the prone position within the induction chamber.

Figure 7. Side view demonstrating the implant and overlying fat pad falling through the platform to isolate away
from the remainder of the body. The supporting blocks are movable to allow alignment of the implant with the
lasers. A pair of lateral parallel opposed beams were used to irradiate the implant, sparing the rest of the rat. A 3D
printed block (designed to have 1.0 cm water equivalent) was then placed next to the implant to act as build up for
the beam.
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3.5 Post-radiation Monitoring

Once the treatment was complete, the animals were then administered oxygen vis nose cone until
awoken from anesthesia and transferred to a clean bed for recovery supplied with fresh water.
Animals were then housed at the Health Sciences Animal Research Facility, Western University,
for 4 weeks following radiation and provided with water and standard rat diet. According to a

study by Sengupta et al., 1 month of an adult rat’s life equates to 3 human years®®.

The animals were housed at Western University and monitored daily for 7-days post-radiation,
and then twice weekly. Weight was recorded along with recording behaviour, appearance,
activity, and examining the radiation site for complications. The Kumar scale was used to grade
radiation changes at 7-days and 4-weeks post-radiation (prior to euthanasia). The Kumar scale
was chosen as it was designed to detect radiation skin damage in rodent models. Truong et al
found, that clinically detectable differences were found in radiated versus non-radiated rodents
using the scale. The implant was examined weekly for evidence of capsular contracture and
given a Baker grading score. The Baker grading score is the standard for clinically rating
capsular contracture, and has been used in animal models previously. As palpation is required to
give a grade, the assessment could not be blinded.

3.6 Euthanasia and Tissue Harvest

Animals were euthanized at 8-weeks post-surgery (4-weeks post-radiation). Non-radiated
animals were euthanized at LRCP and radiated animals at Western Health Sciences Animal
Research Facility. Animals were euthanized in a Carbon Dioxide (CO?) chamber according to
the AUP. Second method of confirmation of death was used by laceration of femoral artery after

tissue harvest.

Animals were secured using tape to dissection surface (surgical towel on board). Photos were
taken for each animal. A 15-blade was used to make a longitudinal midline incision from the
xiphoid process down to the pubis, and transversely to the mid-axillary line at these landmarks.
Dissection was then carried along an alveolar plane, deep to the level of the mammary fat pad
(left side) or deep to implant capsule (right side) and superficial to the parietal peritoneum. The
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fourth mammary fat pad was identified by deep yellow adipose tissue. For consistency, the area
of dissection included the subcutaneous tissue up to the level of the xiphoid process for the
cephalad border, the dorsal border of the fat pad, the most ventral-medial border of the fat pad,
and to where a blood vessel to the fourth mammary fat pad emerges as the caudal border of the
fat pad. Dissection of the subcutaneous tissue including the mammary fat pad was carried down
to the plane between dermis and subcutaneous fat. On the right side, the fat pad, implant, and
capsule were dissected en bloc (Figure 8). On the left sham surgery side, the fat pad alone was
dissected (Figure 9). An additional fat pad in the 5™ nipple set was taken as an intra-rat control

in each rat in the first set of animals.

Tissue from two animals (second set experiments) from both the non-radiated group and the
radiated group for both left sham and right implant were divided in half (implant removed) and
one half stored in -80 degrees Celsius for use in Western Blots while the other half was fixed in
10% neutral buffered formalin for 48 hours for tissue sectioning. The remaining tissue samples
from the other animals were left intact and fixed in 10% neutral buffered formalin for 48 hours

prior to tissue sectioning.

Figure 8. Demonstration of tissue harvest on right 4th mammary fat pad with implant and capsule en bloc.
Dissection included fat pad from xiphoid cranially, extent of pad dorsal and ventral, and the caudal extent being the
blood vessel to the 4th fat pad.
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Figure 9. Demonstration of left 4th mammary fat pad tissue harvest. The fat pad is demonstrated not yet harvested.
The tissue harvest includes the yellow fat from xiphoid cranially to the blood vessel to 4th pad caudally, midline
ventrally, and the dorsal extent of the fat pad.

3.7 Tissue Sectioning

The fixed tissue was then processed for paraffin embedding. The tissue was oriented and
embedded in paraffin wax. The samples with the implant in situ were embedded with the
implant to maintain capsular architecture. Once embedded, the implant containing samples were
then sliced down to the capsule, the implant was removed and the remaining space was filled
with paraffin wax for sectioning. Slides for H&E and Masson’s Trichrome were sectioned at
5um, and slides for immunohistochemistry were sectioned at 4um. Sections for H&E were taken
on plain glass slides, and sections for Masson’s Trichrome and immunohistochemistry were
taken on Superfrost Plus "charged" slides, for extra adhesion. Microm HM200 Ergostar (GMI,
Ramsey, Minnesota, USA) and Leica RM 206 microtomes were used for sectioning.

3.8 Tissue Histology

3.8.1 Hematoxylin and Eosin
Tissue sections were stained with Hematoxylin and Eosin (H&E). Sections from all animals in
the study were included. Two slides per animal were stained, one from the right mammary fat

pad and implant capsule, and one from the left sham surgery mammary fat pad. H&E slides were
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imaged using the Aperio ImageScope, (Leica Microsystems, Buffalo Grove, Il, USA) and the
software was used for image acquisition. Images of the entire slide, as well as six randomized
images at 10X magnification were taken of areas that contained capsular tissue (right side), or fat

pad alone (left side).

3.8.2 Masson’s Trichrome

Tissue sections were stained for collagen using Masson’s Trichrome (Cat # SLBN7822V,
Sigma-Aldrich, Darmstadt, Germany). Sections from all animals in the study were included and
two slides per animal were stained, one from the right mammary fat pad and implant capsule,
and one from the left sham surgery mammary fat pad. Masson’s Trichrome slides were imaged
using the Aperio ImageScope (Leica Microsystems, Buffalo Grove, 1, USA) and the software
was used for image acquisition. Images of the entire slide, as well as six randomized images at
10X magnification were taken of areas that contained capsular tissue and adjacent fat pad (right
side), or fat pad alone (left side). Masson’s trichrome highlights collagen fibers, with collagen

staining blue. Increased blue staining indicates greater collagen content in the tissue sample.

Image analysis was carried out using ImageJ software (U.S. National Institute of Health,
Bethesda, Maryland, USA). Images were de-convoluted using the pre-programmed function for
Masson’s Trichrome and the image selecting for blue pixels was used. The polygon function
was used to select for the area containing capsular tissue. The size of the area containing capsular
tissue and the mean grey value of this area was measured. The mean grey value for 6 regions of
interest (ROIs) for each animal were averaged, with higher grey values corresponding to more
stain uptake, and thus higher collagen content. The mean grey value for the radiated animals was

compared to the non-radiated animals using the Mann Whitney U-test for significance.

3.8.3 Picrosirius Red

Tissue sections were stained for collagen using Picrosirius Red Staining Kit (Cat # 2490-250,
Polysciences, Warrington, PA) with the help of the Molecular Pathology Lab at Robarts
Research Institute. Five sections per animal were stained, including all right mammary fat pad
and implant capsule samples (6 non-radiated, 7 radiated), and five left sham surgery fat pad
samples (2 non-radiated, 3 radiated). Slides were examined under polarized light and six ROIs at

40X magnification were taken of each slide, focusing on capsular and adjacent mammary fat pad
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tissue (right side), or mammary fat pad (left side). Abrio 2.2 (Cri, Woburn, MA, USA) software
was used for image acquisition. Images were captured by a blinded assessor and saved in

Grayscale and Pseudocolor format.

Analysis was carried out using ImageJ software (U.S. National Institute of Health, Bethesda,
Maryland, USA). Under polarized light, there is differing birefringence colours that are
dependent on collagen fiber thickness and alignment. Increasing fiber thickness is observed
through changes in colour from blue to yellow to orange to red. Thus, expression of red, or
denser collagen bundling in the tissue is typical of fibrosis. Conversely, blue reflects a lower
density of collagen bundling. The threshold function in ImageJ was used to measure the amount
of red, orange, yellow, and blue in the six ROIs containing capsular tissue for each animal (5
slides per animal). Each 40X image was reviewed and all images containing capsular tissue
were selected for analysis. The images were then cropped for the area containing capsule, in
order to eliminate the adjacent fat pad. For the left 4™ sham surgery tissue sections the whole
40X image was used for pixel quantification. The number of pixels for each image were then
measured using the following hue definitions: red 2-9 and 230-256, orange 10-38, yellow 39-51,
blue 52-128 8°. The difference in red and blue pixels for right 4" implant capsule in radiated
animals were compared to non-radiated animals using Mann Whitney U-test. Like-wise the left
4™ sham fat pads in radiated and non-radiated animals were compared. In order to account for
varying amounts of tissue in the images, we also expressed the red and blue pixel count as a
proportion of total pixels (i.e. ratio of red to blue pixels).

3.9 Tissue Assays - Hydroxyproline to Total Protein Assay

The second method of quantifying fibrosis in the tissue samples was through tissue hydrolysis
assays for hydroxyproline (Cat #K555-100, Biovision, Milpitas, Ca, USA) and total protein (Cat
#QZBtotprotl, Quickzyme Biosciences, Leiden, Netherlands). The amount of hydroxyproline in
a tissue sample was used as a measurement of collagen, and standardized against the amount of
total protein in the sample to account for any difference in the amount of tissue in each of the
hydrolysates. A higher ratio would indicate higher collagen content and thus, more fibrosis.
Tissue samples were prepared and hydrolyzed according to the assay’s instruction manuals.
Twenty-five 10uM sections from the right 4" implant capsule and mammary fat pad from each

animal in both groups were used (6 non-radiated, 7 radiated). Six technical replicates were run
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per sample. Twenty-five 10uM sections from the left 4" mammary fat pad sham surgery from
two animals in both groups were used (2 non-radiated, 2 radiated). Six technical replicates were

run per sample.

Standards were prepared according to manufactures instructions. The standards and experimental
sample assays were run in 96-well plates, and absorption was read at 570nm and 560nm for total
protein and hydroxyproline respectively using Biotek plate reader Synergy HTX (Biotek
Instruments, Winooski, Vt, USA). The standard curve was then used to calculate the amount of
hydroxyproline (ug) and total protein (ug) per well. For each technical replicate, a ratio of
hydroxyproline to total protein was calculated. Scatter plots were used to detect outliers, that
were then excluded from analysis. The average of the technical replicates was then calculated to
get an overall ratio for each sample. The samples in the non-radiated group and the radiated
group were then averaged and compared using the Mann Whitney U-test to detect significant

differences in collagen to total protein ratio.
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4 Results

4.1 Clinical Assessments

All non-radiated animals developed Baker grade 1 capsules that remained soft and mobile
throughout the 8-weeks post-operative period. All animals were given a Kumar scale score of 1
or no effect (Figure 10). One animal did develop a post-operative infection on the implant side
that required BNP ointment and isolation of the animal. This went on to heal with no

consequence, and the implant remained soft and mobile with a Baker grade 1 capsule.

A total of seven animals received post-operative radiation treatment. The initial set of three
animals received 26Gy total dose of radiation to the 4" right mammary fat pad and implant.
Prior to radiation, all three animals demonstrated implants that had a Baker grade 1 capsule,
being soft and highly mobile. At post-radiation day 7, the Kumar scale score for all animals was
2, demonstrating erythema and dry desquamation. By 4-weeks post-radiation, there was hair re-
growth at both the 4™ right and left mammary fat pads and the skin had returned to normal
(Kumar scale 1). All three animals demonstrated implants that felt firm and less mobile post-

radiation, and were graded as Baker grade 2 contractures (Figure 11).

After this initial set of experiments demonstrating technical feasibility of the implant surgery, as
well as radiation delivery, improvements in animal positioning and radiation dose delivery were
made with the 3D printed “ratform”. The second set of four animals also received a total of
26Gy to the 4" right mammary fat pad and implant. Prior to radiation, again all animals had a
Baker grade 1 capsule. At post-radiation day 7 the animals demonstrated Kumar scale score of
2-2.5 demonstrating erythema and desquamation. By post-radiation week 4 the animals started
to develop minor dry scabbing and maintained hair loss (Kumar scale of 3-3.5). All implants
developed contracture of Baker grade 3, feeling firm, immobile, and becoming visible. There
were noted changes to the 4™ left mammary fat pad area (sham surgery), with loss of hair and
mild erythema (Figure 12). There were no systemic complications or adverse effects in any of

the radiated animals.

Results from the second set of radiation showed that the delivery was improved with use of the

3D printed “ratform”. This is demonstrated by the second set of animals showing more acute
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skin changes such as mild scabbing and persistent hair loss at 4-weeks post-radiation. Both set

one and two of radiated animals showed clinical evidence of capsular contracture with at least

Baker grade 2, or palpable firmness, with the second set becoming more visibly contracted, or a

Baker grade of 3.

Table 2. Kumar score and Baker grade for animals undergoing Surgery with Silicone Implant

and Post-Operative Radiation to Right 4" Mammary Fat Pad.

Animal Radiation Baker Grade Kumar Score Baker Grade Kumar Score
Subject Pre-Radiation | Post-Radiation | Post-Radiation Post-Radiation
Number Day 7 Week 4 Week 4

1-1 \ 1 2 2 1
1-3 Y 1 2 2 1
1-4 Y 1 2 2 1
2-1 Y 1 2.5 3 3
2-2 Y 1 25 3 3.5
2-3 Y 1 2 3 3.5
2-4 Y 1 2 3 3
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Figure 10. Photographs of non-radiated rats at 8-weeks post-surgery with 4th right implant sub-mammary fat pad.
Left 4th mammary fat pad sham surgery. All rats demonstrate a Baker Grade 1 capsule.



Figure 11. Photographs of first set of rats at 4-weeks post-radiation treatment to the 4th right implant and
mammary fat pad. Left 4th mammary fat pad sham surgery. All three animals demonstrate Baker Grade 2 firm
capsules.

Figure 12. Photographs of second set of rats at 4-weeks post-radiation treatment to the 4th right implant and
mammary fat pad using the 3D printed “ratform”. Left 4th mammary fat pad sham surgery. All animals
demonstrate Baker Grade 3 capsules, and show persistent hair loss.

29
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4.2 Masson’s Trichrome

Qualitatively greater blue staining, and therefore greater collagen content, was observed with
Masson’s trichrome for the tissue sections from radiated implant capsules compared to non-
radiated capsular tissue (Figure 13 and 14). Quantification of blue pixel density using ImageJ
software revealed overall mean higher density in the 4™ right implant capsular tissue radiated
group compared to non-radiated group (120.08 vs 94.56, p <0.05) (Figure 15). This indicates
that in radiated implants, there is greater collagen in the capsule. For the tissue sections taken
from the left 4" fat pad sham surgery, there was no significant difference between the radiated
and non-radiated animals (35.32 vs 31.54, p = 0.47) indicating that the radiation did not induce
fibrosis on the left sham surgery side (Figure 14). Both the radiated and non-radiated right 4"
implant capsular tissue groups had significantly higher blue pixel density when compared to the
left 4" sham surgery radiated and non-radiated groups (p < 0.05) indicating that with the

formation of an implant capsule there is greater collagen in the tissue sections.

When comparing the tissue samples from the first set of radiated animals to the second set of
animals (“ratform”) no significant difference was found in blue pixel density (117.48 vs 122.03,
p = 0.38). The density of blue pixels was significantly higher for both radiated groups when
compared to the non-radiated group (117.48 vs 94.56, p = 0.03; 122.03 vs 94.56, p = 0.008)
indicating that both methods of radiation set-up (displacement vs “ratform”) induced fibrosis as

measured by increased collagen content (Figure 16).
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Figure 13. Representative images of paraffin embedded tissue sections from non-radiated and radiated animals
containing right 4th implant capsule and adjacent fat pad with architecture of the capsule preserved. Arrow points
to capsule. A. H&E B. Masson’s Trichrome.
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Non-Radiated Radiated

= R
Figure 14. Paraffin embedded tissue sections from non-radiated and radiated right 4th implant capsule and

adjacent fat pad were stained with Masson’s Trichrome. Arrows denote capsule layer. Darker staining indicates
greater collagen concentration. Two representative images each from one non-radiated and one radiated animal at

10X.
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Figure 15. Masson’s Trichrome image analysis using ImageJ software quantifying the mean greyscale (blue pixel
density) in the right 4th implant capsule tissue and fat pad and left 4th sham surgery fat pad from radiated (n=7)
and non-radiated animals (n=6), 6 ROIs per animal.
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Figure 16. Masson’s Trichrome image analysis using ImageJ software quantifying the mean greyscale (blue pixel
density) in the right 4th implant capsule tissue and fat pad from Set 1 radiated animals (n=3), Set 2 radiated
animals (“ratform”, n=4), and non-radiated animals (n=6). 6 ROIs per animal.

4.3 Picrosirius Red

Reviewing the 40X images for picrosirius red staining showed variability in the area of the tissue
section captured. The images were captured by a blinded assessor, and although instructed to
captured ROIs that contained capsule, there were some images that did not contain any capsular
tissue, and thus, these were excluded from analysis. For one animal from the radiated right 4%
implant group, none of the captured images of the tissue sections contained capsule tissue. This

animal was excluded from analysis.

Picrosirius red staining under polarized light shows fibril formation, with increasing fiber
thickness when going from blue to red, with red indicating denser collagen bundling. On
qualitative review of the images that contained capsule, the radiated tissue sections appeared to

have more red staining than non-radiated within the implant capsule. Figure 17 and 18 show
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representative images for tissue sections of right 4" implant capsule and adjacent fat pad in

radiated and non-radiated animals at 10X and 40X, respectively.

Figure 17. Representative images of paraffin embedded tissue sections of right 4th implant capsule and adjacent fat
pad stained with Picrosirius Red, at 10X. Red indicating denser collagen bundling and networks. A-C. Non-
radiated. D-F Radiated.
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Figure 18. Representative images of paraffin embedded tissue sections of right 4th implant capsule and adjacent fat
pad stained with Picrosirius Red, at 40X. Red indicating denser collagen bundling and networks. A-C. Non-
radiated. D-F Radiated.
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For analysis, the number of red and blue pixels were quantified for each image, and the average
pixel count was calculated for the 4 groups; right 4" implant capsule radiated and non-radiated,
and left 4™ sham surgery fat pad radiated and non-radiated. For both implant capsule groups,
tissue section images were from 6 animals. The number of images used for analysis from each
animal was variable after excluding images that did not contain capsule. For the sham groups,
tissue section images were from 3 non-radiated, and 2 radiated animals. Figure 19 shows the
average red and blue pixel count for each group. There was no significant difference in average
red pixel count for radiated and non-radiated right 4™ implant capsule tissue sections (68993.109
vs 80628.836, p = 0.34). The left 4" sham surgery tissue sections trended for more red pixels in
the non-radiated group than radiated, but this was not significant (p = 0.10). There were similar

average blue pixels for both radiated and non-radiated groups.

When the ratio of red to blue pixel count was compared, there was also no difference for radiated
and non-radiated right 4™ implant capsule tissue sections, with both having a 1:1 ratio of red to
blue pixels (Figure 20). As well, the ratio of red to blue pixel count was similar for the left 4"
sham surgery groups, at 1:1 for radiated, and slightly more for non-radiated, although not
significant. These findings demonstrate similar ratio of red and blue pixels in radiated capsule

samples and non-radiated capsules, indicating that the density of collagen bundling is similar.
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Figure 19. Average red and blue pixel count for picrosirius red 40X images of right 4th implant capsule and left 4th
sham surgery fat pad for both radiated and non-radiated animals.
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Figure 20. Red and blue pixel count expressed as proportion of total pixel count. Picrosirius red 40X images of
right 4th implant capsule and left 4th sham surgery fat pad for both radiated and non-radiated animals
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4.4 Tissue Assays - Hydroxyproline to Total Protein Assay

Hydroxyproline content in the tissue was measured as a standard measurement of collagen in
order to further quantify fibrosis in our tissue samples. The ratio of hydroxyproline to total
protein was used to normalize for difference in the amount of tissue in each sample. The ratio of
hydroxyproline to total protein for the right 4™ implant capsule and fat pad was significantly
greater for the radiated group than that of the non-radiated group using Mann Whitney U-test
(0.0235 vs 0.0192, U=3, p < 0.05) (Figure 21). Comparison of the average ratio for first set of
radiated animals to the second set of radiated animals found no significant difference between
the two groups (0.0236 vs 0.0235, U=13, p=0.857) indicating both methods of radiation set-up
increased collagen content in the tissues (Figure 222). In addition, the average ratio of both
radiation experimental sets was significantly higher than the non-radiated group (set 1, U=1,
p=0.048; set 2, U=2, p=0.038). For the tissue samples taken from the left 4" fat pad sham
surgery side, there was no significant difference between the radiated and non-radiated animals
(0.0285 vs 0.0302, U=64, p=0.667) indicating radiation did not increase the collagen content on
the left sham surgery side (Figure 23).
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Figure 21. Calculated hydroxyproline (OHP) to total protein (tP) ratio for right 4th implant capsule and fat pad in
radiated and non-radiated animals. Twenty-five 10uM sections from each animal were used (n = 7 radiated, n = 6
non-radiated). Six technical replicates were run per sample.
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Figure 22. Calculated hydroxyproline (OHP) to total protein (tP) ratio for right 4th implant capsule and fat pad in
radiated and non-radiated animals. Set 1 radiated animals (n = 3) and set 2 radiated animals using the “ratform”
(n=4), twenty-five 10uM sections from each animal were used (n=6 non-radiated). Six technical replicates were

run per sample.
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Figure 23. Calculated hydroxyproline (OHP) to total protein (tP) ratio for the left 4th sham surgery fat pad in
radiated and non-radiated animals. Twenty-five 10uM sections from two animals in both groups were used (2 non-

radiated, 2 radiated). Six technical replicates were run per sample.
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5 Discussion

The main objective of this thesis was to establish a unique in vivo rodent model of radiation-
induced breast implant capsule contracture that replicates both the type of implant and the anatomic
positioning used in humans. This animal model is unique in these features compared to other
published models. The intention is that it can subsequently be used in future studies to identify

potential non-surgical therapies that reduce capsular contracture.

5.1 Objective 1

Modify the previously established rodent model of radiation-induced mammary fat pad fibrosis

developed by Truong et al to include a sub-mammary gland silicone prosthesis.

5.1.1 Aim1

Develop a standard surgical procedure in a rodent model that can be easily replicated involving

the implantation of a right 4" sub-mammary fat pad silicone prosthesis.

The surgical protocol developed was easily standardized and the technical skill required to carry
it out was minimal. The surgeries were carried out with one main “surgeon” (T. DeLyzer), and

one “assistant” (K. Minkhorst). The standardization of the steps allowed for ease of replication

and efficiency, minimizing time required to carry out the surgeries. The efficiency increased as

the number of surgeries performed increased. The total operative time decreased from

approximately 45mins to 25mins by the end of the study.

This model in unique in that, the implants used were supplied by Johnson and Johnson (Mentor)
and were exact replicates of implants used in humans. There has been inconsistency in the
literature with type of material implanted in previous models. The implants used here consisted
of a cohesive silicone gel with a smooth silicone shell and were 2cc in size. Currently, smooth
implant devices are the most common choice in reconstruction. Previously, textured devices
were available, and some studies have shown a difference in capsule formation between the
types of implants, with texturing leading to less contracture, although there is heterogeneity in
the literature regarding this®®. The risk of developing a breast implant associated anaplastic large
cell lymphoma (BIA-ALCL) has been increasingly recognized, and therefore Health Canada

issued a recall in 2019 on macro-textured devices®?. This has led to smooth devices now being
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the implant of preference. In this study, the implants were irrigated prior to implantation with
betadine, mimicking the protocol used in human surgery, where implants and surgical pockets
are routinely irrigated with povidone-iodine solution prior to implantation. Irrigation of the
pocket with povidone-iodine has been shown to decrease the risk of capsular contracture

compared to saline irrigation®.

The location of implantation was chosen as sub-mammary fat pad, as the previous work by
Truong et al found that fibrosis was induced in the fat pad with their radiation technique. This
location replicates the sub-mammary position in humans and is unique in current animal models
of capsular contracture. Implant capsular contracture risk is less for a partial or full sub-
muscular position in humans, with placement below the pectoralis muscle. This is attributed to
the movements of the muscle, which contribute to continuous massage of the implant, as well as
the muscle providing a protective barrier from bacteria-laden breast tissue®®. In rodents,
however, due to the anatomy and size of the muscle, it is not feasible to place the implant sub-
pectoralis. The 4" mammary fat pad in the rodent is located just cranial/adjacent to the hind leg
in the rat, thus the implant in this position is subject to movement of the hind leg. This is similar
to humans where the implant is subject to forces from the upper limb movement and the
pectoralis muscle. In addition, the placement at the right 4" mammary fat pad avoids radiation

delivery to critical structures such as heart, lungs, and spleen.

This aim was successful in developing a standard surgical procedure for implantation of a right 4%
sub-mammary fat pad silicone prosthesis in a rat model that can be easily replicated.

5.1.2 Aim 2

Develop a standard radiation protocol to deliver one-time dose of irradiation to the 4™ right

mammary fat pad and implant for a total dose of 26Gy.

The radiation delivery was altered from that of Truong et al due to the presence of the implant.
The field size required adjustment to a larger size to accommodate the implant diameter (3cm vs
1cm), and the photon beam energy was adjusted (6MV vs 100kV). In total, 26Gy was delivered
in one dose to the right 4" mammary fat pad and implant. The main goal of a single dose is to

maximize the development of capsular contracture while minimizing systemic effects of radiation.
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In addition, a single dose simplified the radiation protocol and limited the number of general
anaesthetics required for the animals to a maximum of two. In standard breast radiation protocols,
the irradiation is delivered with smaller doses in multiple fractions. This is meant to reduce
radiation-induced complications while allowing for a higher total dose. This is impractical in an
animal model, as it would require multiple treatments and anesthetics increasing the study time
and resources, but also increasing the risk of anaesthetic related complications for the study
animals. There were no adverse effects that occurred from the radiation delivery or general
anesthetic in this study. The radiation set-up changed with the second set of animals as the 3D
printed “ratform” was created and found to be effective in isolating the fat pad and implant. This
made the set-up of the animal easier and also more efficient as the animal could be easily
positioned on the rat-form once anesthesia induced. This shortened the time under general
anesthetic by approximately 10mins.

This aim was successful in developing a simple one 26Gy dose radiation protocol that can
efficiently be repeated. This was improved by the 3D printed “ratform™. 3D printed shields and
boluses is a growing technique in radiation treatment for patients, and can aid in protecting healthy
tissues from unwanted radiation®. This “ratform” is unique and a new technique in animal studies,

with only two other similar techniques found in the literature that used similar devices®6¢,

5.1.3 Aim 3

After surgery and delivery of radiation treatment; use established clinical assessments of capsular

contracture and radiation fibrosis to evaluate for effect.

The Kumar score at 7-days post-radiation demonstrated a noticeable effect for all right 4"
mammary fat pads and implants. The score decreased by week 4 for the animals in the first set of
radiation, but increased for the second set. Thus, indicating that the radiation-induced a greater
effect for the second set of animals. This increased effect can be attributed to the set-up for these
animals, using the 3D printed “ratform”. There was no clinical evidence of radiation effect, or
fibrosis, on left 4" mammary fat pad sides (sham surgery). This demonstrates that the radiation

delivery technique was effective in blocking of adjacent tissue.
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Using the Baker grading scale for capsular contracture, there was a difference between animals
that had the implants radiated and those that did not. The radiation technique used induced a
noticeable change in the implant capsules, with firmness and decreased mobility. This was greater
for the second set of radiated animals (Baker grade 3), demonstrating that the set-up and delivery

of radiation was more effective than in the first set.

This aim was successful in the utilization of the Kumar score and Baker grade clinical assessment

scales to evaluate the effect of the radiation treatment.

5.1.4 Conclusions and Limitations of Objective 1

In practical terms the goal for this objective was to develop an efficient surgical and radiation
protocol, and induce a clinically detectable fibrosis and contracture of the implant capsule without
systemic side effects, and ultimately within a reasonable study period. The time from surgery to
euthanasia was 8-9 weeks. The actual surgical procedure time reduced with repeated experience.
The radiation set-up was improved to make it more efficient, and successfully reduced the amount
of time required for general anesthesia. The greatest limitation has been the COVID-19 pandemic.
Unfortunately, the pandemic shutdowns lengthened the time between the first set and second set
of animals, prolonging the total study period. Other delays were encountered at the outset, with
obtaining custom implants from the implant manufacturer, however these custom implants
strengthen the utility of the model as they replicate the implants used in humans. The other time
limitation was the unit used for radiation delivery, as it is in an area that is used for clinical patient
use, we had to organize utilization after-hours, and co-ordinate the surgery to occur 4-weeks prior
to when the unit was available. Ultimately, objective 1 was successful.

5.2  Objective 2

To assess for increased fibrosis induced by radiation, of the implant capsules and adjacent

mammary fat pads, compared to non-radiated implant capsules and adjacent mammary fat pads.

5.2.1 Aim1

Use paraffin embedded tissue sections stained for Masson’s Trichrome and Picrosirius Red to

quantify collagen content and collagen architecture of the right 4™ implant capsule and adjacent
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mammary fat pad in radiated animals compared to non-radiated. As well as in the left 4"

mammary fat pad sham surgery tissue samples.

Qualitatively and quantitatively an increase in blue staining, indicating increased collagen, was
seen with Masson’s trichrome stained tissue sections of implant capsule of radiated animals
compared to non-radiated animals. This was seen independently with both sets of radiation
delivery, with significantly more blue staining with both techniques compared to non-radiated
animals. The blue staining was similar in the sham surgery fat pad sections from radiated and non-
radiated animals, indicating that there was not increased collagen and fibrosis, and adequate
shielding of the left side during radiation delivery. These results demonstrate that there was
increased collagen content in the radiated implant capsules, indicating increased fibrosis. This is

consistent with the clinical results.

Picrosirius red staining with visualization under polarized light demonstrated increasing collagen
fibril density when going from blue to red hue. Qualitatively when examining the images of
implant capsule sections, an increase in red hue compared to blue was seen. ImageJ software was
used to quantify pixel counts in the images for red and blue. There was not a significant difference
between radiated and non-radiated implant capsule sections with this method. This could indicate
that the orientation and bundling of the fibers is similar in both radiated and non-radiated animals.
However, this could also be an error in analysis. The limitation of this analysis was that there was
variability in the image acquisition, with some ROI images not taken of the implant capsule. Thus,
not capturing the area of interest. These images were excluded from analysis and thus we had
variable numbers of images to analyze, with one radiated animal having no usable images.
Interestingly, Moyer and Ehlrich found that with worsening capsular contracture there was a
transition from fine collagen fibers into thicker fibers??. In their study, picrosirius analysis was
used to look human implant capsules, and showed fine collagen fibers appearing with green
birefringence at the periphery of collagen dense cables showing red birefringence. With greater
severity of contracture (Baker 3) they found decreasing, or an absence, of the fine fibers with green
birefringence, noting that the collagen fibers not only become thicker but establish into cable-like
structures resembling a helical orientation. This pattern of green and red birefringence can be seen
in Figure 17 and 18, with the same progression to thicker cables of red birefringence in radiated

implant capsules.
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This aim was successful in using Masson’s trichrome staining for collagen content. The results
for the Picrosirius red analysis when qualitatively reviewed showed increased density of collagen
fibers with radiation, but the quantification was not consistent with this. In future studies, image

acquisition will need to be improved in order to ensure proper capture of the region of interest.

5.2.2 Aim 2

Use tissue hydrolysis assays for hydroxyproline and total protein to quantify the amount of
collagen in tissue samples of the right 4™ implant capsule and adjacent mammary fat pads in
radiated animals compared to non-radiated. As well as in the left 4" mammary fat pad sham

surgery tissue samples.

Collagen can be quantified by hydroxyproline content since this amino acid is present almost
exclusively in collagen®”. The ratio of hydroxyproline to total protein in the tissue samples was
used to control for differences in the amount of tissue in each hydrolysate. This is a unique
technique to measure collagen content. The right 4" implant and fat pad radiated tissue samples
showed a higher OHP to TP ratio when compared to non-radiated, and this was consistent for
both sets of radiation delivery. This indicates increasing collagen content in these samples,
consistent with increasing fibrosis. In the sham surgery samples, a difference was not found
between radiated and non-radiated samples, indicating no increase in fibrosis and effective
blocking during radiation delivery. These results demonstrate that our radiation delivery was

successful in inducing fibrosis in a quantifiable manner.

5.2.3 Conclusions and Limitations of Objective 2

Through Masson’s trichrome staining, picrosirius red staining, and hydroxyproline tissue assays,
a measurable increase in fibrosis was noted in radiated implant capsules correlating with the
clinical results of our first objective. Both Masson’s trichrome analysis and OHP to TP analysis
showed increased collagen content in radiated implant capsule tissue sections. Picrosirius red
analysis demonstrated qualitatively an increase in fibril thickness indicating denser collagen
bundling in radiated capsules. The quantitative analysis did not show a difference between the
ratio of red and blue pixels in radiated samples, possibly indicating no difference in collagen

bundling. However, this is more likely a limitation of image sampling.
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Together with Objective 1, the results of Objective 2 demonstrate that this model was successful
in inducing a measurable and quantifiable increase in contracture of the implant capsules. In
conclusion, this thesis describes a novel and effective rodent model of radiation-induced capsular
contracture that can be used in future studies.
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6 Impact and Future Directions

Implant-based techniques remain the most common form of post-oncologic breast
reconstruction. Radiation-induced capsular contracture is the greatest challenge of implant-based
techniques, remaining a difficult and recurrent problem. Unfortunately, even after surgical
treatment with capsulectomy and implant replacement, patients can continue to have problems
with further recurrences. This exposes the patient to additional risks of further surgery and
devastating psychological impact. Roberts et al. examined the rates of re-operation in post-
mastectomy breast reconstruction in Ontario between 2002-2008 and found that for implant-
based reconstructions, patients on average experienced one unanticipated major re-operation®,
This would mean 2, 854 additional unanticipated surgeries in the province over the study period.
The most common reason (77%) cited for all unanticipated major re-operations was “breast
mound revision”, and for implant reconstructions, this would largely mean correction of capsular
contracture amongst other reasons. In today’s health care climate, the importance of reducing the
number of surgeries, and therefore the cost of treatment and the cost to the health care system, is
imperative. Recently there has been a surge of interest in understanding the patho-etiology of
radiation-induced capsular contracture. There is a great need for the development of evidence-
based, non-surgical, preventative and treatment options. In this thesis, a novel laboratory animal
model has been developed by which we can better understand radiation-induced capsular

contracture and test potential non-surgical therapeutic interventions.

Currently, there are limited treatments for radiation-induced fibrosis. Vitamin E, or alpha-
tocopherol, is a potent anti-inflammatory and antioxidant. Pentoxifylline has also been used in
prevention of radiation injury. The use of the two drugs in combination has been used in breast
oncology, and has been shown to reverse late radiotherapy skin damage. However, long course
of treatment is required and can have “bounce back” affect with cessation limiting their

utilization®,

6.1 Hyaluronan

Hyaluronan is ubiquitous in the extracellular matrix and is fundamental to maintaining normal
tissue homeostasis and regulating fibroblast function’®’*. With tissue stress and oxidative injury,

the native form is fragmented into pro-inflammatory lower molecular weight oligosaccharides
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and is one of the earliest detectable changes to tissue injury. Hyaluronan is the major
extracellular ligand for RHAMM (receptor for hyaluronan mediated motility) which is a TGFB-1
target gene and key regulator for directing mesenchymal progenitor cells into myofibroblasts and
dermal fibroblast lineages’>". RHAMM is transiently expressed in injured tissues but is
normally low in homeostatic tissues’. The silencing of RHAMM reduces injury-induced fibrosis
and supports adipogenesis; therefore, targeting RHAMM is a potential strategy for controlling
radiation-induced fibrosis’>""8, Previous studies have demonstrated a local increase in
hyaluronan within breast capsular tissue’®. Serum hyaluronan levels were elevated in patients
with capsular contracture and increasing levels were correlated with higher grades of

contracture8%81,

The Turley lab has developed injectable function-blocking peptides against RHAMM, HA
binding peptides, that blunt fibrotic changes in both a mouse model of cutaneous scleroderma
and rat model of radiation-induced mammary fat pad fibrosis®"2. The RHAMM peptide
mimetics bind small hyaluronan fragments produced during tissue injury (<10 kDa). These
competitively remove pro-inflammatory hyaluronan fragments and effectively blunt RHAMM-
directed signaling of fibrogenesis’’’8. Several of the RHAMM peptide mimetics, including NPI-
102, have previously been shown to reduce TGFp-1-regulated fibrosis and to promote adipocyte
differentiation of bone marrow mesenchymal stem cells in culture’”. NPI-102 has a limited half-
life in inflamed tissues and was stabilized by N and C-terminal acetylation to increase its serum
half-life to greater than 24 hours, creating peptide NPI-110. In the bleomycin-induced mouse
model of scleroderma, NPI-110 was shown to significantly decrease collagen 1 and collagen 3
expression, as well as the collagen 1:3 ratio, which is characteristic of fibrosis®. The peptide also
decreased TGFB-1 activity as evidenced by immunostaining, and reduced dermal collagen
deposition and bundling, visualized by picrosirius red staining and polarized microscopy®.

The peptides used in these prior studies have since been further optimized with cyclization or
‘stapling’ to enhance their binding affinity and to increase peptide stability. These novel stapled
peptides are predicted to have more potent anti-fibrotic properties. These peptides have the
potential to make an impactful difference as a non-surgical option available to women with
radiation-induced breast capsular contracture. In future studies, this animal model can be used to

test the efficacy of these peptides in preventing or reducing the severity of capsular contracture.
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