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Abstract

Radiotherapy is a highly effective treatment for breast cancett, istdlso associated
with sever al complications that can i mpact
dissertation addressed the lack of research examining the influence of radiation therapy on
shoulder health indicators during the treatmeimiew. Additionally, it investigated the
effectiveness of an intervention program focused on shoulder strength to compensate for
potential shoulder health impairments. Finally, it assdghe feasibility of using quantitative
ultrasound for more accessible evaluations of rib fragility fractwieih may arise as a
long-term consequence of radiation therapy.

Study 1 and 2 shared anvivo experimental collectiorShoulder health indicators of
the affected limlof 27 breast cancer patientgere trackedt baseline, midpoint, and
endpoint assessments within tliationtherapy windowThe activation ofatissimus
dorsi teres majgrpectoralis majgrandserratus anteripwere quantified using wearable
electromyography (EMG) deviauringtwo shoulder flexiorextension, two shoulder
abductionradduction, and two shoulder externatiernal rotatiorsubmaximatasks.The
kinematics of the shoulder complex were meegwsing an Inertial Measurement Unit
(IMU) during six maximal range of motion trials involving flexion, abduction, and external
rotation. Additionally, armstrength was evaluated using a hdetd dynamometer during
flexion, extension, abduction, adduction, external rotation, and internal rotation maximal
exertions. Finally, the arm circumference was determined using a measurirfgttayel
showedsignificant changes (p<0.05) in tteissimus dorsandteres majomuscles during
all evaluated shoulderawement tasksThere was also significantreduction(p<0.05) in
shoulder abduction at the end of treatment compared to basilinehanges were noted in
pectoralis major and serratus anterior muscles, nor in arm str&sgtiation dose was

negatively correlated with shoulder abduction range of mo8ardy?2 evaluatel and



compare acontrol group withashoulder strength intervention group throughout the
radiation treatmeniThe intervention group exhibitddgher activation of teres major and
serratus anterior compared with control group (p < 0.05) in extentainal rotation and
flexion-extension movement tasks. This group also exhilsigmificantly greater (p<0.05)
armstrengthand negative correlations between radiation fractions and arm strength for all the
evaluated movements. No significant differences were noted in pectoralis major and
latissimus dorsi activation, nor shoulder complex range of motion between the groups.
Study 3 employed aim-silico approach to simulate oncological treatments and
demonstrated th&uantitative Ultrasound Imaging of Bone (QUSIB}ensitive to the
structural changes induced by these therapies. Specifically, two sets of ribs were created to
simulate the effects of 5 years of radiation and bisphosphonate treatments. Acoustic
attenuation and backscatter coefficient parameters examined to assess their ability to
detect changes in trabecular structure. The results revealed significatdatams (p<0.05)
between the observed and predicted valué&ook Volume Fraction (BV/TV)Furthermore,
significant differences (p<0.05) were observed in trabecular thickness between the base and

simulated radiation and bisphosphonate models.

This dissertation provides valuable insights into the effects of radiation therapy on
shoulder functionality. It aims to help patients minimize the potential side effects of this
treatment and assist health providers in finding more accessible solutionarfaging these

long-term consequences.
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Chapter 1 - Introduction

1.1 Motivation

Breast cancer is widespread, but robust evaluations of the efficacy of treatment and post
treatment sequelae dmnited (Hwang et al., 2008). Despite its advantages, several
accompanying complications and consequences of radiotherapy could influence future patient
quality of life and eventual survival (Hwang et al., 2008). The isolated influence of radiation
therapy on thehoulder health indicators is presently unknoaditionally, exercise is
considered an intervention that may help mitigate the effects of oncological treatment. However,
the impact of amntervention program focused on shoulder strength withérraliation therapy
therapeutic window in breast cancer patidrasyet to be investigatednother potential
consequencef radiation treatment that negativegpactsp a t i quality of fife, aretherib
fragility fractures These fractures are usually underestimated due tadkef portability and

accessibility of current approaches to assess bone quality.

The target variables of this thesis were based on a-hbesésl project from the University of
Wat er | oo p fCRErAA & drdeCtBdntify the implications of the application of
radiotherapy in breast cancer, and to create a bridge between research and the health community,
information was gathered among several professionals in the KiteWéaterloo area (Director
of University of Waterlo@ WeHilt 6 Center specialized in Cance
Fitness Staff; and Staff Professional Raneharge of Radiation Therapy for Breast Cancer
from Grand River Hospital). The health professionals consulted agreed thavéisareeed to
study howshoulderhealth indicators change during tlagliation therapyindow, as well as to

develop a more accessible and functional rib quality assessment.
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1.2 Global Objective
To study how arnstrength shoulder muscle activation, shoulder complex range of motion,
and the appearance of lymphederhange during the radiation window and to develop a more

accessible and functional assessment of rib fragility fractures.

1.30uitline

The three studiesereconceptually linked (Figure 1jhe scope was to improve assessment
and documentation of the effects of radiation therapy on shoulder health indicators of breast
cancer patientsStudy lexaminedshoulder complex health indicatamsbreast cancer patients
before radiationreatmentand throughoua 6week window includingthe prescribed fractions
of radiation therapy (which varied by each patieStudy 2assessethe influence of exercise on
arm function inbreast cancer patientsceiving radiation treatmenthis studycohort was
subdi vi @oend riod D0 ra@rngit nhi nTgThedstrengthTprsa.i n i npgaréookg r o u p
in an intervention training program focused on shoulder muscle strengtfunidtienal
indicatorswerecomparedot h @ nét r o |, @whicly expeniepced the current standard of care
which did not include any specific interventiddtudy 3 focusdonimprovingthe assessment of
rib fragility fractures Rib simulation models of five years of oncological treatment including
both bisphosphonates and &thn treatment were performed, and a cohort of volunteers

assessed usirguantitative ultrasound to predict rib quality



Radiation Treatment Consequences in Breast Cancer Patients

Patient recruitment

14 BCS randomization 27 BCS
Study 1: Quantifying the effects . i Study 2: Intervention program
of radiation therapy on shoulder -~ ., focused on shoulder muscles
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endpaint
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Figure 1. Flowchart describing the three integrated thesis studies. Data collection for studies
1 and 2wasconcurrent. Shoulder functional indicatevereused for studies 1 and 2.



Chapter 2 - Literature Review

2.1 Overview of Breast Cancer
2.1.1 Prevalence
Breast cancer is the most prevalent malignancy worldwide in woneme is an
estimated incidence of more tha® hillion per year and over 627.000 deaths (WHO, 2019
Sung et al., 2021 Within Canada, breast cancer is the most common cancer among women. It
constitutes 25% of all new cancer cases each year for females and 13% of all cancer deaths in
women per year (CCS, 2020 is estimated that about 1 in 8 women in Canada will develop

breast cancer at some point in their lives, and 1 in 31 women will die from it (CCS, 2020)

2.1.2Diagnosis
2.1.2.1Diagnostics and Pathophysiology
Breast cancer refers to the growth amndliferation of cellghatoriginate in the breast

tissue. The breast @®mposed of two main tissues: glandular and stromal (Table 1). Glandular
tissues host the glands that produce milk (lobules) and the ducts (milk passages), whereas the
stromal tissues contain both the fibrous and connective tissues of the breast. Tdrefloadls
and waste are removed from the breast through the lymphaticitissuae system tissue
(Breast cancer information and resources, 2010)tderscan develop within difrent areas
of the breast. Modtimorsresult from benign changes in the breast, such as fibrocystic changes
that lead to the accumulation of fluids, fibrosis, lumpiness, accumulation of breast thickness and
tenderness (Sharma et al., 2010). Most breast cancers begin in the ducts or thé3blauhea et

al., 2010.



Table 1. Type of breast cancer (Sharma et al., 2010).

Type of Cancer

Description

According to the site

Nor- invasive Breast Cancer

The cells are confined to the ducts, and do not invade the
surrounding fatty and connective tissues.

Invasive Breast Cancer

The cells break through both duct and lobular wall and inv
the fatty and connective tissues. Can be invasive without
being metastatic.

Frequently occurring Breast Cancer

Lobular carcinoma in situ

The cancer does not spread beyond the area wiash
originated. This type of cancer comprises an increase in tf
number of cells within the milk lobules of the breast.

Invasive lobular carcinoma

This cancer begins in the milk lobules of the breast, but it
spreads to other regions of the body (metastasis).

Ductal carcinoma in situ

This is the most common type of novasive breast cancer.
It is confined within the milk lobules of the breast.

Invasive ductal carcinoma

This cancer begins in the milk ducts of the breast, and it
penetrates the wall of the duct, invading the fatty and othe
regions of the body. This is the most common type of can
accounting for 80% of the breast cancer diagnosis.

Less commonoccurring Breast Cancer

Medullary carcinoma

Invasive cancer that forms a boundary between the tumor,
tissue and the normal tissue. It accounts for 5% of breast
cancer diagnosis.

Multinous carcinoma

This rare type of cancer is formed by the muqueducing
cancer cells. This cancer has better prognosis compared 1
other invasive carcinoragpes.

Tubular carcinoma

Special type of invasive carcinoma. This cancer has bette
prognosis compared to the other invasive carcintypes.

Inflammatory breast cancer

This is a rare (1% of breast cancer diagnoses) but fast
growing type of cancer. It is characterized by inflamed bre
and dimples and/or thick ridges caused by the blocking lyf
vessels or channels in the skin over the breast.

Paget s di sead

This is a rare (1% of breast cancer diagnoses) type of can
that begins in the milk lobules, and it spreads to the skin g
nipples and the areola.

Phylloides tumor

Can be either benign or cancerous. These tumors develoy
the connective tissues of the breast and may be treated w
surgical removal.




2.1.3Stages of breast cancer
The stages of cancer are defined by how advanced the cancer is. The stage helps to determine the
most accurate treatment and prognosis. The stages can be describethaasios (in situ) or

invasive and are often labelled in detail with numbers (0 fniSharma et al., 2010).

Table 2. Stages of breast cancer (Breast Cancer.org, 2010)
Stage | Description
In situ carcinoma
0 The tumor is confined within a milk ductandlito e s n o6t i nv a
breast tissues.
Localized and regional invasive cancer
I The tumor is less than 2 cm in diameter and has not spread beyond th
breast.
A The tumor is 2 cm or less in diameter and it has spread to one to three
lymph nodes in the armpit, microscopic amounts have spread to the ly
nodes near the breastbone on the same side as the tumor. Or the tum
larger than 2 cm but smaller than 5 bot has not spread beyond the
breast.
1B The tumor is larger than 2 cm but smaller than 5 cm diameter, and it h
spread to one to three lymph nodes in the armpit, microscopic amount
have spread to the lymph nodes near the breastbone on the same sid
tumor. Or the tumor is larger than s but has not spread beyond the
breast.
A The tumor is 5cms or less in diameter, and it has spread to four to nin
lymph nodes in tharmpit orhas enlarged at least one lymph node near
breastbone on the same side as the tumor. Or the tumor is larger than
and has spread to up to nine lymph nodes in the armpit or to lymph nc
near the breastbone.

B The tumor has spread out to the chest wall or skin and has caused br¢
inflammation.
][ The tumor can be any size, and it has spread to 10 or more lymph noc

under or above the collar bone, or it has spread to lymph nodes in the
armpit and has enlarged at least one lymph node near the breastbone
same side of the tumor, or it has spréafour or more lymph nodes in th
armpit, and microscopic amounts have spread to lymph nodes near th
breastbone on the same side of the tumor.
Metastatic cancer

\Y The tumorregardless othe size, has spread to distant organs, such as
lungs or bones.




2.2 Treatment

2.2.1Therapy principles

Treatment for breast cancer depends on the presence of metastasis. The main goal of

treatment for nommetastatic breast cancer is to removettineor from the breast and regional
lymph nodes to prevent potential metastasis. The local therapy for these cancer types consists of
surgical resection, sampling, or eradication of axillary lymph nodes with the combination of
postoperative radiation therapyh& systemic therapy consists of endocrine treatment, and/or
directed antbody therapy, and/or chemotherapplied either preoperatively, postoperatively
or both (Waks & Winer, 2019). For metastatic breast cancer, the goal is to alleviate symptoms
and prolong life. The same principles of systemic therapy are applied, and local therapy is only

used for palliatre purposes (Waks & Winer, 2019).

2.2.2Systemic therapy for nonmetastatic breast cancer
2.2.2.1 Endocrine therapy
Endocrine therapy neutralizes estroggomotedumorgrowth. The standard

administration includes the prescription of aegirogen oral medication for 5 years. Tamoxifen
is the most common drug and is typically prescribed to eitheop@ost menopausal women.
Aromatase inhibitors are also accurateninilbiting the conversion of androgen into estrogen but
can only be administered to postenopausal women (Joshi & Press, 2018). The administration
of tamoxifen for 5 years reduces the breast cancerregme rate by 50% in the first 5 years

after diagnosis compared to-eadocrine therapy (Davies et al., 2011).



2.2.2.2Chemotherapy regimen

Chemotherapy is often prescribed for patieligégnosed witlstages-lll of breast cancer.
This treatment is considered the only systemic treatment that demonstrates efficacy against
breast cancer, and it is often prescribed with endocrine therapy (Waks & Winer, 2019)- A meta
analysis including 100,000 women demonstrated that chemotherapydddiysar breast
cancer mortality by onthird, with major benefits during the first 5 years (Peto et al., 2012). Pre
operative chemotherapy decreases the sizgedbtaltumor, facilitating breastonservating
surgery. Moreover, the application of this treatment before the surgery increases breast
conservation rates and reduces local recurrence rates (Mauri et al., 2005). Chemotherapy
regimens are often considered in early breancer, and the short and letlegm effects related

to the treatment toxicity are an important consideration for its prescription (Blum et al., 2017).

2.2.3Local therapy for non-metastatic breast cancer
2.2.3.1Surgery
Breast cancer surgery has evolved in the last decade, aiming to minimize-tsrfang

effects. Nowadays, the most common approaches are either total mastectomy or an excision plus
radiation (Fisher et al., 2002). Contradictions of conservative surgéugléndiffuse suspicious
micro-calcifications on breast imaging, positive pathologic margins following lumpectomy,
disease than cannot be addressed by excision, coNagenlar diseases, and prior radiotherapy
of the affected breast (National Compreheasdancer Network, 2018). There are two main
options for breast cancer surgery: breast conservation surgery (otuynibieand an area of
normal tissue are removed), or breast removal mastectomy (all breast tissue is removed). Breast
conservation surgery options include lumpectomy, quadrantectomy, and wide excision (Sharma

et al., 2010).



2.2.3.2Lumpectomy
Surgical lumpectomy includes removing cancerous tissue and a small amount of healthy
tissue, and it is a treatment for eashage breast cancer. The lumpectomy can also be applied for
diagnosis proposes. Radiation therapy usually follows cancer remguahvient a recurrence of

breast cancer and/or mastectomy surgery (Mayo Clinic, 2020).

2.2.3.3Wide excision surgery andQuadrantectomy surgery
Wide excision surgery is a process similar to lumpectomy. In this procedere,
cancerous tissue is removed from the breast, but a larger amount of surrounding normal tissue is
extracted (Sharma et al., 2010). Quadrantectomy surgery completely removes the affected breast
guadrant that protects primary cancer, including the sldrfasctia on top of the pectoralis
major. In most cases, an axillary dissection is performed afterwards whemtbres located in
the breast tail. In other cases, the dissaasgperformed with an antepmsterior approach,

crossing the axillary fossa in a downward direction (Veronesi et al., 1989).

2.2.3.4Mastectomy
Mastectomy is a surgery in which all breast tissue including pectoral fascia is removed as

a way to treat or to prevent breast cancer. Mastectomy can also be prescribed at the early stages
of breast cancer, and the decision between mastectomy and lumpeeioive challenging, as
both procedures are equally effective when it comes to prevention for cancer recurrence.
Mastectomy procedures have evolved in the last decade with newer techniques that allow the
preservation of the breast skin, with limited scMastectomy is often prescribed for ductal
carcinoma in situ or nemvasive breast cancer, stages | and Il, inflammatory breast cancer and
stage |11 only after chemotherapy, Il ocally r

(Mayo Clinic,2020). The procedure may include the removal of nearby lymph nodes to



determine if cancer has spread. If cancer is present following the analysis of the excised lymph

nodes, radiation therapy can be prescribed to the axillary nodes.

Table 3. Types of mastectomy procedures (Mayo Clinic, 2020).

Types of Mastectomies Description
Modified radical Removal of all breast tissue and most of the lymph nodes.
mastectomy
Total mastectomy Removal of all breast tissue, including areola and nipple.

Sentinel lymph node biopsy can be also performed at the e
the procedure.

Skin- sparing mastectomy | Removal of all breast tissue, nipple and areola, but not bred
skin. Breast reconstruction and sentinel lymph node biopsy
be also performed at the end of the procedure.
Nipple-sparing mastectomy Removal of all breast tissue, sparing the skin, nipple, and
areola. Sentinel lymph node biopsy can be also performed,
breast reconstruction is performed immediately afterwards.

2.2.3.5Surgical management of lymph nodes

Lymph node surgical procedures are considered separately from the surgical therapy of
the breast. It can be used for diagnostic purposes through the determination of the anatomical
scope of the cancer or for therapeutic proposes through the removal efocencells. The
surgical decision is made based on the positive clinical involvement from the diagnosis and
whether systemic therapy is being administered. Axillary lymph node dissection is the first
treatment that the patient receives when axillary caosepresence is noticed (National

Comprehensive Cancer Network, 2018).

2.2.3.6Radiation therapy
Radiation therapy includes the use of hegtergy xray or gamma rays that target the
tumoror the postsurgerytumorsite. External beam radiation is the most common form of
radiation treatment, in which the patient lies in supine position with two coplanar tangential

photonbeams targeting the whole breast (Hoskin, 2012). This standard approach can be

expanded and the axillary nodes can be reache
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t an g e ntAgoef al.,201@)If the(aim of the therapy is also including the supraclavicular
and/or axillary nodes, a third beam is incorporated placed in an anterior oblique direction
(Hoebers et al., 2000; Lipps et al., 2017). It is very effective as it applies high dosestudmadi
that kill the cancerous cells that remain after surgery or recur aftemtiogis removed. The
application of adjunct radioactive catheters in the site (brachytherapy) or electron beam

radiotherapy to the breastas can also be implemented.

Radiation therapy is usually prescribed after the surgery. This reduces not only cancer
mortality but also the risk of breast cancer recurrence by 70% (Clarke et al., 2005). Treatment is
usually applied in a window of 6 weeks, five days a week, and 15esiper session (Rath,

2010; American Cancer Society, 2009). The administration can be done by hypofractionation or
standard radiotherapy regimen. The international standard radiotherapy regimen for early breast
cancer consists of 50 Gy in 25 fraction®d Gy over 5 weeks and is the most frequently used
worldwide (Fisher et al., 1985; Van Dongen et al., 1992), whereas the hypofractionation regimen
comprises 40 Gy in 15 fractions over 3 weeks

Group, 2008).

2.2.3.6.1 Standard versus hypofractionation radiation regimens
Both normal and cancerous tissues react to radiotherapy fraction size (defined as
6fractionation sensitivityéd). These reesfponses
healthytissue damage and the ratdwha recurrence in a fractiosize represented by the ratio
of two constantgl éand & @Jones et al., 2001). Thelowethe rati o U to b (exp
the greater the effect on both healthy and cancerous tissues of changes in fraction size. Healthy

tissues of the breast and ribcage are very se

less (Bentzen et al999). Therefore, small changes in fraction size can cause meaningful
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damage to these tissues by radiotherapy treatment. The trials A and B conducted by The START
Trialistsé Group (2008) in 2236 women 5 years
more effective radiotherapy regimen strategy with fewer, larger frectiath smaller doses (39

Gy in 13 fractions of 3.2 Gy versus 50 Gy in 25 fractions of 2.0 Gy). After 5 years the rate of
locatregionaltumorrelapse was 3.6 % for those patients receiving the 50Gy regimen (95% CI

2.2-5.1) and 5.2% for the patients redeiythe 39 Gy regimen (95% CI 3&9). The authors

supported previous statements that were pointed out in the last decade based on the hypothesis
that breast cancer cells are as sensitive as healthy breast tissue and rib cage to fraction size.
Thereforesmall fraction doses of 2 Gy would not offer any therapeutic advantage (Whelan et

al., 2002; Yarnold et al., 2005).

2.3 Complications associated with Radiation Treatment

There are known lonterm effects related to radiation treatment. Matalyses have
shown that radiotherapy is an effective treatment for breast cancer patients that can lessen the
risk for distant metastasis and increase the chances efdongsurvival(Bergh et al., 2001).
However, the expenses related to disability due to radiation effects to the bone and muscle are

considerable, involving important economic costs.

2.3.1Shoulder strength imbalances
Radiation therapy is believed tAprospdctiveect sur v
study by Johansen et al., investigated the arm/shoulder strength decrements experienced by
participants who received a combination of lumpectomies, axillary dissections, and radiotherapy
treatments. 16% giersonshadlight/moderate and 7% moderate/severe decreastmulder
strength(Johansert al.,2000). Another prospective research performed by Blomqvist et al

(2004) compared irradiated and nomadiated limis in patients who received both a
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mastectomy and radiation theragoyd reported significantly reducetioulder strengtim

adduction (31.9 vs 3518m.), abduction (23.8 vs 26¥m.), flexion (23.0 vs 27.8im.),

extension (11.6 vs 16/m.), and internal rotation (12.0 vs 19\#n.) in the irradiated limbs.

Lipps et al (2019) found that shoulder strength {targn deficits were only significant (p<0.05)

in vertical adduction in patientsceivingbreast conserving surgery combined with radiotherapy.
As the pectoralis major is the main shoulder vertical adductor, these findings suggest the
compensatory mechanisms for breast cancer patients to stabilize the joint with muscles other

than the pectore major (Lipps et al., 2019).

Documentation of shoulder strength employs various techniques, each with associated
limitations. Shoulder strength has been assessed using isokinetic dynamometers (Blomqvist et
al., 2004), handheld dynamometers (Rietmanal.,2004; Johansson, Ingvar, Albertsson &
Ekdahl, 2001; Harrington et al., & Groff, 2011; Brookham & Dickerson, 2% manual
muscle testing (Kendall, 1993)sokinetic dynamometers are considered the gold standard tool
to assess muscle strength. However, these devices areyekpahsive but also require a lab
setting to perform the measurements. In contrast,-hattidynamometers are accurate force
measurement tools, easy to use, low cost, and are a convenient size to justify their use in a

clinical setting (Starlet al.2011).

2.3.2Shoulder complex range of motion decrements
Shoulder complex range of motion decrements are linked to radiation treaBoimnt.
mastector and radiation therapy combined wasgsociatedvith shoulder complex range of
motionreductionganging from 10° to 55°, as well as a decline of activity tolerance @tetb,
2018; Ryttowet al.,1988; Springer et al., 201G fter Sx months posmastectomyrange of

motion was restored in those patients valad surgery but didot haveradiation therapy to the
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axilla, compared to those who received both mastectomy and radiation treatmadisted

patients still haghouldemovement restrictions from 20° in mild cases to 50° in those patients
with massive axillary spread who had been gi@eadiatiorboost to the axilla (Gunnar & Feuk,
2000).Another prospective study included the measurement of shoulder abduction and flexion
before andne yeamfter oncological treatment in 396 patiealisof whom hadsurgery among

other therapies including radiation thpy (70% of the patientdyleanshoulder abduction and

flexion decrease5.5° and 2.2} respectivelyfor the affected side (Smoot et al., 2016).

Mastectomy surgergause scar tissue in skin and fascia in the anterior wall of the chest. This
scar tissue generates impediments in the normal gliding between the skin and the surrounding
structures, including muscles and fascia. This scenario combittagain and posturselection

and avoidancenediaed by fear, leads to a resting shouldedle malalignment and decreased
shoulder complex range of moti@Neto et al., 2018)The fibrosis of the soft tissuespecially

at the pectoralis major and minor) following radat likely exacerbatethis problem (Neto et

al., 2018).

Movement limitations in shoulder ROM increase the risk of upper extréummtgional

disabilty. According to the ADisabilities of the AT
20/100 represents a significant loss of funct®rombination of mastectomy, radiation, and
chemotherapy led to upper extremity disabilities in breast cancer patients six months after

treatmant, reflected in patients with an average DASH score d (fightly below the

significant loss of function thresholdhd decreasan shailder complex ROM and shoulder

strength (Harrington et al., 2001). These upper limb disabititeagmanifest through difficulties

in lifting and carrying objects, overhead movement such as combing hair or reiachsiglve,

and pushing and pulling objects such as a vacuum cleaner (Edaaig011). Shoulder
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strength deficit also negatively impath® ability to perforndaily activities such as taking care
of family or goingback to work, resulting in financial and emotional burden not only for the

survivor but also fotheirfamily and environment (Ebaugh et al., 2011).

2.3.3Shoulder muscle activation imbalance
Radiation therapy for breast canossy cause thickening of the connective tissue, thus
restricting the movement within fascial planes. A combination of the limited ability of the tissue
to expandn concert, muscle fibrosiand ischemia produced by vascular network changes,

limits the efficacy of the muscles to contract auativate (Oskrochet al, 2015).

To date, several studies showed evidence of the existence of motor control impairments in breast
cancer survivors. GaliarGastillo (2011) confirmed significantly higheupper trapezius
activation(p<0.05)in breast cancer patieswho received oncological treatnteat 10 secs and

60 secs into the performance of a task consisting of drawing pencil marks in three circles in a
counterclockwise direction with the affected (right) arm. The normalized root mean squares
(RMS) values at 10 and 120 secs respebtiwere 0.86/0.82 in the affected side and 0.31/0.34

in the unaffected side for the breast cancer patients, compared to 0.66/0.71 in the right side and
0.28/0.32 in the left side for healthy controls. Moreover steenocleidomastoithuscle also
evidenced a significant highactivation(p<0.05)in breast cancer patienwvho received

oncological treatmedrat 10 and 120 secs respectively with RMS values of 0.29/0.42 in the
affected side compared to 0.10/0.11 in the right side in healthy coféalianc Castillo et al.,

2011). Higher activation in the upper trapezius, rhomboids, and serratus, and decreased
activation in pectoralis major (in the affected sidegurredn breast cancer patients with

shoulder pain who were treated with wide local excision and radiation therapy (Slealey

2012). Further, breast cancer survivpesformingfunctional tasksctivatedthe posterior

15



deltoid, supraspinatus, upper trapezius, and serratus afdfémordn the affected sidé
<0.05) whereas pectoralis majsternaldecreased activatigp < 0.00010.0032)(Brookhamet

al.,2018. These patients received surgery, chemotherapy, and radiation therapy.

2.3.4Arm lymphedema
Another important consequencerafliationtreatmentan bdymphedema in thaffected

arm. Lymphedema is characterized by regional swefineglucedy the accumulation of
proteirtrich fluid in body tissued.ymphedemaelates to multiple symptoms such as pain, arm
heaviness, tightnesanddecreased shoulder range of motion. It also nedgtigacst the
performance o&ctivities of daily living (Deutsclet al.,2008). Lymphedema can be cosmetically
unappealing, gychologicallydistressing, and physicalsymptomatic. Edemas can lead to upper
extremity infections and poor healing after trauma (Gross et al., 2018). The incidence of
lymphedema ibreast cancer patierdfter receiving oncological treatmdatfrom 3 to 42 %
(Hodgsoret al., 2009, and the risk increases with axillary lymph node dissection and radiation
therapy, especially axillary radiation (Shah, & Vicini, 2011). The development of lymphedema
can be noticeable either immediately, months, or even j@kwing treatment (Shah, &

Vicini, 2011).

2.3.5Intervention programs in breast cancer patients

Exercise is considered an intervention that may help mitigate the effects of oncological
treatment. Bveral systematic reviews and mataalyses support the use of the exercise in
breast cancer patients as a path to improve body composition, life quality and to decrease
fatigue (Courneya & Friedenreich, 1999; Hewitt, Mokbel, & Van Someren, 2005; Spénce,

al., 2010).However, these studies did not assess whether the chosen exercises effectively

16



address specific goals for particular populations. Additionally, it remains unclear when the
intervention program should be implemented during different phases of breast cancer
treatmentData on exercise intervention programs performed during radiotherapy window

are scarce. A few studies used strengthening components in their intervention programs for
breast cancer patients during radiation therapy (Steindorf et al., 2014; Knei@18y.,

Mustian et al., 2009). However, these interventions as mangsatb&ed in the literature

were focused on aerobic capacity enhancement, resistance training, and fatigue improvement
(Mock et al., 1997; Mock et al., 2001; Mock et al., 2005;-KHes et al., 2013; Schmidt et

al., 2006; Hwang et al., 2008; Kirshbaum, 2008dre research is needed to elucidate if
strengthening exercises applied within the radiation therapy window can compensate for

potential shoulder health indicators impairments.

2.3.6Rib fragility fractures
2.3.6.1Incidence
Oncological treatment in breast cancer patients may increase potential for rib fragility

fractures A common radiation dose per session in breast cancer ranges from 12 to 70 Gray
(Gray) (Li et al., 2004), and doses greater than 6 Gy in adults are associated with osteonecrosis
(Pierce et al., 1992Yhe causes of rib fractures are multiple, but higher radiation doses (above
50 Gy) are considered major contributors (Pierce et al., 1992). Radiation tHeespygot aim at
bones, but it may cause changes inskedetal system. The changes in the bone depend on
p at i age &bdosbed dose, size of the radiation field, beam energy, and fractionation (Resnick
& Kransdorf, 2004). In mature patients, radiation interferes with osteoblast production, leading
to decreased matrix production. This phenomenon is called osteor@odsiagand it manifests

clinically as osteopenia. Rib fragility fractures caused by radiation in breast cancer patients occur
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approximatelyl2 monthdollowing radiation(Pierce et al., 1992). However, mechanical changes

in the irradiated bone are perceptible earlier. Previous experiments performed in rats showed that
increased absorption tieendosteal surface of the irradiated bone area startechitibeable

after 4 weeks of receiving a single dose of 50 Gy of radiation. The porotic changes in the bone
become more noticeable at 12 weeks, with a significant dedrebsee strength. This

progression rea@sits maximum at 2 weeks (Sugimotet al, 1991). Radiographic images

captured withira 12-month window after radiatiotherapyrevealed a heterogeneous bone with
accumulation of bone deposisncentrateih certainareas, osteopenia, thick trabeculation, and

disorganization othetrabeculamarchitecture.

Rib fragility fractures in breast cancer patients are afteestimatedRib fractures are
commonly manifested in the anterolateral region of thes®, and &' ribs (Mitchellet al.,
1998). Moreover, there is an increased tigk the irradiated bonwill developinfection and
bone sarcomas in the irradiated field (Yi et al., 2009). The incidence of rib fractures in BCS
ranges from 2% to 19% (Harris et al., 2016; Overgaard, 1988). Yet, these statistics likely
underestimate the true scopeoasurrences oftenundetected by the patients or even by the
health provider,lgo knownasisi | ent fractureso (Guise, 2006) .
is aware that cancer treatment induces bone loss (&aak|2012), bone quality assessments in
thecancer populatioareinconsistentlyprescribedDuring a followup study of 5.8 years, 66%
of breast cancer patierasid 53% otanceffree women reported havingoanedensity
assessment, and 112 incideasef osteopenia and/or osteoporosis were ident{famin et

al., 2018).
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2.3.6.2Breast cancer and steoporosis

Osteoporosis increases the risk of bone loss and consequent fragility fractures in cancer
patientsRib fractures were reported as one of the most commamnoebidities experienced by
BCS after receiving treatment in ayBar prospective cohort study in Australia. Additionally,
these rib fractures were most commonly seen in women who were postmenapdusalhigh
risk of osteoporosis (Harris, 2016). Nearly 83% of the breast cancer population in Canada
consists of females over 50 years old (CCS, 202tk dgegroup also has an increased risk of
osteoporosis. According to the World Health Organization, 45% of women over 50 years old
have either osteopenia or osteoporosis (Taxel et al., 2012). In Canada, at least one out of four
women over 50 years old will haeefragility fracture relatetb osteoporosis at some point
their lifetimes (Lorrairet al., 2003)In addition, the risk of developing bone fragility fractures
due to osteoporosis is even highethiacancer population. Up to 80% of breast cancer patients
experience bone loss (Runowicz et al., 2016). Despite these alarming statistics, approximately

77% of BCS with osteoporosis were undiagnosed by their health provider (Chen et al., 2005).

2.3.6.3Screening and assessment bone quality
The are a few options available for assessment and screening of bone Eadiity.

screening is aritical element indentifying patients at high risk of developing bone fragility
fractures (Hoff & Gagel, 2005). Still, bone density testing is performed in only 3% to 32% of
cancer patients under high risk of bone loss (Guise, 2006). The standard approach to assess bone
quality is a duaknergy Xray absorptiometry (DXA) scan. This tool is accurate 294 error),
norrinvasive (low radiation dose ~0.5 uSvapid, and requires no specific preparatiime
DXA measurements are based on the molecular level -@oapartment model that comprises

fat mass, notbone lean mass, and bone mineral content (Bazzocchi et al.,2016). The physical

19



principle behind the DXA scan is the transmission of @ayxthrough the body at a high and low

energy level. The-xay source generates a beam-oays, and it derives from a set of photon

particles conducted within electromagnetic energy. The thiclaresgensity of human tissues

attenuate and decrease the beammaiys while the photon energy increases. taemsity

materials such as soft tissues attenuate #fay Yeam less compared to hidénsity materials

such as bone. The difference of atteraratioefficients at two different peaks of energy is

measured by the device providing a specific value callgdl&e. The Rvalue is constant for

bone and fat in all subjects, whereas it varies among the distinct soft tissues, and it also depends
oneachgbj ect 6s soft tissue ¢ o mp-dimangionboneminBralz z oc c |
density calculatiois accomplished through the calculatioraafatio of ararea between bone

mineral contenandbone surface (Giampiero & Baloncelli, 2008).

Quantitative Ultrasound (QUS) isnmvel,accessible, inexpensive, and portable fool
repeated measurements in peripheral bone ditigéiple features of the cortical borman be
extracted using QUSuch as bone elasticity, microstructure, bone matrix constituents, and
micro-damage accumulation components, providing a more comprehensive bone fragility
evaluation (Raunet al.,2014).Ultrasound velocitiefrom the calcaneusignificantly correlated
with femoralbone mineral density (from DXA scargndthus, this device is predictive of
osteoporosis statyslans et al., 1996; Ng & Sundram, 1998; Gluer, 1997). The analysis of the
ultrasound signal consists of the measurement of the speed of sound (SOS) and amplitude
dependent SOS (AS0S). A decrease in QUS parameters (both velocity and attenuation) was
relaiedto a decrease in BMD in populatiswith disorders or disturbances affecting bone health,
as well asn healthy populatioswith fractures (it has been tested in phalanges, heel and tibia)

(Laugieret al., 2004)QUS parameters depend thie bone composition and bone structuaad
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thein vivo and in vitro QUS parametecan al® detect collagen and organic matrix

abnormalitiegLaugier, 2004)

Quantitative Computer Tomography (QTC) is applied to assess the bone quality of the
appendicular skeleton and the spine (Lang et al., 1998). These devices need calibration to
convert their findings into units relevant to BMD. The QTC is very accurates@ssisg
cancellous bones as it can measure the volumetric density rather thanajastsl outcome
(like DXA scan) (Lang et al, 1998). The main disadvantages of the QTC scan are the high

exposure to radiation, difficulties with quality control, andhhagst (Kanis, 2002).

Lastly, another method to assess bone quality is radiography. This method has a very low
sensitivity, but it can help to improve diagnosis or in differential diagnosis. Radiographs are
usually used in the identification of vertebral deformities producesktgoporosis that are not

of special clinical attention (Kanis, 2002).

2.4 Summary and the Dissertation Motivation

Overall radiation therapysieffectivein redueng both cancer mortality and the risk of breast
cancer recurrence. Howevenanypatients in North America decide not to undergo breast
irradiation due to thpotentialshort and longerm effects and its cost. Previous research
reported the influence @ncological treatment (such as surgery, chemotherapy, radiation
therapy, and hormone theramy) shoulder functional health indicatokHowever, hese studies
did not focus on radiation therapy exclusiyelgdalso were performedutsidethe radiation
window. Radiation therapy magausealteredshoulder complex muscle strength and activation,
joint range of motion restrictions, and arm lymphedema. How#wecausative role aadiation

therapy andts extentof influence on physical capacities and dysfunction are undéteaher,
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the extent of the incidence of type and dose of radiothenaghyhe development of these

shoulder complications Emilarly unknown Lastly, another potential consequence of radiation
therapy application in breast cancer patiealatesto the appearance of rib fragility fractures.
While the DEXA scan is theurrentgold standard tool to assess bone quality and to predict bone
fractures, its application is expensamedimpractical for mostesearch and clinical purposes.
Therefore, a more accessible gmdctical tool must be devele@to predict rib fragility

fractures in breast cancer patieritais warranting a feasibility study of ultrasonic detection
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Chapter 3 - Quantifying the influence of radiation therapy on
functional shoulder health indicators in breast cancer patientsan
exploratory study

3.1lIntroduction

Oncological treatment for breast cancer patients comprises local and systemic options.
Women with primary invasive breast cancer often receive both local and systemic treatment.
Local treatments, such as surgery and radiation therapy, reduce the riskesfrezurrence,
prevent spread of themor, and also reduce mortality up to 70% (Clarke et al., 2005; Shapiro
and Recht, 2001). The adjuvant radiotherapy treatment is usually prescribed five days a week,
for a total of six weeks (Ringborg et al., 20@J)east cancer is more likely to occur in the
upperouter quadrant, which is the quadrant with more breast area and dense area (Lipps et al.,
2017). This quadrant is associated with an increased risk of dysfunction in the upper back,

shoulder, and arm (O= al., 2017).

During radiation treatment, it is common to experience side effects that may affect the
pat i e nheiag eithreephyisically, psychologically, or psychosocially. The most common
sideeffects reported in a threaonth followup of 134 breast cancer patis after receiving
radiation therapy were fatigue, skin reactions, and paiengstromet al.,2000. These side
effects worsened as the treatment progressed. During the third month ofdpllde majority
of symptoms persisted. Fatigue was the mastgent sign, being mild to moderate in 70% of
the sample and severe to intolerable in 30% of the patients me@alergstromet al.,2000)

Another important side effect relates to a swollen arm. According to a questionnaire
administered to breast cancer patients during and after the administration of radiation therapy, a

swollen arm presented in 34% of 96 patients at the end of the treéaBh®nof 94 patients at
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three weeks podteatment, and 44% of 95 patients at six months-fpeatment (Sjoval et al.,

2010).

Shoulder strength and range of motion are reduced in breast cancer patients following
radiation therapy treatment. A longitudinal study revealed that 61% of 194 women presented
decrements exceeding 2@ range of motion (especially in shoulder abduction), 20% in strength
(mainly in shoulder abduction), and 200ml in arm volume. At least 10% of those impairments
persisted up to 12 months (Kooststra et al., 2013). The study of Lipps et al (2019) compared
patients receiving breasbnserving surgery to ¢hbreast and axilla (group 1), with nine patients
receiving breast conserving surgery with radiation to the breast alone (group 2), and nine healthy
controls. The healthy controls evidenced significantly greater differences in shoulder strength

compared wh the treatment groups (Takle

Table 4. Lipps et al (2019) study comparing breast cancer patients receiving breast
conserving surgery to the breast and axilla (group 1), with breast cancer patients
receiving conservingurgery with radiation to the breast alone (group 2), and
healthy controls.

Shoulder movement Group 1 Group 2 Controls
Vertical adduction (Nm) 46.5 40.9 61.9
Vertical abduction (Nm) 43.6 40.5 45.9
Horizontal flexion (Nm)| 43.7 33.9 40.3
Horizontal extension | 36.1 26.6 33.6
(Nm)

Internal rotation (Nm) | 24.0 21.7 30.2
External rotation (Nm) | 25.6 25.9 31.8
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Another study also demonstrated that the shoulder strezdjiced in adduction (31.9 vs
35.2Nm.), abduction (23.8 vs 26 Mm.), flexion (23.0 vs 27.8im.), extension (11.6 vs 16.6
Nm.), and internal rotation (12.0 vs 15\8n.) in patients who received radiotherapy and
modified radical mastectomy versus a control group who only received the mastectomy surgical
procedure, measured 15 months after the end of the treatment (Blomqvist et al., 2004). In terms
of shoulder range of matin, amean decrease of 5.6f shoulder abduction and 2.2° of shoulder
flexion in the affected side (Smoot et al., 20@6¢urred in breast cancer patients tied
surgeryandradiation therapy (applied in 70% of the patient#)reover, Bookham et al (2018)
found shoulder complex range of motion decrements in the affected side compared te the non
affected side in breast cancer patients after receiving several oncological treatments including
surgery, radiation and/or chemotherapy. fbenerothoracic ROM in the plane of elevativas
32.3°vs. 39.0°, p = 0.0034 during RGREach tasks, and during RORbtate tasks in the
elevation anglevas9.7° vs. 12.0°, p = 0.0121; and 15.3° vs. 18.6°, p = 0.0440 (Brookham et al.,

2018).

Following treatment, breast cancer survivors may use altered neuromuscular control to perform
functional tasks. Higheactivationin the upper trapezius, rhomboids, and serratiierior and

lower activationin the sternal head of thmectoralis majooccurred on the affected sidebreast
cancer patients with shoulder pain who were treated with wide local excision and radiation
therapy(Shamley et al., 2012). Similarly, in breast cancer patients who received a combination
of surgical and systemic treatnis, higher activation occurredtime posterior deltoid,
supraspinatus, upper trapezius, and serratus anbaribe affected side comparealthe

unaffected sidéBrookham et al. 2018However,the pectoralis major activityas lower in the

same group of patients (Brookham et al. 208&)ratus anterior was reported to be higher in
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patients receiving oncological treatment including radiat@napycompared to the unaffected

side or with healthy contro{®rookham et al 2016; Hage, 208hamley et al., 20}2

Similarity, latissimus dorsi activation increased (p < 0.05) in abduction, extension, flexion,
internal rotation and scapular abduction in breast cancer survivors between 1 and 2 years since
treatment ended compared with those within 1 year of treatment ending (Madozket al.,
2022).Radiation therapy is known to affect the pectoralis major muscle the most since it is in the
direct field of treatment. The latissimus dorsi and teres major muscles work together with the
pectoralismajor to produce shoulder horizontal adduction. Therefore, if the pectoralis major
muscle decreases its activation, the latissimus dorsi and teres major muscles may increase their
activation to compensate and maintain shoulder functionality. Howevehyghighesis is yet to

be tested within the radiation therapy window.

Lastly, theincidence of lymphedema in BG&llowing oncological treatmens
approximately3 to 42 % (Hodgsoet al.,2009), and the risk increases with axillary lymph node
dissection and radiation therapy, especially axillary radiation (Shah, & Vicini, 2011). The
development of lymphedema can be noticeable immediately, montagen years$ollowing the

treatment (Shah, & Vicini, 2011).

A small number of studies investigated the consequences of oncological treatment related
to shoulder strength, muscle activation, shoulder range of motion, and the presence of arm
lymphedema. However, no studies isolated the influence of radiation theardbgse measures.

This research aims to investigate the shoulder complex range of motion, in addition to the
shoulder miscle activity shoulder strength, and arm lymphedema throughout radiation therapy.

Understanding the changes in these measures dhamrrgdiation therapy windowould allow
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clinicians to develop targeted rehabilitation protocols aimed at overcoming changes in shoulder
functionality following radiation treatment. Moreoverpibuld also help to assess the feasibility
of the use of wearable devices in the clinic, permitting not only researchers to assess these
variables without taking participants into biomechanics laboratories, but also patients to remain

in the hospital setting pvading more comfort and practicality.
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3.2 Objective and Hypothesis
The objective of study 1 was &ssess shoulder complex health indicators before the

application of radiation and throughdbewindow of radiation treatment.

The following hypotheses were evaluated by study 1:

1. Therewould be significant changes in shoulder muscles activation at endpoint
assessments compared to baseline and midpoint assessments

1.1The activation of pectoralis majaould be lower in endpoint assessments compared to
baseline and midpoint assessments

1.2 The activation ofatissimus dorsi, serratus anterior, and teres nvegoid be higher in
endpoint assessments compared to baseline and midpoint assessments

2. Therewould be lower shoulder muscle strength at endpoint assessments compared to
baseline and midpoint assessments.

3. Therewould be lower shoulder complex range of motion at endpoint assessments
compared to baseline and midpoint assessments.

4. Therewould be higher arm circumference at endpoint assessments compared to baseline
and midpoint assessments.

5. Radiation dose and fractiomsuld be negatively correlated with reductions in arm

strength, activation, and shoulder complex range of motion.
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3.3Methods

3.3.1 Participants

Breast cancer patients receiving radiation therapy were selected for this study. Fourteen

breast cancer patients participated in the present study{46.3 kg, 165.5 6.1cn) (Figure
2). A G*POWER 3.1 (Universitat Kiel, Germany) analysis fepeated measurddNOVA for 1
group, 3 measurements, an alpha of 0.05, a power of 0.8, and a medium effect size, revealed that
39 subjects were needed for the present study. However, due to COVID restrictions and
difficulties in patient recruitment, only 14 participantsreveollectedDespite being underpower,
the currensample size is comparable to that of previous studiesrfitiied similar variables in
patients with breast cancgsuirro, et al., 2019; Garcideronimo et al., 2023; Magnuson et al.,
2023) Participants were recruitdatectly from the Grand River Hospital (Kitchener, ON) after
ethics approval by the Office of Research Ethics at the University of Wat&Rige 42902), and
Grand River HospitaPotential participants were referred to the student investigator after the
prescription of radiation treatment from Radiation Oncologitpatients receivedMRT
(intensity moduhtedradiotherapy}reatment regimen3he aveage dose of radiation prescribed
to the patients wad2.6 Gy, ranging fron26 Gy t052.5Gy, and the average fractions were 9.26,
ranging from 5 to 2QTable6). The details of radiation treatment location are attached (Table 5).
Recruitmentriteria was based on the demographics of Waterloo/ Kitchener region to have a
representative sample of women of the arde ihclusion criteriaverewomen aged 25 to 75
years old who hae been prescribed bhiave yet tctart radiotherapy treatment for breast cancer,
unilateral cancer diagnosis, awtth mastectomyompleted at least 3 weeks prior to

participation.
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Patients with the following breast surgery were allowed to participate in this study: full or
partial mastectomy, modified radical, and lumpectomy. Patients receiving radiation to the breast
alone, or radiation to the breast and axillary nodes, patietiiamcer recurrence, and women
who were diagnosed with metastatic cancer, were also recidikeldision criteriavas radical
breast surgery, postmastectomy or augmented breast reconstruoticentshistory of
rehabilitation after receiving mastectorayd taking medication that may affect the
neuromuscular performanaggatients who were experiencing shoulder pain/discomfort, and
patients with muscle invasion of tumor. The surgical procedures and adjuvant treatment received
by the patients of this cohort are detailed below (Tabl®#dly female participantaere
recruited as womeconstitute the majority déreast cancer disease (lesthébo of breast
cances occur in men) (CCS, 202(articipants were in the evaluation room for approximately
30 minutes, and there were three evaluation sessions. The initial assessments (i.e. baseline) were
performed approximately one week before the start of the radiation treatment. The second
assessments were completed at the midpoint of the treatments, and thestseirgents on the

last day of the therapy.
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Breast Cancer Patients receiving Radiation Treatment

Radiation treatment prescribed by Radiation Oncologist ——» Pre-screening by Nurse Practitioner

.

Potential participants contacted and
screened by student investigator:

Included: n=18 )

A A

Collected: n=14 Not collected: n=4
-not willing to participate
anymore (n=1))
-pain and discomfort in
shoulder due to radiation
therapy (n=2)
-not having extra time to stay
in the hospital for the
assessments (n=1)

Figure 2. Diagram outlining recruitment and retention of participants in the study.

Table 5. Surgical procedures and adjuvant treatment received by participants.

Surgical procedures Number of Adjuvant treatment Number of
participants participants receiving

receiving surgery treatment
Lumpectomy 11 Anastrazole 5
Letrozole 3
Tamoxifen 3
Mastectomy 3 Chemotherapy 1
None 2
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Table 6. Radiation dose and fractions treatment plans

Treatment plan Boost?
Radiation Radiation Radiation Radiation

Dose Fractions Dose Fractions

26 5

26 5 5 10

26 10

26 5

26 5 5 10

26 5

26 5 5 10

26 5 5 10

26 5 5 10

40 15

26 5 5 10

26 5 5 12.5

26 5
42.5 16 10 4

Table 7. Radiation treatment location for all patients

Radiation treatment location details

Number of participants

Right breast with boost to surgical cavity

Right breast with boost to seroma

Right breast

Left breast

Right breast with boost to tumor bed

Left chest wall

Left breast withboost to tumor bed

Right chest wall and axilla

RINRFRPIFRPIWWEFLIN
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3.3.2Hand-held dynamometer Instrumentation
Strengthwasr e c or ded wi t h -held dydabongter (HoggandHeadttra n d

Industries, Inc, West Jodan, UThe dynamometer wagsacedaboutfour fingers above the

elbow jointatthemidline point to test shoulder flexion, extension, abduction, and adduction

(Figure3), and fourfingers above the wrist joirat themidline to testshoulder external and

internal rotators.During strengthmeasurementshe participantsvereinstructed to produce

maximum force in the desired direction for five secondsle the examiner maintained static

resistanceA st andard cue of fAready, set, go0 was US

Experimental details of thessessments are found in session 3.3.6.1

Figure 3. Shoulder strength test using hameld dynamometer
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3.3.3Surface Electromyography
Muscle activity evaluation of pectoralis major (sternal insertion), latissimus dorsi,

serratus anteriognd teres majovasmeasured usinfpur skinrrmounted Shimmer patches
(Shimmer Sensing, Dublin, LE, Irelan(Bigure4; Table8). Groundreference electrodes were
placed at the acromion and clavicle. In order to keep consistency of the electrode placement
throughout the three evaluation sessions, a picture of the location of the electrodes was taken
during the first sessiorBoth trials and MVGveresampled al50Hz, raw EMG signalsvere
bandpass filtered from 1:800Hz and differentially amplified (Common Mode Rejection Ratio
(CMRR) >100dB at 60Hz, The skip averlying the reuscienacget aréad0 0 Mq )
wascleansed witlabrasive gel andwet cloth. This cleansinigitended to ensure thtite signal
recorded with the wearable sensor is without interference from dead skin cells. After the patch
placement on each muscle, the participargseasked to perform musekgpecificmaximal
voluntary contractiondVCs) against the researcher afrable8). These maximal contractions
wereimportantfor subsequentormaliation ofthe raw EMG signals to the maximum in post

processing steps.

Figure 4. Shimmer wearable SEMG with patches adhered to the skin.
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Table 8. Electrode placement and MVC postures (Cram & Kasah().

Muscle Electrode Placement MVC Posture
Pectoralis major (sternal Medial to the axillary fold Subjectstands uprightelbow
head) with the arm medially rotateq and shoulder are flexed to

horizontally on the chest wal 90°, participant exerts
over the muscle mass 2 cm | upwards and inwards
out from the axillary fold
Teres Major Along the lateral scapula; 2 | Subject stands upright, with
3cm above the inferior angle elbow flexed and hand restir
at gluteus maximum region,
participant resists shoulder

flexion.
Latissimus Dorsi Approximately 4 cm below | Subject stands upright, with
the inferior angle of the elbow fully extended, arm in

scapula, half the distance | adduction and internal
between the spine and the | rotation position. Participant
lateral edge of the torso, resists shoulder abduction a
oriented slightly oblique at | flexion.

approximately 25°
Serratus Anterior Over the seventh rib, one | Subject presses fist against
electrode posterior and the | opposite palm while

other anterior to a point in th) maintaining 99 of shoulder
midaxillary line. flexion and 1250f shoulder
abduction.

3.3.4Tri -axial accelerometer Instrumentation

Inertial motion capturgvasused to estimate shoulder complex range of motion through
an embedde8@-axisaccelerometef:200 g and3-axisgyroscopg+2000 deg/s)inertial motion
units (IMUs) (Shimmer Sensing, Dublin, LE, Irelan@odrigues et al., 2019) (Figusg The
sensomwasplaced at the anterior side of the wrist, across the joint midtmeshoulder flexion
and abduction trialshe entireupper limbwasconsidered a rigid link segment; therefore, the
elbow must be kegtlly extendedwhile the movement is being captur&er shoulder external
rotation, the forearm was considered a rigid link segment. The IMU was secured on the body

with elastic and Velcro straps. The mougtorientation of the IMU remained consistent across
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all participantsOrientation estimatesasderived from the combined acceleration and angular

velocity data.

Figure 5. Shimmer Tha xi al accel erometers pl.aced on
3.3.5Video recordings

A supporting motion capture method was used in case the IMU failed during data

recording. Video recordings of each movement were performed using a smart phone camera.

3.3.6Experimental protocol
Following, is an overview of the protocol chapfBne measurements were performed on
t he pat i en tThecomparfsa ofteachl target was made between the affected limbs
within the assessments. No comparisons were made between the affected and unaffected limbs
(see sections 3.3.6.1 to 3.3.6 Rarticipants filled out informed consent at the beginning of the
session. Information regarding surgical procedures and adjuvant treatment received by each

participant as well as radiation dose and fraxtjavere provided by the Nurse Practitioner upon
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participantsdé authorization. Arm circumferenc
placement of Shimmer skin patches for the SEMG testing in conjunction with the strength
assessments. Two trials of maximal voluntary contractions of shoulder flexiension,

abduction, adduction, external and internal rotation were collected, followed by a single trial of
musclespecific MVCs.Subsequently, muscle activity was recorded while the participant

performed the same strength evaluation tasks but holditrgragthscaled (30%) dumbbell

(Figure?). Lastly, the IMU was placed for the shoulder complex range of motion evaluation. All

the shoulder functional indicators were used for Study 2 for testing the efficacy of the

intervention shoulder strength program @&ndutlined in section 4.3.3 (page 83).

Informed Consent and Anthropometric measurements Wearable sensors preparation
Questionnaire + arm lymphedema assessment and placement

5 minutes: Alcohol swab

on the shoulder region,

electrode placement on
evaluated muscles

5 minutes: Height,
5 minutes weight, arm
circumference

Maximal strength per muscle

group + Muscle specific MVCs Shoulder muscles strength

assessment + EMG evaluation

execution
10 minutes: 2 maximal 15 minutes: shoulder strength
strength testing for 6 assessments holding
shoulder muscles groups + dumbbell of 3 shoulder
specific MVCs of 4 movements (flex-ext, abd-add,
muscles ext-int rotation)

Figure 6. Overview of the components evaluated at each section of data collection.
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Figure 7. Muscles activation evaluation tasks at 30%naiximal voluntary forceA:
Shouldeiflexion/extension. B: Shoulder abduction/ adduction. C: Shoulder external/
internal rotation
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3.3.6.1Maximal Strength Assessment
Participants were asked to slowly ramp to a maximum, hold the exertion for 3 seconds,
and then slowly ramp down. Verbathcouragement was providédere was a 38econd pause
between the trials and one minute between each testing poShi@measurementgere

completed as shown in Tal®gBlomqvist et al., 2004).

Table 9. Body segments position for shoulder strength assessment.
Flexion Standing in uprighposition,

shoulder at 450f flexion and

0° of abduction.

Extension Upright position, shoulder at
10° of extension and 0° of

abduction.

Abduction Standing in uprighposition,

shoulder at 450f abduction

Adduction Standing in uprighposition,
shoulder at 900of flexion and

0° of abduction.

External and internal rotation | Standing in uprighposition,
shoulder at 90of abduction,

and elbow at 90° of flexion.
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3.3.6.2 Muscle activation
Firstly, the participants were asked to perform the maximal strength assessments and

muscle activation was also recorded. Subsequently, the MVCs measurement todkgplace.
every musclévVC, the participantsvereasked to push as hard as tiloeyld Theywere
verbally encouraged throughabe trial Participantsvereasked to slowly ramp tamaximum,
hold the contraction for 3 seconds, and then slowly ramp down. The sitiedtin upright
position for performingll MVCs as described in Table Bhirty seconds ofastwereprovided
in betweenThe MVC protocol was the same for all the assessment across treafterhe
execution of MVCs, the participants were instructed to perform analogous submaximal
assessment tasks: shoulder flexion, extension, abduction, adduction, external, and internal
rotation while holding a dumbell, representing 30% of tmeaximum voluntary forcéFigure
7). This 30% was calculated accordingtothe harell d dynamomet er out put
performance on each strengask (this test assumed the patient was perforiainigeir

maximum capacity).

3.3.6.3Range of motion

The patientemained in standing positipensuringthat the trunkvasstraightthroughout
the data collection. Calibration movements coesist 3 repetitions of each of the following
movementsdynamic90 degrees of should#8exion, dynamic 90 degrees of shoulder abduction,
trunk leaning to both right and left sides, trunk leaning to right side with pro/supination of the
wrist, trunk forward flexion until reaching the toes, hold 90 degrees of shoulder flexion for 3
seconds, and holD degrees of shoulder abduction for 3 seconds (FR)uAdter calibration
was completed, the pgecipant was instructed to perform the following movements: shoulder

flexion, abduction, an@xternal rotationThe baseline posture for shoulder flexion was
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anatomical position, and patients were instructed to flex their shoulder as much as possible. For
shoulder external rotation, the baseline posture was standing with the elbow bentlajae@0

angle and the forearm against the trunk, and patients vstredted to rotate their arm outward

as much as possible until the hand was pointing away from their body. Finally, for shoulder
abduction, the baseline posture was anatomical position, and patients were instructed to abduct

their shoulder as much as pdusi

Figure 8. Calibration movements for texial accelerometer

3.3.6.4Arm circumference
A lymphedema assessmeavasperformedwith a measuring tapdrough arm
circumference measuremaftthe affectecarm. The site assessed was the estimated midpoint of
the uppearm(Chen, Tsai, Hung, & Tsauo, 200@jigure9). The parti edopant 6s

pillow, and thecircumferencavasmeasured using tape.
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Figure 9. Arm lymphedema assessment using measuring tape placed at the midpoint of the
upper arm.

3.4 Data analysis
3.4.1Peak force data

The peak force data was obtained from the selected shoulder strength motions. Peak force
data was obtained from each isometric strength trial. These parameters represent the isometric
strength in each evaluated shoulder strength motion (flexion, exteabutution, adduction,
external rotation, and internal rotatiofi)vo isometric measurements of each muscle gvoene
taken, and thaverage wassed for further analysi§orce was reported N. The torque
generated by the muscle was not calculatedi;study because the moment arm of the joint
was nottracked. Instead, the study focused on measuring the force exerted at the greatest
moment arm of each specific movement. This approach was selected based on previous research
assessing arm strength in breast cancer patients (Harrington et al., 2011 nWetrelha2008).

The study did not aim to calculate the torque at different joint angles.
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3.4.2Muscle activation data
The muscle activation dataeweobtained and analyzed from each movement task and

normalized to the correspondent muscle specific MVC. Raw EMG signals were processed using
Matlab 2022b (Mathworks, USAT.he signal of each muscle was corrected for resting bias by
subtracting the mean of the raw trial from each time point. To reduce heart rate contamination
from all trials, a higkpass, secondrder, dualpass Butterworth filter with a cudff frequency of
30Hz was applied (Drake & Callaghan, 2006). The digma filtered using a secoradder,
singlepass Butterworth filter with a cwiff frequency of 2.5Hz after fullvave rectificationFor
each participant, the average value of the EMG amplitude was extracted from a time window
betweer.5 and 5.5 seconds for each muscle MVC and all subsequent submaximal trials were
normalized to this value. Averaged normalized EMGs were extracted from each repetition of
each performed trial for analysis. Average amplitude EMG has been used in presearsh
assessing nucle activation in breast cancer patients (Maciukiewicz et al., 2022: Kuligllo

et al., 2023).

3.4.3Range of motion data tri -axial accelerometer orientation
The shoulder complex range of motion data was obtained and analyzed from an IMU and
recorded on each selected shoulder movement task. The IMU data was recorded at 128 Hz and
saved into the device internal storage. Angular acceleration (rad/s) and vigtdsjtyvere low

pass filtered at 13z.
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Madgwick and Mahony algorithms were used to estimate the orientation of the IMU from
raw sensor data and to reduce the integration driG@iary & McNames., 2012These
algorithns wereusedin previousstudiesand itestimateghe orientatiorderived from combined
acceleration and angular velocity déBoodwin et al., 2021)'heyuse the angular velocity
signal to estimate the orientation during periods with significant hodgleration andse the
acceleration signal to update or correct the orientation during pémiedsch the measured

acceleration is closed to the acceleration of gravity (Goodwin et al.,.2021)

The humerethoracic rotations (¥X-Y 6 ) ( Wu eweredekcribed afliows5 )

E1l: Glenohumeral plane of elevation (being 0 deg pure abduction, and 90 deg pure flexion).

E3: internal rotation (positive) and external rotation (negative).

E2:elevation (negative).

The segment and local coordinate system for the upper arm (Wu et al.(Rig05¢ D) were

defined as:

- Positive y axis: Line between humeral head and elbow joint center (midpoint between
lateral and medial epycondyles) pointing upwards.

- Positive x axis: Cross product of y axis and temporary z axis (line formed between lateral
and medial epicondyle), pointing forwards.

- Positive z axis: Cross product of y and x axes, pointing to the right.

The body segmental anatomical frames from IMU el@eeo bt ai ned using the o6f

alignmentdé calibration met h oddifferentknownhi s met hod
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movements to estimate O0YO6 and -fixeddranpofr ary Z0o

reference (Vitali & Perkins., 2020):

- Ztemporary anatomical axis: ¥determined by dynamic flexion movement until 90
deg of shoulder flexion.

- Y anatomical axis: \@sdetermined by leaning the trunk to the side.

The orientation of the upper extremity with respect to the world reference fassstimated
using the orientation of the IMU and the orientation of the anatomical axes relative to the IMU

fixed reference frame.

Averaged ROMalues were taken across two trials of each movement. Coding and calculations

were performed through Matl&8h2022b (Mathworks Inc., USA).

For the video recordings (2D), the data was analyzed using Kinovea sdfiviere 2D motion
analysis softwarender theGPLV2 licensg withthed t r a c k feature gD data \bas used in

5 subjects, 8 assessmenithe video recordings were used as a backup method in case the IMU
failed to work. During the data processing process, some IMU files could not be used due to
multiple reasons, including file corruption, noisy signals, and device failure to track thindata.
these cases, backup 2D data was used. The videos were recorded from different planes to track
shoulder movements: sagittal plane for flexion, transverse plane for external rotation, and front

plane for abdction.
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Figure 10.Humerus coordinate system definition and glenohumeral joint motions (Wu et
al., 2005)

3.4.4Arm circumference data
Arm circumference data (cm) was obtained from each measuring tape assessment. These
parameters evaluated the presence of arm lymphedema due to the application of radiation

therapy.Three measurements thie sitewerecollected and averaged for further analysis.

3.5 Statistical analysis

Statistical analysis was performed using JASP (Version 0.18.1.0; JASP Team, 2023), a
free and opeisource statistical software packaBepeated measur@NOVA were used to
identify differences in shoulder muscles activation, arm strength, and range of motion between
baselinemidpointendpoint levels. Statistical significance was set to p < 0.05. Post hoc-Tukey
Kramer HSD identified significant differencbstween levelsThe normality of the data was
assessedsing ShapireWilk testand found to be neparametric. However, the distribution of
skewness was approximately symmetric, and the sample size met the criteria for the central limit
theorem. As a result, ANOVA remained a viable option for producing reliable reSuitsltiple
linear regression model was performed for each dependent measurement accounting for radiation

dose and radiation fractions ®dictorvariables Correlation coefficients and p values were
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extractedor linear relationships between each predictor and oute@mable Only successful

models with p<0.05vereincluded forinterpretation.

Table 10. Summary of outcomes measurements for study 1.

Assessment Dependent measurements Covariates
Arm strength assessment Shoulder flexion peak force Radiation dose
Shoulder extension peak force Radiation fractions

Shoulder abduction peak force
Shoulder adduction peak force
Shoulder external rotation peak forc
Shoulder internal rotation peak force
Shoulder muscle activation | Pectoralis majomeanactivation
assessment Teres majomeanactivation
Latissimus dorsieanactivation
Serratus anterigneanactivation
Shoulder range of motion Shoulder flexion

assessment Shoulder abduction

Shoulder external rotation

Arm lymphedema assessme| Arm circumference
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3.6 Results

Shoulder muscle activatigratternsand shoulder abductiamange of motiorcthanged
across radiation treatment. Theveredecreasein latissimusdorsi activation from baseline to
midpointin the three evaluated movemerdaad from baseline to endpointflexion-extension
and abductioradduction movement$eres major activatiodecreaseffom baseline to endpoint
in flexion-extension and externahternal rotation movementShoulder abduction range of
motiondecreasefrom baseline to endpoirRRadiation dose wasegativdy correlated with

shoulder abductio(iTable11).
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Table 11. Summaryof differencesetween assessmeniée dataof muscles

strength, activation, and shoulder complex range of motion is presented per task
flexion-extensionFlex-Ext), abductioradduction(Abd-Add), and external
internal rotation ER-IR). The outcomes of the comparisons are presented
betweerbaselineand endpoinassessment8-E), between baseline amdidpoint
assessmen{8-M), andbetween midpoint anendpointassessmen{81-E). The
arm circumference data is presented for baseline, midpoint, and endpoint
assessmentsSignificant decrease is represented lﬁjahowl], whereas absence
of significant changes is represented by the syn@pol

Evaluated movements

Flex- Ext Abd- Add ER-IR
B-E| B- | M-E | B-E | B- | M-E | B-E | B- | M-E

M M M
me™ L3l [0 (0o [e[1]e

Muscle

Activation Teres Major ﬂ o |® ® ® |® ﬂ ® |®
™ oo o o oo o0 e
. (9|00 oo o oo e
Arm Strength ® ® |® ®© ©&® & © @ |®
Range of motion ® ® |® I |® e ®©® & |®
Arm Circumference ®© & © ©® ® ® |® @ |®
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3.6.1sEMG

3.6.1.1Changes ofshoulder muscles activation acrossbaseline, midpoint, and endpoint
assessments

3.6.1.1.1L atissimus Dorsi

Latissimus dorsi activation decredggogressivelyacross radiation treatmefithere was
asignificant differerein latissimus dorsi activatiopetweerbaseline and midpoirfp = 0.04)
and betweelbaselineandendpoint(p = 0.03) for flexion extension movement taskehere was
also a significant difference between baseline and endpoint (p =eh@3¥etween baseline and
midpoint(p = 0.007)for abductioradduction movement tasks. Finally, there was a significant

difference betweehaseline and midpoint (p = 0.01) for exterivgernal rotation movement

tasks(Table12) (Figurell).
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Figure 11.Plots representing thmeanlatissimus dorsactivationandthe standardleviation
for flexion-extension (A), abductieadduction (B) and externahternal rotation (C)

movement taski baseline, midpoint, and endpoint scenariata points not sharing the
same letter are significantly different (p < 0.05)

3.6.1.1.2Teres Major

Teres major actation decreased across radiation treatmidmgre was a significant
difference in teres major activation between baseline and endpoint (g)$d.0exion
extension movement tasks. There was alsig@ficant difference between baseline and
endpoint (p = 0.03)dr externalinternal rotation movement tasks. Bignificantdifference was

found forabductioradduction movement tasks (Tall® (Figurel2).
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Figure 12.Plots representing theeanteres majoactivation and the standadéviationfor
flexion-extension (A), abductieadduction (B) and externahternal rotation (C)

movement tasks in baseline, midpoint, and endpoint scenBats points not sharing the
same letter are significantly different (p < 0.05)
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3.6.1.1.3Pectoralis Major

Pectoralis major activation remained unchangeable during radiation treatimeret.

were not significant differensén pectoralis major activation between baselmelpoint, and

endpoint for any of the evaluated movement tasks (p >

0.05) (T2b(Eigurel3).
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Figure 13.Plots representing thmeanpectoralis major

activation and the standard

deviationfor flexion-extension (A), abductieadduction (B) and externahternal rotation
(C) movement tasks in baseline, midpoint, and endpoint scenastaspoints not sharing

the same letter are significantly different (p < 0.05)

3.6.1.1.4Serratus Anterior

Serratus anterior activation did not change during

radiation treatffeTe were not

significant differences in serratus anterior activation between baseline, midpoint, and endpoint

for any of the evaluated movement tasks (p > 0.05) (TED)IéFigurel4).
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Figure 14.Plots representing thmeanserratus anterior activation and the standard
deviationfor flexion-extension (A), abductieadduction (B) and externahternal rotation
(C) movement tasks in baseline, midpoint, and endpoint scenaataspoints not sharing
the same letter are significantly different (p < 0.05)

Table 12. Repeated measur@NOVA results for latissimus dorsi, teres major,
serratus anterior, and pectoralis maotivationnormalized to %MVC per
musclein the three movement evaluation tagk$ andTukey-Kramer HSD Post
Hoc results for significarfindings (B).

p value p value p value
Latissimus dorsi  Flex Ext 0.04 (a) Abd_Add0.01 (b) ER_IR 0.02 (c)
Teres Major Flex Ext 0.04 (d) Abd_Add 0.667ER_IR 0.037 (e)
Pectoralis Major  Flex_Ext 0.394Abd_Add 0.891ER_IR 0.33€
A Serratus Anterior  Flex_Ext 0.727Abd_Add 0.489ER_IR 0.993
p value levels Cohen's c
(a) 0.04 baseline-midpoint 1.391
0.03baseline-endpoint 0.984
(b) 0.007baseline-midpoint 1.245
0.03baseline-endpoint 0.953
(©) 0.018baseline-midpoint 0.958
(d) 0.04 baseline-endpoint 0.888
B. (e) 0.039baseline-endpoint 1.103
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3.6.1.2Radiation dose andradiation fractions ascovariant for shoulder muscles
activation in baseline, midpoint, and endpoint assessments

A multiple linear regression was used to tesadiation dose and fractions significantly
predicted muscles activatioA.regressiommodelwas statistically ignificantin endpoint
assessments flexion-extension movement task@ pectoralis major activatiom € 0.698, r * 2
= 0.488, p = 0.0491t was noted thatadiation fractiongositively predicted pectoralis major
activation with a strength q@f = 0.05 Anotherregression model was statistically significant in
endpoint assessmentsatfductionradductiormovement tasks for pectoralis major activation (r =
0.786,r~ 2 =0618 p = 0.@3). However, none of the predictor variables were individually

significant (p > 0.05§Table13) (Figure15).

Figure 15. Multiple linear regression scatter plot for tangetiation dos andfractions
versus predicted valued latissimus dorsfa-b-c), teres majo(d-e-f), pectoralis majord-
h-i), and serratus anteriorK}l) activation at flexionextensionabductioradductionand
external internal rotatiormovement tasks
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Table 13. Multiple linearregression analysis results for latissimus dorsi, teres
major, serratus anterior, and pectoralis major mugotdbe three movement
evaluation tasksn midpoint and endpoirgcenariosFlex_Ext = Shoulder
Flexion Extensionrmovement task, Abd_Add = Shoulder AbductioAdduction
movement task, ER_IR = Shoulder Exterriaternal Rotatiormovement task
Rad_F = radiation fractions, Rad_D = radiation ddSks= Confidence Intervat,
=t value (Coefficient estimate/ st erranggative sign () stands fonegative
correlation positive sign (+) stands f@ositive correlation

Latissimus Dorsi

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.114 0.3% 0.942 0.425 0.651 0.408
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.430 0.655 0.399 0.592 0.769 0.144
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.619 0.786 0.114 0.397 0.630 0.462
Teres Major
Flex_ Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.2338 0.483 0.793 0.524 0.723 0.277
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Abd_Add

Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.220 0.469 0.819 0.494 0.702 0.327
ER_IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.075 0.273 0.975 0.258 0.507 0.734
Pectoralis Major
Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.283 0.531 0.687 0.698 0.835 0.049
Coefficients Coefficients
t p value St error t p value St error
Rad F -3.354 6.545 2.188 2.268 0.050 1.675
Rad D -0.864 0.410 3.849 -0.207 0.841 2.947
95 % CI 95 % CI
lower upper lower upper
Rad F -3.354 6.545 0.009 7.589
Rad D -12.032 5.380 -7.276 7.589
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Abd_Add

Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.327 0.571 0.602 0.786 0.886 0.013
Coefficients Coefficients
t p value St error t p value St error
Rad_F 1.033 0.329 2.167 1.133 0.286 1.432
Rad D -0.780 0.456 3.811 1.878 0.093 2.518
95 % CI 95 % CI
lower upper lower upper
Rad _F -2.664 7.139 -1.616 4.860
Rad D -11.593 5.650 -0.966 10.426
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.592 0.769 0.143 0.603 0.776 0.131
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Serratus Anterior

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.600 0.774 0.168 0.187 0.432 0.868
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.548 0.740 0.240 0.349 0.590 0.595
ER_IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.490 0.7 0.334 0.560 0.748 0.223
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3.6.2Arm strength
3.6.2.1Changes ofarm strength across baseline, midpoint, and endpoint assessments
Arm strength remained unchangeable during radiation treatifiegrte were not
significant differences in arm strength between baseline, midpoint, and endpoint for any of the

evaluated movement tasks (p > 0.05) (Tddle(Figure16).
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Figure 16.Plots representing threeanarm strength and the standaieliationfor flexion
(A) extension B), abduction(C), adduction D), externalrotation (E), andnternal rotation
(F) movement tasks in baseline, midpoint, and endpoint scenB&te points not sharing
the same letter are significantly different (p < 0.05)
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Table 14. Repeated measur@NOVA results forarm strengthn the three
movement evaluation taskslex = Flexion Ext = Extension Abduction =Abd,
Adduction =Add, External Rotation = ER, Internal Rotation = IR

p value
Flex 0.84%
Ext 0.89
Abd 0.253
Add 0.224
ER 0.938
IR 0.217

3.6.2.2Radiation dose and radiation fractions as covariant foarm strength in baseline,
midpoint, and endpoint assessments

A multiple linear regression was used to test if radiation dose and fractions significantly
predicted arm strength. A regression model was statistically significant in endpoint assessments
of shoulder abduction strength (r = 0.721, r * 2 = 0.519, p =.0i0&as noted that radiation
fractions negatively predicted shoulder abduction strength with a strength of p = 0.05.
Additionally, radiation dose positively predicted shoulder abduction strength with a strength of p

= 0.01 (Table 15) (Figurer).
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Figure 17. Multiple linear regression scatter plot for target radiation dose and fractions
versus predicted values of arm strength at flexgrextension i), abduction(c),
adduction ¢), externale), andnternal rotationf) movement tasks.
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Table 15. Multiple linearregression analysis results #mm strengttior the three
movement evaluation tasks, in midpoint and endpoint scenarios. Flex_Ext =
Shoulder FlexionExtension movement task, Abd_Add = Shoulder Abdudtion
Adduction movement task, ER_IR = Shoulder Exterhdernal Rotation
movement task Rad_F = radiation fractions, Rad_D = radiation dose, Cl =
Confidence Interval, t = t value (Coefficient estimate/ st error): negative sjgn (
stands for negative correlation, positive sign (+) stands for positive correlation

Arm Strength

Flexion
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.576 0.758 0.2 0.198 0.444 0.852
Extension
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.655 0.809 0.106 0.591 0.768 0.179
Abduction
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.387 0.622 0.523 0.721 0.849 0.05
Coefficients
t p value St error
Rad _F -2.226 0.05 2.340
Rad_D 2.924 0.019 1.386
95 % CI
lower upper
Rad _F -10.605 0.188
Rad D 0.857 7.247
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Adduction

Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.579 0.760 0.195 0.584 0.764 0.188
External Rotation
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.577 0.759 0.198 0.423 0.650 0.454
Internal Rotation
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.345 0.587 0.603 0.668 0.817 0.094
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3.6.3Shoulder complex range of motion

3.6.3.1Changes of shouldecomplex range of motionacross baseline, midpoint, and
endpoint assessments

Shoulder abduction range of motion decreased across radiation tredthezatwas a
significant difference ishoulderabductionrange of motiorbetween baseline and endpoint (p =
0.04). No significant differensaverefoundin shoulder flexion and external rotation range of

motion(Table16) (Figure18).
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Figure 18.Plots representing threeanshoulder range of moticand the standardeviation
for flexion (A), abduction (B) and external rotation (C) in baseline, midpoint, and endpoint
scenariosData points not sharing the same letter are significantly different (p < 0.05)

Table 16. Repeated measur@NOVA results for shoulder complex range of motion
in flexion, abduction, and external rotation between baseline, midpoint, and
endpoint scenarios (A) and Tuk&yamer HSD Post Hoc results for significant

findings(B).
p value
Flexion 0.64¢€
p value
Abduction 0.04 (a)
p value
A E rotation 0.273
p value levels Cohen's c
B. (@ 0.02baseline- endpoint 0.354

3.6.3.2Radiation dose and radiation fractions as covariant for shoulder complex range of
motion in baseline, midpoint, and endpoint assessments

A multiple linear regression was used to test if radiation dose and fractions significantly
predictedshoulder complex range of motiof regression model was statistically significant in

endpoint assessments of shoulder abduction 6830c » 2 = 0466, p = 0.(). It was noted that
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radiation fractionpositively predicted shoulder abduction with a strength of p 2.0.0

Additionally, radiation doseegativelypredicted shoulder abduction with a strength of p = 0.01

(Tablel7) (Figure1l9).
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Figure 19. Multiple linear regression scatter plot for target radiation dose and fractions
versus predicted values sifioulder complerange of motiorat flexion extension (a),
abductioradduction (b), and externrahternal rotation (c) movement tasks.

Table 17. Multiple linearregression analysis results &iroulder complex range of
motionfor the three movement evaluation tasks, in midpoint and endpoint
scenarios. Flex_Ext = Shoulder Flexidxtension movement task, Abd_Add =
Shoulder Abductioii Adduction movement task, ER_IR = Shoulder External
Internal Rotation movement taskRad_F = radiation fractions, Rad_D =
radiation dose, CIl = Confidence Interval, t = t value (Coefficient estimate/ st
error): negative signi() stands for negative correlation, pogtsign (+) stands
for positive correlation
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Shoulder complex range of motion

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.188 0.433 0.821 0.378 0.614 0.429
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.585 0.764 0.106 0.683 0.826 0.032
Coefficients Coefficients
t p value St error t p value St error
Rad _F 2.390 0.036 1.638 3.092 0.01 1.417
Rad D -2.109 0.059 2.864 -2.756 0.019 2.478
95 % CI 95 % CI
lower upper lower upper
Rad _F 0.309 7.519 1.263 7.503
Rad_D -12.345 0.262 -12.286 -1.377
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.486 0.697 0.228 0.323 0.568 0.546
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3.6.4Arm Circumference
There was no significant difference in arm circumference between baseline, midpoint,
and endpoint (p £.348) The average arm circumference was 32.5cm in bas8ié.cm in

midpoint and 32.4 cm in endpoitEigure20).
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Figure 20.Plots representing the averaged armumferenceand the standardeviationin
baseline, midpoint, and endpoint scenarios.
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3.7 Discussion
During the treatment window, radiation therapy had a limited impact on shoulder health
indicators. Specifically, the activation of the teres major muscle decreased during-flexion
extension and internaxternal rotation movements, while the latissimusidutsscle activation
decreased across all movement tasks. Additionally, shoulder abduction was restricted, and
negative correlations were observed between shoulder abduction and radiation dose. However,
no other significant changes or regressions in steodidalth indicators were noted. These
observed changes may be related to inflammat.

that the effectsf radiationon shoulder health indicators may take longer to become noticeable.

3.7.1Shoulder muscles activation

There were differences in teres major and latissimus dorsi activation in the three
evaluated task§.hefirst hypothesis was that there would be significant changsgisaalder
muscles activation at endpoint assessments compared to baseline and midpoint assessments
More specificallyjt washypothesized that thectivation of pectoralis majavould be lower in
endpoint assessments compared to baseline and midpoint assessineeizs thactivation of
latissimus dorsi, serratus anterior, and teres mapaild be higher in endpoint assessments
compared to baseline and midpoint assessmé&his hypothesis was partially accepted, as
differences in teres major and latissimus dorsi activation occurred in all movement tasks.
However, the activation of these muscles was lower in the evaluated tasks at midpoint and
endpoint assessments compangith baseline, instead of higher as statethehypothesisThe

decrease in latissimus dorsi and teres major activegitects that the inflammation produced by
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the treatment appears to have affected the muscle tissue and that other muscles may have

compensated thereby enabling task performance.

Reductiors in shoulder muscleactivation in breast cancer patiefaowing oncological
treatmentre supported by previous researtang and Kwon (2018) demonstrategdver
muscle electrical activity patterns 9.1 % of patients three months after surgery, in 3aB%tx
months, and 12.9% at 24 monthgectoralis major, upper trapezius, andldle dekoid muscles
of 274 breast cancer survivo&milarity, Shamley et al (2007) noteduscle activation
reductions in upper trapezius and rhomboidsreast cancgratientswho received oncological
treatmen6 months to 6 years prioluringascapular plane elevationovemenin the affected
sidecompared tahe nonaffected sideExceptfor the pectoralis major, these two studiestch
with the presenstudy in showindower electrical activity of muscles that are mothedirect
field of surgery or radiotherapyhis might indicate thatecondary muscles changes occur with
radiation treatmenturther, evels of pain and functional inability were associated with
reductonsin rhomboidsand uppetrapeziusactivation(Shamley et al., 2007 he current study
did not samplall possible muscles that contribateshoulder capability-urther research may
explorethe activation of additional secondary musc¢tesbtain a btter understanding tie
neuromuscular control and compensatory stratemiesrring during theadiationtreatment

window.

Cancer population elicited high activation levels of latissimus dossveral earlier
studies, in contrast to the current resuti®vious research demonstrated that the activation of
latissimus dorsi was higher or was unaffected in breast cancer patients receiving oncological
treatment including radiation therapy compared with unaffected side or with healthy controls.

Latissimus dorsi activation was increagedreast cancer survivocompared to heathy
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population for external rotation type exertions (2810.6 versus 7.4 8.3 %MVF) and for

internal rotation type exertions (26t323.8 versus 9.4 12.3 %MVF) (Brookham et al., 2016).
Latissimus dorsi activation in several activities including R@éch, ROMrotation, ADL, and
work-related tasks was bilaterally similar (p > 0.05) in affected versusfiected sides in

breast cancer survivors (Brdukm et al., 2018). Latissimus dorsi activation increased (p < 0.05)
in abduction, extension, flexion, internal rotation and scapular abduction in breast cancer
survivors between 1 and 2 years since treatment ended compared with those within 1 year of
treament ending (Maciukiewicz et al., 2022). Our findings do not match these previous studies.
However,besides radiatiorgther factors could be interfering in thleoulder musckeactivation

in breast cancer patiergach agheuse ofchemotherapy, the type of breast surgery received,
time since surgerexercise, and pairyé@ng and Kwon, 2018 Additionally, the discrepancies
between the findings of the present study and previous research may be due to the moment where
these assessments took place. The muscle tissue responds differently to radiation treatment in
subacute phases compared to chronic phasestilithg by ®oet al (2019) reported increases in
pectoralis major size during 2 months after radiation therapy and a contindwore reduction

from 2 to 48 months posteatment. Inflammation can cause early temporal changes in the
muscle tissue after radiation therapy caused by several factors inducing potential vasculitis,
tissue injury, and denervation (Silliman et al., 1999nidth et al., 2008; McMahon et al., 2010).

In the current study, the muscle edema caused by the radiation therapy in this acute phase could
have affected the muscle activatithfollowing-up the activation of these muscles later in time,
we might find sinilarities with the literature Moreover, in this present study, only arm strength
was tracked and not musepecific force. Multiple muscles cooperate to perform each shoulder

action. It is possible that some muscles were decreasing in strength while others were
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compensating to maintain it. This could be another reason why significant changes in arm

strength were not noted.

Radiation fibrosis, radiation location, and muscle size can also prddapeases in
muscle activatiomnd muscle capaciin breast cancer patienRadiation fibrosis syndrome is a
disability following radiation treatment that can affect any tissue type (Hojan et al., 2013). While
indwelling EMG studies proved decreases in muscle activation years after radiation therapy in
cancer survivors (Stubblefeg 2011), there is a lack of research on early affection of radiation
on shoulder health indicators, Inding muscle activationl he radiationaffectionin the apacity
of the musclesliffers depending on theeatmentregimensA simulation modeéstablished that
radiation to the whole breast alome®duced a decrease in latissimus dorsi voltnora 10.7+
3.6% to 9.4+ 7.5%while receivingradiation doses of8 Gy (Lipps et al., 2017)The curent
study matches this description since most of the participants received radiation to the right and
left breast aloneMoreover, thearticipants were required to repeat the same tasks in midpoint
and endpoint assessmgrthus no differences were expected if theeze nodisease effects.
Hence it is possible that this radiation location and dose diminishes the capacity of the muscle,
and thus, its activation. Lastlynuscle size can aldower muscle activatiorDecreases in
muscle size caudalecreases in muscle activatipreviously(Gyedu et al., 2009; Shamley et al.,
2007). Therefore, smaller muscles can have smaller activations and viceAdelianally,
muscle size is related to muscle volyrneing muscle volume the total space that a muscle
occupies andnusclesizethe crosssectional area of the musclEréppe et al.2007). If radiation
causes decreases in muscle volume (Lipps et al7)201s possible that the muscle size is also
affected. Future research may take muscle size into account when studying the afféction o

radiation in shoulder health indicators.
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The presenstudy showedno difference in pectoralis major and serratus anterior
activationacross the treatment. These findings do not align with previous reskavels
demonstratethatactivation of pectoralis major and serratus anterior was higher or was
unaffected in breast cancer patients receiving oncological treatment including radiation therapy
compared with unaffected side or with healthy controls (Brookham et al 2016; Hage, 2014;
Shamley et al., 2012). Ameviouslystated the early consequences of radiation in breast cancer
patients (during treatment and up until em&r post treatment) as well as the underlying muscle
adaptation mechanisms of it, are unknown. It is possiblattkakes longer for pectoralis major
and serratus anterior to show radiatinduceal changes in muscle activatiduoe to iatrogenic
disruption Further research should focusedfects that exist immediately followirthe
treatment to understand better how muscles adapt to radiation therapy in early/statjes.
explanatiorfor a lack ofchanges in pectoralis major and serratus anterior activiatibie
current studycould be related tpotential presence gkin adhesionsnthe anterior chest wall.
Skin adhesions are often producedliiy combination of surgical procedures aadiation
therapyalongthe field of treatmenfl_auridsen et al., 2008\dditionally skin reactions in the
radiated area amgarticularlyworsewithin the first two weeks of starting radiation treatment.
These reactions include skin irritation, dryness, peeling, rash, tenderness, amdisgelling
(Canadian Cancer Society, 202Bhe presence of theskin reactions anddhesiongould have
weakemrdthe EMG signal opectoralis major and serratus anterior musigading to an

underestimation othereal muscle activation.

3.7.2Arm strength
The present studgentified nodifferences in arm strength across the treatméinivas

hypothesized that there would be lower arm strength at the endpoint assessments compared to
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earlier assessments. This hypothesis was not accepted for any of the evaluated movement tasks.
Lipps et al (2019) compared control versus breast cancer patients who received radiation to the
breast alone and reported greater strength deficit in shouldiegaladduction (61.9 versus 45.5

N respectively) and shoulder internal rotation (30.2 versus 21.7 N respectively) in a time window
of 18 to 40 months after treatment. Additionally, Blomqgvist et al (2004) compared breast cancer
patients after receiving ragectomy and breast cancer patients after receiving radiation and
determined shoulder adduction as the second impacted shoulder movement (31.9 Nm versus 35.2
Nm) only after shoulder extension (11.6 versus 16.6 Nm) in a time window of 15 months post
treatmat. Inthe currenstudy, despite a decraag trend in arm strength between baseline and
endpoint for flexiorextension, abductieadduction, and externadhternal rotation movement

tasks, these differences were atatisticallysignificant. The arm s&ngth was assesswaithin

the treatment window, whilide other studies evaluated it at 15 to 40 months-ppeatment.

This indicates that changes in arm strength may not be immediate consequences of radiation

therapy.

There waso correspondence between tbever muscleactivationnoticedin latissimus
dorsi and teres majandarm strengthMuscle activation decrements are oftieked tostrength
declines. Reductions in handgrip strength were associated with reductions in forearm muscles
activation in 102 breast cancer survivors who underwent surgery, chemotherapy, and
radiotherapy (Fuentedbolafio et al., 2023)Both latissimus dorsand teres majoextend flexed
arm adductandinternallyrotate the arm (Moore et al., 201#heir redue@dactivation was
expected to be accompanied by a decrease in arm strength in at least shouldengxtensi
adduction, and internal rotation movement takl®wyever the testingapproacho assess arm

strength used in the current study was maximal isometric contraetren.though this method
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is consideredeliable,it indicaiesthe capacity to produce forceamecondition,often
intentionallyisolating a single muscle group and/or joint and neglecting the involvement of other
muscles or movement¥¢rschuren et al., 2008t is possible that the latissimus dorsi and teres
major muscles were not fully engaged while performing these Eaststional strength test

consist of multi joint movements that not only assess strength but also coordination and
endurance (Larin et al., 1994urther studies shoultheck if functional gength testing
methodscould engage more muscles ardvidea more comprehensive representatiothef

functionality of the shoulder joiithin the treatment window

3.7.3Shoulder complex range of motion

Shoulder abduction range of motion was reduced alongside radiation tredtnvest.
hypothesized that there would be lower shoulder complex range of motion at the endpoint
assessments compared to baseline and midpoint assessments. This hypothesis was accepted for
shoulder abduction between baseline and endpoint assessments.shesaganch showed
declines of shoulder flexion by 2and 5.8 in shoulder abduction in patients following radiation
therapy and surgery (Smoot et al., 2016). Another study stated shoulder external rotation
decrements by°3dn affected versus neaffected in breast cancer patients receiving oncological
treatment including radiation therapy (Brookham et al., 200t83.presenstudy agrees with
previous research in terms of shoulder flexion and shoulder external rotation, but the decline in
shoulder abduction was notably more, reaching tiefi.iange of motion impament. These
observed Isoulder abduction impairments can have Kamjing effects on patients, affecting

their quality of life by interfering with essential daily activities such as showering, combing hair,
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putting on clothes, and reaching objects on cupbd&itsmley et al., 201Additionally, it can

alsoimpact their ability to return to work (Shamley et al., 2012).

Finally, the current study tracked shoulder movements such as flexion, abduction, and
external rotation because they are involved in many activities of daily living and are most
affected in breast cancer patients after receiving oncological treatmentt(&mabp2016;
Brookham et al., 2018; Maciukiewicz et al., 2022). Future research could consider tracking other
shoulder movements not studied in the present research, such as internal rotation, adduction, and
extension, to better understand the implmagi of radiatiortherapyover the whole shoulder

complex in breast cancer patients.

3.7.4Arm Circumference
Arm circumference did not change across radiation treatitevdas hypothesized that
there would be a bigger arm circumference at endpoint assessments compared to baseline and
midpoint assessments. The hypothagss notaccepteds nodifferences in arm circumference

existed

Arm lymphedema is associated withcological treatmerit breast cancer survivors
average, 40% of breast cancer survivors experience arm lymphedema as a secondary effect of
breast cancer treatmer@Haitelman et al., 20L.7Comprehensive surgery including the excision
of the lymph nodes and extended radiation regimens such regional lymph node radiation, are
considered the main contributors of arm lymphedema (Chandra et al., P& 4bsence of
significant presence of arm lymphedema in the presedy could be relate to potential
development of arm lymphedema not occurring until months or even years after treatment (Shah

& Vicini, 2011). Additionally, the patients of the current studgeivedeither mastectomy or
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lumpectomy as surgical procedures, and only one participant received radiation to the axilla.

Therefore, according to the literature, these patients were at low risk of developing lymphedema.

Lymphedema grading systemereused and defined in previous cohort studige et al
.,2010; Gerber et al., 1992Fevere, moderate, and mild arm lymphedema were described as
differences in arm circumferengeeater than 3 cm, 2.1 to 3 cm, and 0.5 to 2 cm respectively
between affected and taifected sides (Bar et al., 2010). In the current study, we did not assess
the unaffected arm. Further researabuld measure arm circumference and compare affected
versus noraffected arms to have a better underdilag of the development of this condition

during the treatment window.

3.7.5Associations between radiation dose and fractions and shoulder health indicators
Radiationdose was negatively correlated with shoulgduction range of motion and

arm strengthin abduction movement¥heseconchypothess, stateghat higher doses and
fractions of radiationvould cause highereductions in shoulder muscles activatiarm strength
and shoulder complex range of motion. This hypothesisowlysaccepted foshoulder
abductionand arm strength in abduction movemeftss finding is related to the significant
decrease in shoulder abductatrendpoint compared to baseliii@e higher theadiation dosge
the higher the shoulder abduction range of motion restriddloneover radiation dose also
impacted arnstrength in abduction movemenRestricted range of motion can be caused as

compensations for strength deficits.

The lack of correlations between radiation dose and fractionthanmdstof theshoulder

health indicators could be explainedthg absence & good spreadf predictor variable. The
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radiation dose and fractions values were not varied enotghmight have led t@a noisy linear

relationship on the regression plots.

Additionally, all patients received IMRT treatment regimene gibal of thisregimenis
to deliver the correct dose of radiation to the target and minimize radiation outside of the target.
This helps reduce the risk of damaging nearby healthy t(gsaéet al.,2000).Patients
undergoing standard radiation therapy treatment plansavér& higher risk of developing
changes in the breast appearance compared to those undergoing IMRDptensan et al.,
2007). The prescription of IMRPlansin the patients of the current study could be another
reasorfor the lack of correlations between radiation dose and fractisihis regimen is more

targeted and safer

Moreover,ther ar i abi |l ity of patient souldimagesponses t
affectedthis relationship tooWhile manypatients experience radiatiamduced fibrosis, the
incidence rate of this condition ranges from 60% to 80% of the popu({&auriino, 2004)
Finally, thereare potentiainfluences of confounding factors beyond radiation dose and fractions

(such as age, prxisting conditions, and muscle resilience to treatment (Bazan et al., 2021).

3.8 Limitations

A few limitations should be consideradhen interpreting these findingRegarding the methods,

the haneheld dynamometer measurement is known to present inter andaniailities in the
measurements (Toemen et al., 2011). This limitation was managed by designating the same
person within each paensisteet meaburements.éAddgionaly, thesiIMW o k e

hardware occasionally presented some technical difficulties during data recording. However, as a
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precaution, shoulder range of motion data was also recorded byocddera and analyzed

through Kinovea as a batkp method in case the main IMU method failed.

This study presented a relatively small sample size. With a bigger samplaaiee,
differences in shoulder health indicators between treatment assessraghts/ebeen
guantified However, the current sample size is realistic from what can be done considering the
COVID limitations, and also similar to the ones evaluated in previous research in the field
(Guirro, et al., 2019; Garcideronimo et al., 2023; Magnuson et al., 2028yisignificant

results in the measured variables weapturel.
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3.9 Conclusions
1 Study purpose:To examine the impact of radiation therapy on shoulder conguilexin
breast cancer patients.
1 Main findings:

0 Repeated measurBNOVA showed thaprogression through thradiation therapy
window was associated witkducedmuscleactivation of latissimus dorgi the
three movement taskand teres majadn flexion-extension and externaiternal
rotation movement taskédditionally, theshoulder abductiorange of motion
decreaseduring the radiation therapy windoWNo other significant changes in
shoulder health indicators were noted.

o Multiple linear regression showed significant negative regressions between
radiation dose and shoulder abduction. No other significant regression model
emerged.

o The reductionsn muscle activatiomay indicatethat the inflammation produced
by the treatment appears to have affected the muscle tissue and that other muscles
may have compensated thereby enabling task performBimeseductionin
shoubterrange of motiorcould potentiallyaffect the quality of life and work
ability of patientsThesereductions appead after initial treatmen

o Despite beingnore tumottargetedradiation dos@rescribed within the IMRT

regimen is still related to shouldemge of motion restrictions.
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1 Recommendations:

o Shoulder disability prevention programsisould target the recruitment of
latissimus dorsi and teres major muscles and shoulder abduction mobility
exercises.

o Future research should explore thality of life and work ability of patients

duringradiation therapy.
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Chapter 4 - Intervention program focused on shoulder muscles
strength within the radiation window in breast cancer patients

4.1 Introduction

Radiation therapy in breast cancer redatemultiplec o mp |l i cati ons af fect.
quality of life. Radiotherapyfter mastectomy is one of the meffective treatments for
breast cancereducingthe risk ofbreast cancerecurrence up to 2/National
Comprehensive Cancer Network, 2018; Clarke et al., 2a0te benefits of this therapy are
well-documented throughout the literaturmwever, thee are multiple complications with
radiation treatment that amndpossibledueicat t he pati
Amongst all the complications associated witidiationtherapy, shouldestrength

decrementsreanimportant contributorffwang et al., 2008

Exerciseis considere@n intervention thanayhelp mitigatethe effects of oncological
treatmentbut more clarity is necessaeveral systematic reviews and matelyses
support the use of the exercise in breast cancer patients as a path to improve body
composition, life quality and to decrease fatigue (Courneya & Friedenreich, 1999; Hewitt,
Mokbel, & Van Someren, 2005; Speneeal.,2010).However these studieslid not
evaluatdf the chosen exercises targpecificdesired outcome®(g: improve general
cardiocvascular capacitgr shoulder range of motion), and the desired populagag (
patientsundergoingchemotherapypr reporting cancerelated fatigue)Further, tis unclear
whentheintervention progranshould be administereglith respect taifferent phases of
breast cancdreatmenie.g.throughout treatment, after treatment)ifaevelopment of

specific descriptions to accomplish particular outcorme@sore apprpriate(Campbellet al.,
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2011). Most of the intervention programs for breast cancer patienssdogmprovingthe
quality of life throughthe enhancement akrobic capacity and fatiguesistancewith half

of the studies conduced during adjuvant treatrt@atmpbell et al.2011)

Data on gercise ntervention programgerformedduring radiotherapy window are
scarceMost of the literatureegardingthese types dhtervention programs focused on
aerobic capacity enhancement, resistdaraiaing and fatigue improvemenkock et al.,
1997;Mock et al., 2001Mock et al., 2005HeeKim et al., 2013Schmidt et al., 2006
Hwang et al., 200&Kirshbaum, 2008 To our knowledgedespite aiming fogeneral
resistancemprovement and not muscle strengihly three studies havesed strengthening
components in their intervention prografar breast cancer patients during radiation therapy.
Steindorf et al (2014ipcluded al2-week resistance trainimgrogramin 77 stage @l breast
cancer participantwhile receiving radiation therapgomparedo 78 controlbreast cancer
participantsvho receivech musclerelaxation programrhe interventiorwasadministered
twice a weekn a60 minute sessiQmunder the supervision of trained physiotherapigts.
programcomprisedf eight machinébased resistance exe&es with a volume of 3 sets12
repetitions 60%-80% of 1 RM (repetition maximumyvhile the control group performed
musclerelaxation exercises without any strengthening compoméetexercise groupad
greateimprovements irgenerafatigue,andpain,comparedo the control groupKneis et al
(2018) studied the effects of an intervention progusmga combination of stationary
bicycle within60% to 75% of maximum heart rate, with exercises with a vibrating dumbbell
which aimed to enhance shoulder mobility and upper limb strang?B breast cancer
patientswhile receiving radition treatmentTheexercise group performete program for 3

times per week during 6 weeks of raithierapy, and results wetcemparedo 22 breast
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cancermatientcontrols.The training groughad higheshoulder ROM 11 deg of shoulder
abduction 95%CI 5to 20, and 5 deg of external rotation; 95% Qb@.0), as well as hand
grip strength(1.6 Kg; 95% CF0.6t0 3.1) comparedo the control grougKneis et al., 2018)
Finally, Mustian et al (2009roposed 4-weekhomebasedorogressive resistance exercise
interventionfor 38 breast and prostate cancer patiehtsng radiation therapy compartx
controls The program included moderately intensealking prescriptior(between 60%
70% of heart rate)rhe second componewiaslow to moderately intensesistance band
exercisegargeting thenaintenancef muscle strength in the upper bo&pth components
were performed 7 days a wefek the entire duration of the interventiddtrength was
evaluated using a hagdp dynamometefThe exercise groupadan improvement imlaily
steps walked, daily minutes adsistance training, and numbemresistance exercise days
postinterventioncomparedo controls.Regardingupper extremitystrength the exercise
groupdemonstrated small declines in strength from basé&i®2 Kg) to postintervention
(25.49 Kg)( C o h e nr0d0%), bdt small improvements after 3 months fiat&rvention
(26.89 Kg)( C o h e M.413.Thd controlgroup on the other harekhibited declines from
baseling24.92 Kg) Jo postintervention(24.12 Kg)(C o h e n @®.%0) ad well as a decline

after 3 months poshtervention(23.87 Kg)( C o h e r0d08) (Mdstian et al., 2009).

The effects of an intervention progrdatusedon shoulder strengtilongsideshoulder
functional indicatorassessmesbefore, during, and aftarradiation therapyherapeutic
window in breast cancer patierttave yet to benvestigatedAlthough multiple factors can
affect the shoulddunctionin breast cancer patientsgetburrentresearch focuses solely on
the implications of radiation treatment. Specifically, an intervention program that fomuse

shoulder flexors, extensors, adductors, abductors, internal and external rotators, administered
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during radiation treatmeniyas evaluated as a potentaimpenston for shoulder capacity

decrements.

4.2 Objective and Hypothe®s
The objective for Study @as todetermine if an intervention program foogsonthe

training of shoulder muscles could compensatshoulder health indicatoribalances

The followinghypotheses are presented for study 2:

1. Control groupwould havelower arm strengtlndhigherarm circumference at endpoint
assessments comparecet@rcisegroup.
2. Control groupwould havelower shoulder complesange of motionat endpoint
assessmentompared t@xercisegroup.
3. Shoulder muscle activatisnvould beaffected in control group at endpoint assessments
compared t@exercisegroup
a. Pectoralis majoactivationwould behigherin control group
b. Latissimus dorsi, teramajor, and serratus anteriactivationwould belowerin
control group
4. Radiation dose and fractiomsuld be negatively correlated with arm strength,
activation, and shoulder complex range of motion in controls.
5. The exercise group is expected to show no significant negative correlation between
radiation dose and fractions aan strength, activation, and shoulder complex range of

motion
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4.3 Methods

4.3.1Participants

Twenty sevenpatientsparticipated in the present stughigure21), thirteen in the

exercisegroup(68.9+ 13.7 kg, 160.9 + 4.9cnandfourteenin the control grou76.5+ 15.1 kg,
165.5 £ 6.1cm). A G*POWER 3.1 (Universitat Kiel, Germanghalysis fotMixed model
ANOVA for 2 groups, 3 measurements, an alph@.05, a power of 0.8, and a medium effect
size, revealed that 40 subjects were needed for the present study. However, due to COVID
restrictions and difficulties in patient recruitment, only 27 participants were collected. Despite
being underpowered, thercentsample sizepproximateprevious studies that conducted
intervention programs fgratients with breast cancétagstrom et al., 2017ad 19 participants
in a resistance training group and 14 participants in the control;g8tap et al., 2016ad 14
participants in a yoga group and 9 in a strengthening exercise graPaliancCastillo et al.,
2011compared 15 breast cancer survivors versus 15 matched cohtvlgarticipants from the
control group are the same participants from stuffycomparators and 7 observation&).
mixed modelANOVA was performed between comparator and observational groups comparing
all the measured variables. No differences were noted between the groups. Therefore, both
groups wer e compi Ipddrticipants wereaecrditeticectly from thédGrand o u
River Hospital (Kitchener, ON) after ethics approval by the Office of Research Ethics at the
University of WaterloORE 42901)and Grand River Hospital. Potential participants were
referred to the student investigator after the prescription of radiation treatment from Radiation
Oncologist All patients received IMRT (intensity modulated radiotherapy) treatment regimens.
The average dose of radiation prescribed to the patrettisexercisegroupwas45.4Gy,
ranging from40 Gy to 60 Gy. The average fractions wet®&, ranging froml0to 30. Whereas in

the control groupthe average prescribed dose of radiati@s32.6 Gy, ranging from 26 Gy to
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52.5Gy, and the average fractions were 9.26, ranging from 5 (@dtfle19). Recruitment

criteria was based on the demographics of Waterloo/ Kitchener region to have a representative
sample of women of the areahdinclusiorand exclusion criteria were the same as study 1
(Chapter lll, section 3.3.1, pagdhe surgical procedures and adjuvant treatment received by the
patients of this cohort are detailed beldvalfle15). Thedetails of the radiation location
prescribedarealso attached (Tablks). A questionnairelescribing the average amount of hours

per week of daily activitiedivided into strenuous, moderate, and migdoresented for both

groups (Tablel7) (time dedicated to exercisém exercisegroup isnotincluded) Only female
participants were recruited as women constitute the majority of breast cancer disease (less than
1% of breast cancers occur in men) (CCS, 20R®.shoulder functional indicators assessments

from Study lwereused in the Study 2 analysis.

Breast Cancer Patients receiving Radiation Treatment

Radiation treatment prescribed by Radiation Oncologist ———» Pre-screening by Nurse Practitioner

v

Potential participants contacted and
screened by student investigator:

Included: n=36 )

& A

Collected: n=26 Not collected: n=10
-not willing to participate
anymore (n=5)
-pain and discomfort in
shoulder due to radiation
therapy (n=3)
-not having extra time to stay
in the hospital for the
assessments (n=2)

Figure 21.Diagram outlining recruitment and retention of participants in the study.
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Table 18. Surgical procedures and adjuvant treatment received by
ExerciseGroup
Number of Number of
Surgical participants Adjuvant participants
procedures receiving treatment receiving
surgery treatment
Anastrazole 3
Lumpectomy 11 Letrozole 2
Tamoxifen 2
Mastectomy 2 Chemotherapy 2
None 4
Control Group
Number of Number of
Surgical procedurey  participants Adjuvant participants
receiving surgery] treatment receiving
treatment

Anastrazole 5

Lumpectomy 11 Letrozole 3

Tamoxifen 3

Mastectomy 3 Chemotherapy 1

None 2
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Table 19. Radiation dose and fractions treatment plans

Control Group

Treatment plan Boost?
Radiation Radiation Radiation Radiation
Dose Fractions Dose Fractions
26 5
26 5 5 10
26 10
26 5
26 5 5 10
26 5
26 5 5 10
26 5 5 10
26 5 5 10
40 15
26 5 5 10
26 5 5 12.5
26 5
42.5 16 10 4
ExerciseGroup
Treatment plan Boost?
Radiation Radiation Radiation Radiation
Dose Fractions Dose Fractions
42.5 16
42.5 16 16 4
40 15
50 25
26 5 10 5
42.5 16 10 4
26 10 10 12.5
26 10 5 12.5
40 15
40 15
40 15
50.4 28
50 25 10 5
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Table 20. Radiation treatment location for all patients

Radiation treatment location

Number of participants for

Number of participants fo

details exercisegroup control group
Right breast with boost to 1 2
surgical cavity
Right breast with boost to 1 1
seroma
Right breast 1 3
Left breast 2 3
Right breast with boost to 1 1
tumor bed
Left chest wall 2 1
Right breast and regional 1 1
lymphatic nodes
Left breast with boost to 2
seroma
Left breast with boost to tumd 2
bed
Left breast with boost to 1

surgical cavity

Left chest wall, axilla, and 1
supraclavicular

Table 21. .Questionnairavith average amount of houo$ daily life activities for
control andexercisegroups divided into strenuous, moderate, and mild activities.

Controt | Exercise
Average | Average
hoursper | hoursper
week week

a) Strenuous exercise (heart beats rapidly) 10 7.5

(e.g., running, jogging, hockey, football, soccer, squash,

basketball, cross country skiing, judo, roller skating,

vigorous swimming, vigorous long distance bicycling)

b) Moderate exercise (not exhausting) 15 18

(e.g., fast walking, baseball, tennis, easy bicycling,

volleyball, badminton, easy swimming, alpine skiing,

popular and folk dancing)

c) Mild/light exercise (minimal effort) 10 17

(e.g., yoga, archery, fishing froniver bank, bowling,

horseshoes, golf, snemoiling, easy walking)
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4.3.2Trial design
The data collection for studydtcurredconcurrentlywith study 1.Informed consent

form andgeneral health information questionnaare attache@Appendix).

This studywas a six-week intervention program. It comparezhoulderstrengthening
exercises witha control group receiving usual care referralthe radiation therapy window in
breast cancer patien{Sable22). A computergenerated randomization sequemees used, and
participantsvererandomized in a 1:1 allocation ratio to:BjerciseGroup, or 2)ControlGroup.
Participants in the Intervention Group arm ateshal 3Gminute online class, three times per week
for 6 weeks. TheControl Group armwas prescribed with aisualcare plan for breast cancer
pati ent s 6 rcenbisedof 30 mihudes of aerobic eketcises three times per week. The
randomization sequenceas created and maintained usiiREDCap andwas kept by the
investigatorat the University of Waterloo. Participamtgrenotblind to group allocation because
theyknewwhat group theyereassigned to. Howevethey wereblindedto the study hypothes;

theywereinformed that two different types of exercisere being compared
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Radiation Treatment Consequences in Breast Cancer Patients

Control Group n=14

Usual care plan

'

Informed consent and
questionnaire

S &
Baseline: assessment of shoulder
health indicators

Midpoint and endpoint:
assessment of shoulder health
indicators

&

Exercise Group n=13

Intervention program focused on
shoulder muscles strength

Figure 22. Study 2 flowchartComparison oéxercise group receivingtervention versus
control group across radiation treatmeéptiantification of shoulder health indicators at
baseline, midpoint, and endpoint for both groups.
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4.3.3Intervention Program Description

4.3.3.1Setting and Supervision

The intervention programwasc onduct ed over an onl iware pl at f
accommodated according to the researcher and particiBatientschoseeither morning or
afternoon classes. Taitendthe meetingthe participants needa laptop with camera and internet
accessibilityor a smart phondn some casesnore than one participant joindase zoom meeting
at the same time. In order to protect usgdch i n
the 6Focus moded shewasdaukr ewed nt whsed ewéyyoneods
participanwwvasa bl e t o see t he hwesethd@recorded. thease of ehergenty c | a s
during the class, thereasa remote programming emergency protoégendixC) thatcouldbe
developed for two scenarios: patient not being home alone, and patient being homél@lone.

emergenciesccurred in any of the classes

4.3.3.2Goal and Exercise Modes
Online sessionsvere usedo instruct the exercises listed bel¢Wable 19). The training

program included strength exercises focused on shoulders flexors, extensors, external rotators,
internal rotators, adductors and abductors. The selection criteria for the exercises were based on
previous strength programs for breast cancer patients (De Backer et al., 2007; Young Kang et al.,
2010; Richmond et al., 2018). The exercises involved tb@lL$heraBandéTheraBand, Akron,

USA) and dumbbells and were provided to the participants during the baseline assessment session.
In case of experiencing struggles while performing the proposed exercises, a simpler variation of
each exercise was offerdd each participantThe Control Group did not receive exercise

instruction sessions.
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Table 22. Intervention Training Program Exercises description.

Exercise Initial position Action Description
Bilateral Standing position, trunk | Lift the weight

vertical row bent 45° forward, elbows| straight up until

with dumbbell | completely extended, an( elbows are fully

weight held with both
hands with the overhand

grip.

flexed.

Simpler version:

unilateral vertical row, per

form sets and repetitio

ns on one side and repeat it to the othe

Bench press
with dumbbell

Lying supine on training
bench or similar, holding
one dumbbell with each
hand in overhand grip.
Shoulder flexed 100° anc
elbows completely
flexed.

Completely extend
elbows while
protracting scapula.

Simpler version:

perform the exercise repe

ating the same action

but changing the position to seated.

Elbow
extensions with
dumbbell

Lungeposition, trunk benf
forward 45°, forward knet
flexed 20. Opposite hanc
on top of thigh.Shoulder
extended 28 elbow
flexed 90°.

Completely extend
elbow.

Simpler version:
with shoulder in

Perform the exercise in st
neutral position.

anding position. Comp

Forward punch
with elastic
band

Standing position, elastic
band held with both
hands and placed behing
the back. Shoulders
flexed 100° and elbow
completely flexed.

Completely extend
elbows withscapula
fully protracted.

Simpler version:

Perform the exercise from shoulder in neutral position and elbow fléxed 90

Horizontal row
with elastic
band

Standing position, elastic
band held with both
hands and placed
forward. Shoulder and
elbow completely
extended.

Completely flex
elbow and extend
shoulder20°.

2

)ﬁ '\\ ) 4 ‘ “‘\

A |
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Simpler version:

Perform the exercise until

shoulder reach neutral position.

Outward
elevation with
one hand with
elastic band

Seated in chair, fasten
elastic band under foot
andhold the other end of
the band with one hand.

Move shoulder to
100° of flexion and
20° of abduction,
while maintaining the,
elbow completely
extended and the
scapula protracted.

Simpler version:

Perform the exercise untif 45 shoulder flexion.

Sword pulling
with elastic
band

Standing position, fasten
elastic band without any

hold the other end of the
band with opposite side

slack under one foot, and

Stretch band

performing a semi
circle movement until
15C° of shoulder
abduction while

hand.

maintaining the
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elbow completely
extended.

Simpler version:

perform the exercise untif @ shoulder abduction.

Shoulder
external
rotation at side

Standing position, grab
elastic band with slight
resistance, with arm
across body and elbow
bent 90°.

With an open hand
grip and keeping the
upper arm steady,
rotate the hand
outwards until is
lined up with the side
of the body. Return tq
initial position.

Simpler version:

Perform the exercise rotating hand outwards uftdrtbreturn to initial position.

Shoulder
internal rotation
at side

Standing position, grab
the end of the band
securely attached at
waistheight.

Grab the other end o
the band with
tension, and pull the
band away from the
wall, rotating forearm

inward.

Simpler version

: Perform the exercise rotating hand inwards uritadd return to initial position.

4.3.3.3Frequency and Duration

Participants from botExerciseand Control Groupswereasked to perform the exercises

three times per week, 30inutes each session for six weeks.

4.3.3.4Intensity

The maximalntensityof each exercisevasquantified during the first evaluation session.
For those exercises including loads, an estimation of 1RM (Repetition maxivasn)
accomplished througaimultiple repetition test procedure. The patemasinstructed to perform
10 repetitions of the exercise with a certain loadwaaslasked to rate their exertion. The starting
loadwas1 kg for the vertical row, and 2kg for the bench press and pull over. Thevgsial
perform the 10 repetitions without feeling any fatigue or gailcase of feeling fatigue or pain,
the testvasover, and the maximal number of repetitions correctly perfonverdused in a

formula to calculate the RM: 1RM= load (Kg) / (1.0208278 x reps). This RM estimation test

did notlast more than 5 minutes.
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Themaximalintensityfor those exercises including TheraBamdsestimated with the Borg

rate of perceived exertion. The participamsinstructed to perform 10 repetitions of the
exercise with a medium resistance band (blackveasinstructed to rate their exertion. If the
exertion perceivedasrated from 63 (very light activity) or from 46 (moderate activity), the
maximalintensitywasset with a band with greater resistance (silver). If the exertion perceived
wasrated from 710 (vigorous to ver hard activity), the maximahtensitywasset with a band

with lower resistance (blu¢Yable24) .

4.3.3.5Volume

The initialvolumeper exerciseavas3 sets of 8 repetitions. The patievdsinstructed to
increase the number of repetitions each week for the first 3 weeks of the training program: 3x8
the first week, 3x10 the second week, and 3x15 the third week. The participant tharBosg
rate of perceived exertion to evaluate each exevaitbethe new number of repetitions each
week. If the exertion perceivedasrated from 63 (very light activity) or from 46 (moderate
activity), theintensitywasset with a land with greater resistance (silver) for the TBarad
exercises, and with an increase of 0.5kg for the dumbbell exercises. If the exertion pevasived
rated from 710 (vigorous to very hard activity), thetensitywasset with a band with lower
resistance (black) for the Th&and exercises, and with a decrease of 0.5kg for the dumbbell

exercises.

During themidpoint assessmerarmstrengthwasassessed, aridedback of the strength
progressiorwascommunicated to the patient. An increasexdrcisantensitywasestablished
(0.5 kg for dumbbells exercises and higher resistance for Bardaexercises). The initial

volumeper exercise with the new volumas3 sets of 8 repetitions.
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Table23.Par ti ci pant so

strength was

intervention program), week 5 and week 7. The baseline evaluation was
conducted to estimate the initial maximal volume, whereasttipoint
evaluation determined the volume for the rest of the intervention program

tested

Week 1 Preradiation:Baseline Initial max volume estimation
assessment Strength baseline assessment
Week 2 Program starts Intensity: 3 X 8 reps
Week 3 Intensity: 3 x 10 reps
Week 4 Intensity: 3 x 15 reps
Week 5 Midpoint assessment Volume recalculation
Strength assessment feedback
Intensity: 3 x 8 reps
Week 6 Intensity: 3 x 10 reps
Week 7 Endpointassessment Intensity: 3 x 15 reps
Table 24. TherdBand resistancandintensitydescription.
Level of exercises Intensity %RM TheraBands
High 70-80% Silver
Moderate 60-70% Black
Low 50-60% Blue
4.3.3.6Time

Participants from thExerciseGroup were asked to attend the classes 3 times per week, 30

minutes each session, for 6 weeks.

4.3.3.7Control
TheControlGroup wagrescribed aerobic exercises to be performed 3 times per week, 30

minutes each day. Examples of aerobic exercise included: walking, running, bike riding, and
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dancing. These exercises replicate a(Olgsors ual

et al., 2019)

4.3.3.8Weekly leisuretime activity tracker questionnaire
At the end of each week of the radiation therapy window, patients were instructedhta fill
quick questionnaire regarding the physical activity performed that week. The questiorasire
sent over email to the student investigator once the treamasiover. Reminders to fiin the

guestionnaire @resent to participants by email or téppendix B.

4.3.4Instrumentation
Study 2 shamthe samédiandheld dynamometesurface electromyography and aial
accelerometeinstrumentatioras Study XChapter Ill, sectios3.3.2,3.33, and 3.3.4age 34

36).

4.4 Data analysis
4.4.1Shoulder functional indicators data
Peak forcemuscle activation, range of motion, and arm circumferencendata
obtained fronthe protocolsdescribed in Study XChapter lll, sections 3.3.2, 3.3.3, and 3.3.4
pages 346). The shoulder complex range of motion analysis was done with orientation data
from IMUs. In some specific cases that technical difficulties aroused during data recording, 2D

data was used (4 subjects, 5 assessments).
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4.5 Statistical analysis

Statistical analysis was performed using JASP (Version 0.18.1.0; JASP Team, 2023), a
free and opeisource statistical software packagemixed modelANOVA was used to identify
differences in shoulder muscles activation, arm strength, and range of motion between-baseline
midpointendpoint levels. Statistical significance was set to p < 0.05. Post hoc-HKriaeyer
HSD identified significant differencdsetween levelsThe normality of the data was assessed
using ShapireWilk testand found to be neparaméric. However, the distribution of skewness
was approximately symmetric, and the sample size met the criteria for the central limit theorem.
As a result, ANOVA remained a viable option for producing reliable reulisultiple linear
regression model was performed for each dependent measurement accounting for radiation dose
and radiation fractions as confounding factors. Correlation coefficients and p values were

extractedOnly successful models with p<0.@Ereincluded for interpretation.

Table 25. Summary of outcome measufes study 2.
Input Dependent variables Co-variants
Arm strength assessment Shoulder flexion peak force Radiation dose
Shoulder extension peak force | Radiation fractions
Shoulder abduction peak force
Shoulder adduction peak force
Shoulder external rotation peak

force
Shoulder internal rotation peak
force
Shoulder muscle activation | Pectoralis majomeanactivation
assessment Teres majomeanactivation

Latissimus dorsmeanactivation
Serratus anterianeanactivation
Shoulder range of motion Shoulder flexion

assessment Shoulder abduction

Shoulder external rotation
Arm lymphedema assessmen| Arm circumference
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4.6 Results

Shoulder muscles activati@md arm strengtivere influenced bgxercise*time
interactiors. Activation of latissimus dorsn flexion-extension movementactivation of teres
major in externalinternal rotation movements, aadn strength in abduction movements were
influencedby an interaction exercise*timéo negative correlations between radiation fractions
nor dose and any of the shoulder health indicators were noted for the controlNwoup
correlations betweeradiation dose nor fractions and shoulder health indicaters noteddr

any of the movemen(dable26).
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Table 26. Summary oftlifferencesVariable comparisabetween control and
exerciseggroupsfor armstrength, activation, shoulder complex range of metion
and arm circumferenda flexion-extensionFlex-Ext), abductioradduction
(Abd-Add), and externainternal rotationER-IR) movement task$’resence of
interactions exercise*time (E*@r e r epr ¥&,e nwhear dbas 6absenc
repr esentBédd =b p,d MBridpaird,6 E Gendpoint

Evaluated movements
Flex- Ext Abd- Add ER-IR
E*T E*T E*T
Latissimus n X X
Dorsi
Muscle Teres X X n
Activation Major )
Pectoralis X X X
Major
Serratus X X X
Anterior
Arm Strength X n X
Range of motion X X X
Arm Circumference X X X
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4.7sEMG

4.7.1Comparison ofshoulder muscles activation across baseline, midpoint, amshdpoint
assessmentms control versusexercisegroups

4.7.1.1Latissimus Dorsi
The ANOVA showedthat the ativation of latissimus dorsi in flexieaxtension

movements was influenced by an exercise*timeraction(p = 0.0}) (Table27). The post hoc
Tukeytest revealedhis interactiorin the control groufppetween baseline and midpoint
assessmenfsp = 0. 03, C dhiseneansthatthe effect @f Ante )of latissimus
activationin the control groujis different depending on the level at the baseline assessrhent.
meanactivaion of latissimus dorsin the control grouglecreasedver timefrom baseline to
midpoint whereasn the exercise group did not char{eg8 %MVC in control groupversus +6.2
%MVC in exercise group)lhere was no other statisticallfignificantinteractionexercse*time

for the remaining movement tasks (p > 0.05) (T&e(Figure23).
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Figure 23. Interactionbetweertime of treatment and exercise fatissimusdorsi activation
and standardeviationfor flexion-extension(i), abduction adduction(ii), and external
internal rotation(iii) movement taskPata point not sharing the samgpercaseetters
are statistically significarfrom one anothefp < 0.05).Significant interactiongp < 0.05)
are represented lan asterisk *

4.7.1.2Teres Major

The Tukey post hoc test revealed that the activatiagares major in externahternal

rotationmovements was influenced by an exercise*time intera¢fiabhle 27).There were
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significant exercise*time interactions between baseline of the control groupidpdint of the

exercise group (-3222 betiveed Baselin€ of the aordrsl graup and

endpoint of the exer ci sletl03y and hepveef Ipasetine & thd® 0 9

control group and endpoint of t hd&heeftea ofthe |
teres major activation on the exercise group at midpoineadgointdepended on thevel of

the control group at the baseline assessment. Moreover, the effect of taresahajor
activationin the control group idifferent depending on the level at the baseline assessment.
Themeanactivation of teres majon externalinternal rotation movement tasksthe control
group decreased over time from baseline to endpoint, whereas in the exercise group did not
change {20.7 %MVC in the control group verst&%MVC in exercise group).here was no

other statistically significant interaoti exercise*time for the remaining movement tasks (p >

0.05)(Table27). (Figure 2).
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Figure 24.Interaction between time of treatment and exerciséefess majoactivation and
standardleviationfor flexion-extensioni), abduction adduction(ii), and externainternal
rotation {ii) movement tasks. Data point not sharing the same gaserletters are

statistically significant from one another (p < 0.05). Significant interactions (p < 0.05) are
represented by an asterisk *
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4.7.1.3Serratus Anterior

There was no statistically significant interaction exercise* time in any of the evaluated

movement tasks for the serratus anterior activgpon0.05) (Table 27)Figure25).
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Figure 25. Interaction between time of treatment and exercise for serratus anterior activation
and standardeviationfor flexion-extension (i), abductieradduction (ii), and external
internal rotation (iii) movement tasks. Data point not sharing the same-cegetetters

are statistically significant from one another (p < 0.05). Significant interactions (p < 0.05)
are represented by an asterisk *.
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4.7.1.4Pectoralis Major

There was no statistically significant interaction exercise* time in any a\aleated

movement tasks for the pectoralis major activation (p < 0.05) (Tablg@jtire 5).
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Figure 26. Interaction between time of treatment and exercise for pectoralis major
activation and standadkviationfor flexion-extension (i), abductieradduction (ii), and
externalinternal rotation (iii) movement tasks. Data point not sharing the same-ceger
letters are statistically significant from one another (p < 0.05). Significant interactions (p <
0.05) ae represented by an asterisk *.
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Table 27. Mixed modelANOVA comparingexerciseversus control group3ime *
exercisanteractiongesults for latissimus dorsi, teres major, serratus anterior, and
pectoralis major activation normalized to %MVC per muscléexion-extension
(Flex_Ext), abductionadduction (Abd_Add) and exterraiternal rotation
(ER_IR)movementasks (A) and TukeKramer HSD Post Hoc results for
significantexercisétime interactiongB).

| Time*Ex |Tukey Post hoc significant?
Latissimus Dorsi Flex Ext 0.046 *
Teres Major Flex_Ext 0.103
Pectoralis Major Flex Ext 0.871
Serratus Anterior Flex_ Ext 0.492
Latissimus Dorsi Abd_Add 0.07
Teres Major Abd_Add 0.831
Pectoralis Major Abd_Add 0.458
Serratus Anterior Abd_Add 0.362
Latissimus Dorsi ER IR 0.08
Teres Major ER IR 0.286 o
Pectoralis Major ER IR 0.09
A |Serratus Anterior ER IR 0.511
p value |levels | \ | Cohen's ¢
* 0.02baseline control- midpoint control 1.296
* 0.031baseline control- midpoint exercise -1.222
0.009baseline control- endpoint control -1.403
B. 0.028baseline control- endpoint control 1.346
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4.7.2Radiation dose and radiation fractions as covariant for shoulder muscles activation
in baseline, midpoint, and endpoint assessmenftsr control versus exercisegroups

A multiple linear regression was used to test if radiation dose and fractions significantly
predicted muscles activatiamthe exercise groug regression model was statistically
significant inmidpoint assessments abduction adductionrmovement tasks fderesmajor
activation (r = 0778 r ~ 2 = 0605 p = 0.@). It was noted that radiation fractions positively
predictedteresmajor activation with a strength of p = 0&(Table28) (Figure27). Similarity,
therewere positive correlations between radiation fractions and pectoralis fimajbe control
group (p > 0.05)Multiple linear regression analysis for control group can be found in Chapter

[1l, results,pages53-60)
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Figure 27. Multiple linear regression scatter plot fxercise group showirtgrget radiation
dose andractions versus predicted values of latissimus dofbi¢p teres major (@-f),
pectoralis major (d-i), and serratus anteriorK}l) activation at flexion extension,
abductionadduction, and externahternal rotation movement tasks.
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Table 28. Multiple linearregression analysis resutifexercise grougor latissimus
dorsi, teres major, pectoralis major, and serratus anferitine three movement
evaluation tasks, in midpoint and endpoint scenarios. Flex_Ext = Shoulder
Flexion Extension movement task, Abd_Add = Shoulder Abdudtidalduction
movement task, ER_IR = Shoulder Exterriaternal Rotation movement task
Rad_F = radiation fractions, Rad_D = radiation dose, CI = Confidence Interval, t
=t value (Coefficient estimate/ st errorggative sign () stands for negative
correlation, positive sign (+) stands for positive correlation

Latissimus Dorsi

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.173 0.415 0.886 0.403 0.634 0.492
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.196 0.442 0.855 0.458 0.676 0.391
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.269 0.518 0.741 0.385 0.620 0.527
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Teres Major

Flex ext
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.641 0.800 0.120 0.319 0.564 0.651
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.778 0.882 0.024 0.431 0.656 0.440
Coefficients Coefficients
t p value Sterror t p value St error
Rad _F 3.483 0.008 1.001 0.999 0.347 1.692
Rad_D -2.130 0.066 1.690 -0.022 0.983 2.858
95 % CI 95 % CI
lower upper lower upper
Rad F 1.178 5.795 -2.211 5.593
Rad D -7.499 0.297 -6.652 6.528
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.492 0.701 0.330 0.266 0.515 0.746
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Pectoralis Major

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.494 0.702 0.326 0.233 0.482 0.801
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.332 0.576 0.627 0.238 0.487 0.792
ER IR
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.201 0.448 0.849 0.517 0.719 0.289
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Serratus Anterior

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.456 0.675 0.394 0.456 0.675 0.394
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.157 0.396 0.906 0.659 0.811 0.102
ER IR
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.085 0.291 0.971 0.545 0.738 0.244
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4.8 Arm strength

4.8.1Comparison ofarm strength across baseline, midpoint, and endpoint assessments in
control versusexercisegroups

The Tukey post hoc test revealed that the arm strength in abduction movements was
influenced by an exercise*time interaction (Table 29). There were significant exercise*time
interactions betweemidpointof the control group and midpoint of the exercise group (p £ 0.0
C o h e n d.84]).dhe=ffect of therm strengtlon the exercise group at midpoagsessments
depended on the level of the control group antidpointassessment. Theeanarm strengthin
the control group decreased over time from baselineidpoint, whereas in the exercise group
increased95 N to85N in the control group versu5 N to 120 Nn exercise group)There
was no other statistically significant interaction exercise* time in any of the evaluated movement

tasks for arm strength (p < 0.08figure28) (Table 29)
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Figure 28. Interaction between time of treatment and exercisarorstrengtland standard
deviationfor flexion (i), extension (ii), abduction (iiilpdduction /), externarotation (v),
andinternal rotation\{i) movement tasks. Data point not sharing the same gajser
letters are statistically significant from one another (p < 0.05). Significant interactions (p <
0.05) are represented by an asterisk *.
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Table 29. Mixed modelANOVA: time * exercise interactions results comparing

Flex
Ext
Abd
Add
ER
IR

exerciseversus control groups for arm strength in flexion ([lextension Ext),
abduction(Abd), adduction (Add)external (ER)andinternal rotation (IR)
movement taskA) and TukeyKramer HSD Post Hoc results for significant
exercise*time interactions (B).

Time*Ex Tukey Post hoc significant?
0.737
0.953
0.075*
0.211
0.638
0.52

p value levels Cohen's ¢
0.018midpoint control- midpoint exercise 1.341
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4.8.2Radiation dose and radiation fractions as covariant for shoulder musclestrength in
baseline, midpoint, and endpoint assessments for control versesercisegroups

A multiple linear regression was used to test if radiation dose and fractions significantly
predicted arm strength in the exercise grdupere were no significant regression models (p
0.05)(Table 30) (Figure @. Positive and negative regressiamarm strength and the dependent
variables were noted in the control grqpp> 0.05).Multiple linear regression analysis for

control group can be found in Chapter lll, resytesge2-65).
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Figure 29. Multiple linear regression scatter plot fxercise group showirtgrget radiation
dose and fractions versus predicted valuesof strengttat flexion(a), extensionb),
abduction(c), adduction(d) external(e), andnternal rotationf) movement tasks.

127



Table 30. Multiple linearregression analysis resutiexercise groufor arm
strength for tk six movement evaluation tasks, in midpoint and endpoint
scenarios.

Arm Strength

Flexion
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.384 0.619 0.488 0.380 0.616 0.496
Extension
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.669 0.817 0.07 0.390 0.624 0.476
Abduction
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.454 0.673 0.354 0.08 0.282 0.965
Adduction
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.346 0.588 0.564 0.401 0.633 0.457
External Rotation
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.463 0.680 0.338 0.265 0.514 0.720
Internal Rotation
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.470 0.685 0.326 0.139 0.372 0.916
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4.9 Shoulder complex range of motion

4.9.1Comparison of shouldercomplex range of motion across baseline, midpoint, and
endpoint assessments in control versiexercisegroups

There was no statistically significant interaction exercise* time in any of the evaluated

movement tasks for trehoulder complex range of motigm < 0.05)(Figure30) (Table 31)
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Figure 30. Interaction between time of treatment and exercise for shoulder complex range
of motion and standarmkeviationfor flexion (i), abduction (ii), and external rotation (iii)
movement tasks. Data point not sharing the same tgaserletters are statistically
significant from one another (p < 0.05). Significant interactions (p < 0.05) are represented
by an asterisk *

Table 31. Mixed modelANOVA : time * exercisanteractions results comparing
exerciseversus control groups fahoulder complex range ofotionin flexion
(Flex), abduction (Abd) and external rotation (ER) moventasks

Time*Ex Tukey Post hoc significant?

Flex 0.406
Abd 0.103
ER 0.147

130



4.9.2Radiation dose and radiation fractions as covariant for shouldecomplex range of
motion in baseline, midpoint, and endpoint assessments for control versagercise

groups
A multiple linear regression was used to test if radiation dose and fractions significantly
predicted shoulder complex range of motion in the exercise group. There were no significant
regression models (p > 0.05) (Table 32) (Figuke Bositive and negative regressions in arm
strength and the dependent variables were noted in the control group (p > 0.05). Multiple linear

regression analysis for control group can be found in Chapter lll, results, pag®s 6
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Figure 31. Multiple linear regression scatter plot fxercise groughowingtarget radiation
dose and fractions versus predicted valueshofilder complex range of motianflexion
(a), abduction (b), and externedtation (c) movement tasks.

Table 32. Multiple linearregression analysis resutiexercise grougor shoulder
complex range of motiofor the three movement evaluation tasks, in midpoint
and endpoint scenarios. Flex_Ext = Shoulder Flextotension movement task,
Abd_Add = Shoulder Abduction Adduction movement task, ER_IR = Shoulder
External Internal Rotation movement task

Shoulder complex range of motion

Flex Ext
Midpoint Endpoint
Model Model
r 2 p value r 2 p value
0.294 0.542 0.637 0.231 0.480 0.761
Abd_Add
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.331 0.573 0.560 0.394 0.627 0.430
ER_IR
Midpoint Endpoint
Model Model
r 2 p value r "2 p value
0.037 0.192 0.993 0.070 0.264 0.975
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4.10Arm Circumference

There was no statistically significant interaction exercise* tim¢h@marm circumference
(p < 0.05) Themeanarm circumferencen control groupvas 32.5cm in baseline, 32.7 cm in
midpoint and 32.4 cm in endpojnwhereas irexercisevas 29.5cm in baseline29.6cm in
midpoint and29.5cm in endpoint{Figure32). There was nagignificant regressiobetween
radiation dose nor fractions and arm circumferencedatrol and intervention groups in any of

the assessments (p > 0.05).
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Figure 32.Interaction between time of treatment and exercisarorcircumferencand
standarddeviation Data point not sharing the same uppase letters are statistically
significant from one another (p < 0.05). Lines not sharing the same-taseretters are
statistically significant from one another (p < 0.05). Significant interactions (p < 0.05) are
represented by an asterisk *.
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4.11Discussion

Thepresentesearch highlightthe effects of an intervention program focused on
shoulder muscles strengtheniahgring the radiation therapy window in breast cancer patients.
Differences in shoulder health indicat@rmmerged between exercise and control grodipsain
effect of time and an interaction exercise*time influenitedactivation of latissimus dorsi and
teres major. Participantd the exercise groupadgreatemmuscle activation further in time
compared to theontrolgroup The strengthening exercises influenegoh strength in the three
evaluated movementRarticipants of the exercise grongdgreaterarmstrength in all
movementsThe differences between grougisicidatethelikely effectiveness of strengthening
exercises in shoulder musclesotercome potentiadhoulder performance decrements produced

by radiation therapy during the treatment window.

4.11.1Shoulder muscles activation

Muscle activationvasinfluencedby exercise*time interactiom latissimus dorsi and
teres major muscle$hefirst hypothesisuggested thagectoralis majoactivation would be
higherin the control group at endpoint assessments, and that latissimus dorsi, teresanthjor
serratus anteriactivation would bdéowerin control group at endpoint assessmeAtsiormal
muscle activation patterns, which include lower activity, can lead to a decrease in muscle
capacity and cause shoulder morbidi{@sookham et al., 2018This hypothesis was partially
acceptedas reductions in the activitf latissimus dorsi and teregcurredn the control group.
However, the activation of serratus anterior Wwagher in thecontrol groupand the pectoralis

major activity did not experience any significant change.

The activatiorof serratus anteriawasnotinfluenced bytheinteractionexercisétime

(Figure25). Theserratus anterior mdinfunctions in scapular protraction and is active during
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anterior tasks (Moore et al, 2014)chas tlose performed irthe presenstudy.Previous
strengthening intervention programs in cancer pateaised increased serratus anterior

activity. Oral cancer patients received one month of an intervention program focused on
strengthening the scapular muscles between neck dissection surgery and the initiation of
radiotherapy. The sEMG of these muscles were tracked pre and post intervention andecompar
to a control group. The results showed a reduction in serratus anterior activation in the control
group and an increase in the intervention group (Chen et al., 2019¢urrent studgoesnot

match theseiidings.These discrepancies may reflddferent muscle strategy adaptations due

to the typeof movement performed hehighest activation of the serratus anterior occuf 6t

150 degreesf shoulder elevationosely et al., 1992). The flexieextension movements in
whichthemain effect of exercise wadbservednvolved 180 degreesf shoulder elevation range

of motion.Therefore serratus anteriatysfunctions are expected in extreme posturks.

reduction of serratus anterior activation coailsb bean adaptation to other muscles not tracked

improving their activatiorfKruse et al., 2021).

Latissimus dorsi activation was influenced by the exercise*itmeeactionin flexion-
extension movementgigure23). Similarly, teres major activation was influencedthg
exercisétime interactionin external and internal rotation movemefigure24). The latissimus
dorsi decreased 20% MVC at endpoint compared to baseline in the control group, whereas in the
exercise group it increased 4.5% MVIhe teres major activation decreased in leo¢brciseand
control groups at endpoint compatedaseline. However, the average decrements were higher
for the control group (20.7 % difference in control group versus 6% differemceinise
group). Thanuscle activity reductions of latissimus dorsi &meks major in the control group

elucidateghe influence of inflammation produced by radiation ther&mspite locating
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anteriorly, thenflammation affection irthis muscle by radiation therapy is expected. fEnes
majorand latissimus dorsveresensitive to most of the radiation treatment plans simufated
breast cancer patienfisipps et al., 2017). lthe present researche treatment plans were very
individualized, but most of the patients received whole right and left breast radidtisn.

treatment plan is likely to irradiate the axilla (Jang et al., 2020). The expansion of the treatment
volume includingthe axilla, increases the irradiation to muscles such teres major and latissimus
dorsi (Lipps et al., 2017Moreover, it is possible that other musclesmgingtrackedmay have

compensated thereby enabling task performance.

The pectoralis major activation was not influenbgdhe interaction exercise*time.
Previous studie®llowing similar protocols as the present stwhcountered the same finding.
A resistance training intervention programstructedn breast cancer patiertacked the EMG
activity of shoulder muscles pre and post interventionng a maximal isometric chest press
protocol No significant differencem pectoralis major activation were noted between affected
and unaffected side (Hagstrom et al., 2019 the current study, the lack of significant
changeould be related to the tests selected to tragkcleactivation. The submaximal tests
involvedperforming shoulder elevatianovementsip to180 degreesThe pectoralis major
reaches its maximum force capacity at lower shoulder elevatigles(Ackland et al., 2008)it
is possible that its activation was taghly recruitedduring thecurrent range cdubmaximal

tests

4.11.2Arm strength
Arm strength was influencdaly an exercise*time interaction in abductiadduction
movement taskdt was hypothesized that control group would himveer arm strengthat

endpoint assessments compareexercisegroup. This hypothesis wasrtially accepted. The
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exercisegroup exhibited greaterm strength irshoulder abductio(Figure28). Arm strength
reductions following radiation therapy as noticed in the control group were documented in
previous research. Blomqvist et al (2004) assessed shoulder health indicators 15 months after
receiving oncological treatment in affected versus non affeaed@i irradiated and nen
irradiated breast cancer patients. There were shoulder strength reductions (p < 0.05) in the
irradiated group in flexion, extension, and abduction movements, whereas tinead@ted

only presented reductions in flexidBreastcancer survivors 6 months after completing their
treatmenhadlower strengthn abduction and upward rotation, depression and adduction,
flexion, external rotation, internal rotation, and scapti@n healthy control@Harrington et al.,
2011). Shoulder protractors, retractors, and extensors were weaker in affected versus non
affected side of breast cancer survivors who received oncological treatment at least 6 months
prior to the study (Merchant et al., 2008)esefindings supportthe arm strength deficits

experienced by the control groppoduced by radiation treatment.

Similar to the current findingsripr investigationssuggested thaesistance and
strengthening exercis@sprovedupper body strengtim breast cancer survivorsThese
interventions proved that strengthening exercises were successful for improving upper extremity
strength in breast cancer survivdiswever they were implemented montbyear after the
completion of oncological treatmert.16-week resistance training intervention was prescribed
to breast cancer survivors including machiased antharbell exercised)pperbody strength
was tracked through an isometric chest press protocol and compared to a control group. There
were significant (p < 0.05) improvements in upper body strength at the end of the intervention
compared with baseline for tlegercisegroup and no differences for the control group

(Hagstrom et al., 2017k another investigation,reast cancer survivors completed a-gear
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randomized controlled trial assigned to a strength training intervention or a stretching control
program. Muscle strength was assessed through maximal bench press and leg press. Women in
the intervention program significantly improved maximal leg and bprness strength compared

to the control group (p < 0.05)heintervention group performesb.3 Ib in baseline versus 63.3

Ib at 12 months for the bench preaad 167.9 Ib versus 201.3 Ib for the leg press. The control
group performed7.9 Ibin baselineversus 61.1 llat 12 months for the bench press, aid Ib

versus 191 lifor the leg preséwintersStone et al., 20)2This currenstudy shared the same
findings while performing an intervention within the treatment window, meaning thatoyr
interventionprogram was effective on preventing those potential strength défickeulder

abduction

4.11.3Shoulder complex range of motion

Theshoulder complex range of motiaras not influenced by the interaction exercise*time.
It was hypothesized th#te control group would haviewer range of motion at endpoint
assessments compared to intervention group. This hypothesis was not addepteshtrol
group had a lower trend nange of motiorthan the intervention grouplowever this difference
was not significant. Shoulder complex range of motion reductions produced by radiation therapy
were recognized by prior research. Shoulder abdudgtreased in patients following radiation
therapy and surgery (Smooth et al., 2016), and also decreased in breast cancer patients receiving
radiation therapy comparing affected versus-affacted sides (Brookham et al., 2018). There is
evidence of stregthening exercises implemented in breast cancer patients and the assessment of
shoulder range of motion. AWweek postradiation progranthatconsisted of upper limb
strengthening exercises and stretching exercises was performed by breast cancer survivors and

compared to a control group receiving standard care. The authors reported improvements in
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shoulder external rotation and horizontal abduction in the intervention group 3 months after
intervention. However, as the currenstudy, these improvements were not significant (Ibrahim

et al., 2017). A 4veek intervention program for breast cancer survivors diagnosed with
lymphedema that combined aerobic and upper extremity strengthening exercises was compared
to a control. The fidings showed significant reductions in the control group in flexion,

extension, abduction, adduction, external and inteotation (Park, 2017). The differersce
betweerthe presens t ud y a arethatfha [gté&ribdudedpatientsthat were already

diagnosed with lymphedemahe improvement in shoulder range of motion through

strengthening exercises could be mostly allied to an improvement in arm lymphedema.
Moreover, the time when Par kd6s uptdtleageaesnt i on
after breast cancer surgewyhereas in the current study the exercigeseprescribed in the

treatment windowAnother explanation of the lack of significant findirigghe present research
could be related to the type of radiation therapy prescribed to the patients. Most of the
participants of both intervention and contgobupsreceived radiation confined to the whole
breastThis type of radiation can lead to a decrease in lymphedema inciciempared to other
treatment regimenasnd an improvement ipotentialshoulder range of motion impairments

caused by théherapy(Lee et al., 2008).

Finally, the current study tracked shoulder movements such as flexion, abduction, and
external rotation because they are involved in many activities of daily living and are most
affected in breast cancer patients after receiving oncological treatmentt(&nabp2016;

Brookham et al., 2018; Maciukiewicz et al., 2022). Future research could consider tracking other

shoulder movements not studied in the present research, such as internal rotation, adduction, and
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extension, tdetterunderstand the implicatiord an intervention progra over the whole

shoulder complex during thradiation therapyvindow in breast cancer patients

4.11.4Arm Circumference
It was hypothesized that the control group would have greater arm circumference at endpoint
assessments comparedritervention group. This hypothesis was rejected. Thazmo
interaction exercise*time betweaontrol and exercise grogpFuture research mae more
able to detect changestims variable in a longerm study, since this condition usually develops

months or years after the completion of radiation treatment (Shah & Vicini, 2011).

4.11.5Intervention program, radiation dosage, and questionnaire
The strengthening exercises overcame the influence of radiation fractions in arm strength. It

was hypothesized that radiation dose and fractions would be negatively correlated with
reductions in arm strength, activation, and shoulder complex range ohmotontrolslt was
also hypothesized th#teexercise grougvould haveno significant negative correlatisn
between radiation dose and fractions and arm strength, activation, and shoulder complex range of
motion Thesehypothesswereacceptedin thecontrol group, theravas anegative correlation
between radiation dosad shoulder abductioange of motion, and between radiation fractions
andarm strength in abduction movememtdditionally, there wereno correlations between
radiation fractionsor dose and any of the shoulder indicatorthéintervention grouplhe
intervention program was effective to compensatsiioulder abduction restrictioriBhe lack
of negative correlations between radiation dose and fractionthamest of theshoulder health
indicators in the control groupay be attributable teeveral reasons. It could be that other
factors like age, BMI, and piexisting conditiongffect shoulder functionalitygnorethan

radiation dose and fractions (Bazan et al., 202H)so could be explained by thésence of
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good spreadf the predictor variable, being the radiation dose and fractionsnetienough to
predict powerful correlationg:urthermoreall patients received IMRT regimen plans. This

regimen was proved to be safer and target more accurately the tumors (Donovan et al., 2007).
Additionally, the type of treatment prescribed to the majority of the patienlkssistudy was

whole breast irradiation. This treatment type accounted for less incidence of shoulder
impairments (Lee et al., 2008) compared teeotmodalities including the axillary nodes

irradiation (Lipps et al., 2017). Other parameters not explored in this study could be accounting
for radiation dose and fractions. Stiffness and elastic shear modulus presented correlations with
radiation dosen breast cancer survivoirsirradiated muscles like pectoralis major (Lipps et al.,
2018). Further research may quangfiffness and elastic shear modutiusing the radiation

treatment window and determine if correlations with radiation dose stilf.occu

The improvements in shoulder health indicators byettercisegroup were not influenced by
other external exercises performed by their participants. When comparing the average number of
hours of exercise per week performed by each gnapajor differences between them are
noted The control group achieved 10 hours of strenuous exercise, 15 hours of moderate exercise,
and 10 hours of mild exercise. Whereasekerciseggroup reached 7.5 hours of strenuous
exercise, 18 hours of moderate exercise, andlivstof mild exerciseMany factors can
influence the effectiveness of an intervention progdanterms oftotal physical activity
performed by the patientthe reading of the questionnaire outcosigggestshat the
improvements in health indicators in the exercise group were assqmigedily with the
performance othe strengthening exerciggogram Although not assessed, motivation could

have plagdan important role in the adherence of participants to the exercise gatipipants
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had the choice to withdraw from the research at any poinexaept for a few cases, most of

themdecided to complete the intervention program.

4.12Limitations

Several considerations should delimit interpretation of these findksggdata collection for
the current study was in conjunction with study 1, all the limitations stated in study 1 related to
equipment and methods, apply also for studg&jarding thévlixed modelANOVA testing
baseline differences between groups were statistically té&stedpt for the activation of the
latissimus dorsi muscle during flexi@xtension movement tasks, there were no significant
baseline differences between the groupsafoother findings (p > 0.05The control and
exercise groups had no significant baseline differences, except for the activation of the latissimus
dorsi muscle during flexioextension movement tasks (p > 0.05). Although the exercise group
had more capability in most of the assessethlikes from the beginning of the treatment, this
difference was not statistically significant. The small sample size could be obscuring potential
baseline differences. The lack of stratification in the randomized graagatdin could have led
to regression towards the mean. This could be due to some patients who were randomly allocated
to the intervention or control group but did not want to participate in the study if the radiation
treatment prescribed to them was shattten 6 weeks (the intervention program length). In such
cases, they were offered the option to be part of the observational group instead. Thus, only those
patients who were stronger, willing to exercise, and were assigned to the exercise group
completedhe intervention program. This may explain why the exercise group performed better

from the beginning of the treatment.
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Regarding the intervention program, three patients withdrew theistudy arguing shoulder
pain and discomfort due to radiation therapy. Therefore, a potential limitation is that the program
may not be effective for all patients due to differences in the severity of the symptoms
experienced from the treatment. Withdrawaisilow adherence to intervention programs in
breast cances u r v ipepolatiends relatively common due to factors such fear or pain of using
the affected arm and caneelated fatigue (Hagstrom et al., 2017). Prior work also reported
withdrawals fromanintervention progranmarguing difficulties with activities of daily living,
lower mental health scores by recent cancer diagramsi$ack of time commitment, (Winters
Stone et al., 2012; Kilbreath et al., 2012; Chen et al., 202@)elourrenstudy, in case patients
complained about shoulder discomfort, alternative ways to perform each exercesproposed
as well as optional decreasm weight and repetitions. It was important to maintain constant
follow-up with patients to make sure that tivegre feeling well and still willing to complete the

program.

143



4.13Conclusions
Study purpose: To examinghe effecton shoulder function indicatood an intervention
program focused on shoulder strength prescribed during the radiation therapy witeastn

cancer patients

Main findings:

1 Mixed modelANOVA revealed significant exercise*time interactiongl@xion-extension
movements folatissimus dorsactivation between baseline and midp@ssessments
the control groupThe latissimus dorsi activation in the control group decreased from
baseline to midpoirdnd did not change in the exercise groAipother interaction was
notedin external internal rotation movements for teres major activation between
baselineassessmentd the control group anchidpoint and endpoint assessments of the
exercise group, argetween baseline amdidpoint assessments of control grotipe
teres major activation in the control group decreased from baseline to endpoint
assessmentkinally, another interaction was reportedalbduction movements afm
strength between midpoint assessments of the control and exercise grbeprm
strength in the control group whmsver in midpoint assessmeritsanthe exercise group.
No other significant exercise*time interaction was observed in the remaining shoulder
health indicators.

1 Multiple linear regression analyses ongported negative significant regressions for
radiation dose and fractions and shoulder abduction range of moti@bdunction

strengthfor the control groupNo significant regressiorcurredn the exercise group.
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Recommendations:

1 Future research shouldgnouldexplore other forms of interventisto determine the
improvement of alshoulder health indicators.
1 Longer term follav-up of these shoulder health indicators to determine the persistency of

these effects.

145



Chapter 5 - Use of quantitative ultrasound imaging of bone
(QUSIB) for more accessible rib quality assessments in breast
cancer patients

5.1 Introduction

Breast cancer is one of the most common types of cancer in women, with an estimated
2.1 million cases per year worldwide and over 627.000 deaths (WHO, 2019). Early detection and
improved treatments have led to a decreased mortalitjromebreast cancen Europe by 23%
between 1989 and 2006 (Bossetti et al., 2012). However, despite the detreadality rate
due to the disease itself, the complications and side effects of the treatments cause an increase of
morbidity and a challenging path to recové®enkuskonefka,andJassem2006§. Some of

theseadverse symptoms affect body composition changes, more specifically bone quality.

There is a welknown association between decreased bone quality and oncological
treatment in breast cancer patients. The breast cancer population is predisposed to losses of bone
mineral density (BMD)mainly due to direct or indirect effecf radiotherapyHarris, 2016;

Serkus Konefka, 2006; Mesurolle et al., 200@Jowever, othetherapiedike the
bisphosphonatgsromote the increase of BMivhich can also affect the bone quabtydlead

to fractureg(Harris, 2016) Previous studies showed thaeast cancer patients receiving
oncological treatment had lower BMD in the foregBnoeckelet al., 2000; Tisdale, 20223nd
femoral neck{Artese, 2017fompared to healthy age and weighdtched controls. These BMD
losses are also related to an increased risk of developing osteoporosis and fragility fractures,
particularly in the rib subegion(Mesurolle et al., 2000Fragility fractures caused by
oncological treatment in breast cancer patients are more common in thelatet@aegion of

the 4", 5, and &' ribs (Mitchell & Logan, 1998) Ri b fractures negativel.y
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daily life, causing disability and potentially logrm presence of pa{iMarasco et al., 2015)

and increases the risk of developing infection and lsaneomagYi et al., 2009) The incidence

of rib fractures in breast cancer patients ranges from 2% toH8#is, 2016; Overgaards

1988) Yet, these statistics likely underestimate the true scope as bone quality assessments are
only performed in 3% to 32% of cancer patients under high risk of boné3agse, 2006)The

average time for these fractures to appear is five ygars€t al., 202).

There are several approaches to assess bone quality. The standard approach is the dual
energy xray absorptiometry (DXA) scan. This tool is accurate29d error), norinvasive (low
radiation dose ~0.5 uSv), rapid, and requires no specific preparatiophysieal principle
behind the DXA scan is the transmission @hys through the body at high and low levels of
energy(Bazzocchiet al., 2016)However, the noportability makes the adaptability of DXA
scan to research studies and clinics that regepeated measurements I(8chiavoet al.,

2020) Quantitative Ultrasound Imaging of Bone (QUSIB) is a novel and attractive alternative to
overcome the DXA limitations. QUSIB is an accessible, inexpensive, and portable tool with the
ability to be used in repeated measurement in peripheral bone siteead/DXA scan assesses
bone in @awo-dimensional projection imagéypically of the spine and hip, and quantifies one
parameter of the trabecular bone compartment only, all QUSIB offers a more comprehensive
view of the cortical bone at multiple anatomical sites, providing multiple features like bone
elasticity, microstructure, bone matrix constituents, and rRdarnage accumulation components

(Raum et al., 2014)

Quantitativeultrasound of bone approaches to predict fracture risk have evolved in the
last three decades using dedicated-imoeging bonescanners. In contrast, modern QUSIB

technology uses conventiomakdical ultrasound diagnostic scanners. Using the recently
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developed methods of cortical bone backscattering ("CortBS") and measurement of sound
refraction ("MultiFocus"), thérequency spectrum of the higlequency ultrasound waves
scatteredy cortical bone structures and the sound refraction at the cortical bone boundaries can
be analyzedAcoustic attenuation and backscatter coefficientlaegwo main backscatter
parameters of QUB andwere previously employed ttistinguish healthy versuliseased

tisswes (Insana et al., 20Q06The acoustic attenuationtise rate at which sound waves decrease

in intensity as they travel through tissue. The backscatter coefficient is the amsouhof

waves that are scattered back to the transdidzen et al., 2011).

Structural features of the bones affed thsistance of bones to fractursuctural
parameters include bone shape determining moment of inertia, averagdistrdmsion, and
bone volume fractioRaum et al., 2014). The mass distribution refers to how and where the
bone material is distributed in a structure, and moment of inertia indicates where the mass is
distributed around the center the specimen (Ulivieri & Rinaudo, 20B&)BV/TV is the ratio

of bone volume to total volume (Huang et al., 2023).

Bone tissue is in constant remodeling dmelage of the bone also plays an important role
in the fractureisk predictionThe mineralization of collagen fibrils occurs in two stages: a fast
primary stage and a slow secondary s{&y€dfoni et al, 2009) This process results in a
variation of the elastic properties of the tissue that is dependent on the age of tHiR&ssuet
al., 2014) Rib fragility fractures asonsequencesf bisphosphonates and radiation treatment, are
considered longerm side effectgHarris, 2016) Thereforenot only the treatment damage
would change the rib trabecular structing also the tissuaging Bothfactors should be

considered together for potential bone quality assessments.
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TheCortBS modeivas used to assedesestructural and mechanical bone parameters
predictbone fractures in cortical bond$ie QUSIBhas showed high accuracy in numerical, ex
vivo (on human tibia sample), andwivo (on the femoral neck in women with and without
fragility fractures) scenaridgori et al., 2021; Arrbrecht et al., 2022Despite significant
relationships found between ultrasonic measurements and the mechanical properties of human
ribs on an ewivo study(Mitton et al., 2014)no focus was given to bone quality assessment in
ribs in vivo with QUSIB so far. Th€ortBSmethod sems to be a promising alternative to
accomplish this goaNeverthelessdue to the small thickness of #geboneg<lmm), the bone
composition in ribs is mostly trabecular, and therefore an adopted trabecular version of this

backscatter modevasdeveloped for the purpose of this study.

The aim ofthis feasibility studywasto evaluate Quantitative Ultrasound Imaging of
Bone (QUSIB) as a future potential tool to assess rib quality and compromised quality in
response toncological treatmenh breast cancgratients The study aimed to determine
whether ultrasonic features could predict rib structural parameters that are associated with the
risk of rib fracture in a pathological scenario with a pharmaceutical intervention. The study also
intended to ascertain whethéig prediction heldrie even when considering algased
variability in material properties, therefore accounting also for a natural intervention. The
predictions were done within the context of ultrasonic simulation models of five years of

radiation damage and bisphosphortatzapy.
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5.2 Objectives and Hypotheses

The objective of study ®asto determine if theQuantitative Ultrasounis sensitive to
changes imib trabecular structure and can predi@iment of inertia, average mass distribution,
and BV/TV parameterin a5-yearultrasonic model simulating radiation damage and

bisphosphonateorsumptionconsequences

The following hypothesesere testedh study 3:

- Correlations betweeralskscatter coeifientand acoustic attenuatideaturesand
moment of inertia, average mass distribution, and BV/TV rib parameteutd have a
value of R"2 > 0.7.

- Correlations between backscatter coefficient and acoustic attenuation features, and
moment of inertia, average mass distribution, and BV/TV rib parameteus still have

a value of R"2 > 0.7 when consideragebased variability in material properties

In the medical fieldR"2 values > 0.1 a correlation wouldepresent a moderate to strong
correlation Akoglu, 2018 and would indicate good predictioaktrabecular structure changes

from ultrasonic features.
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5.3 Methods
5.3.1Base Models
High-resolution rib images were obtainesingmicro Computer Tomography (LC19 simulate

the acoustic backscatter response from rib bones.
ThepuCT data was extracted from Perz et al (2015)

- SpecimensSeveneft ribs were harvested from59 yearold malecadaver which was
free of infet¢ious diseased hecadavewas removed fronfreezer and placed at room
temperature for 24 hours before the lexdraction.Three slicesvere extracted from
eachrib, anterior from posterior of ribs 1 ®(Table 33.

- Imaging:A Scanco VivguCT 40 was usetb capture themages, with an iplane

resolution of 0.02Inm/pixel and a slicehicknessof 0.021 mm.

The total number of ribs harvested in the stafiiPerz were 12. Howevelgr the present study
only 7 were selecte@ to 8" ribs). These ribs are considered to be at higher risk of fragility
fractures due to oncological treatment in breast caiger ét al.,2023. TheuCT (DICOM

files) datafrom these seven ribsere usedo create the simulation modgRigure34). Details of
the correspondemib andcut selectedollow (Table33). The sample sizapproximateprevious

studies that conductedimerical simulations of bon&fode et al., 2014; Rochbach et al., 2010).
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Figure 33.Ribsslidesetup (Prez et al., 2015).

Figure 34.Ribs selected for themulation
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Table 33. . Correspondent rib and cut of the selected ribs used for the simulation

Rib ID Correspondent rib Cut

A 31 Posterior
B gh Medial

C 2n Medial

D 6" Medial

E 5 Posterior
F 5 Anterior
G 4h Posterior
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5.3.1.1Simulations models
The models mimicked an ultrasorsicenarioThe simulations were computeding
Matlab™ 2022b (Mathworks Inc., USA)t consisted oB5 ps longfinite-difference time
domain SimSonisimulations of a 12&lement arrayelement size 0.28 mmJhe excitation

signal wasused 6 MHz +pulse andheaperture othe backscattedementswerefocused ta

depth of 22mn{Figure %).

0.5

(=]

-0.5

Amplitude (a.u.)

-1

0 0.2 0.4 0.6 0.8 1
Time (us) B.

Figure 35.. A. Excitation signal 6MHz +pulse. B. Snapshot from simulation

Two models were created simulating radiation and bisphosphonates pharmaceutical
intervention.Following radiation treatment, patients may receive bisphosphonate therapy.
Radiation therapy is a crucial and effective approach for eliminating residual cancer cells after
surgical tumor removal (Clarke et al., 2005). Bisphosphonates are commonlyhaes$ori

prevent bone metastases in breast cancer patients and to reduce bone breakdown, making

fractures less likely (CCS, 2024).

5.3.1.1.1Erosion model
Oneset of ribdata includedgimulaedradiation damageélhe parameters for lorgrm changes

in trabecular bone caused by radiation were obtained by the stBaydstra et al., 200
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which micesingle full body were irradiatefdr 117 days with 2 Gy dose daily, and trabecular
bone changes were accountadiecrease of BV/TV by 20%ndan increase dfabecular
spacingoy 11%occurred Forthemodel, the originatibs were erodedby 5,10, 15 and 20%or
each year in d-year window(Figure31). The entire bone structure (except for the periosteal
layer) was eroded each year in a single intensity pixel v@iheeerosion model was applied to
the whole bone tissue maintaining unaltered the periosteal layersexpected that the
accumulated erosidoy yearwould decrease the BV/TMherebyweakening théone and

increasing the risk aib fragility fractures.

5.3.1.1.2Bone Growth model

A secondset of ribdata includedgimulating 5 years of bisphosphonatesisequences
The parameterfor long- term changes in trabecular bone causellig§iyhosphonatesere
obtainedby the study oMisof et al 017) In this studytrans iliachiopsies analyses of cortical
bone mineral density distributigBMMD) of postmenopausal patients treated with
bisphosphonateer more than three yearBhe BMMD parametersicreased aftethe treatment
The weighted mean calciurooncentration of the bone aré2aMea®  H3y9%,the most
frequent measur ement aPeakb cHByi, thepercerdagenothighlyt r at i on
mi ner al i z e @aHighd n L9080 arathesperéentage ddwly mineralized bone areas
CalLowd 146p0.Bisphosphonate therapy reduces bone turnover, which can lead to impaired
microdamage repair and increased bomaeralization(Turner, 2002).The increase of
mineralization increasdsonestiffness,and consequenthyssue rigidity This results ira more

brittle tissueleading to reduction work to failur€@rrey, 199).

Forthis model,the mineralization in the original rilvgas increaselly year, up to 5 years

(Figure36). Each yeara new layer of bone was addegresenting 3% afalcium content
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mimicking bisphosphonate affectiollisof et al., 201Y. Thetransformation otalcium content
into elastic coefficients to create the bone layer, was bastt @alcium model previously
described by Ruffoni (Ruffoni et al., 2007The bone layer addition was applied to the whole
bonetissue,and itchanged the percentage of pixels in the imHigeas expected that the
accumulated bone growth by year woinldrease the boraensity andtiffness increasing the

risk of rib fragility fractures.

Eroded Model

Bone Growth Model

Original Rib

10 %

20 %

5 years

Figure 36. Example of ribmodel from original uCT dataimulating5 years of
bisphosphonates treatment (bone growth model) and radiation treatment (eroded model).
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5.3.1.2Target parameters and ultrasonic features description
5.3.1.2.1Target structural parameters
We estimated the target structural parameteisranlated rib corresponding to bone

eroded model and bone growth moddle moment of inertiél) indicates where the mass is
distributed around the center the specimen (Ulivieri & Rinaudo, 202&as calculated bly=
m*r, where m corresponds each pixel and r corresponds to the distance from the geometrical
center A pixel referred to thevhite or nonblack dots in the bone matriXheaveragemass
distribution refers to how and where the bomsterial is distributed in a structufélivieri &
Rinaudo, 2021)it was calculatedby I/whole total massnd itspecified howfar the pixelsvere
from the geometrical center on average. FinallyBWéTV is the ratio of bone volume to total
volume (Huang et al., 2023j.was calculated bynumber of bone pixels/number of

pixels)*100%.

5.3.1.2.2Ultrasonic features
Acoustic attenuatiofAtt) and backscatter coefficien(BSC)were the ultrasonic features

selected to predict the bone trabecular structure. The acoustic atteisiaged as a biomarker
to produce images andréfers tothe reduction in the amplitude and intensity of ultrasound
waves as they propagate through the tissue (Cloutier 20all). The backscatter coefficiers a
fundamental paramet#érat describes the ability of the tissue to backscatter ultrasound energy
Scatter is the phenomenon of sound waves being reflected in multiple diredtiemnsn
acoustic wave encounters an obstacle whose mechanical properties différeframrounding
tissue (Baddour, RE, 2004he backscatter parameters were estimated from 5 to 8 MHz with 1

MHz band. Theissue frequency responsedransducer best at this range (lori et al., 2021).
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5.3.1.3Tissue agingmodel material properties alteration
A natural intervention accounting for aging was added for both radiation and
bisphosphonates pharmaceutical intervention moBelsetissue undergoes permanent
remodeling. The first stage of the kinetics of thimeralization of collagen fibrils occurs in the
first days/weeks of life, in whicfi0% of the final degree of mineralization is reached. The
second stage can last several years and involves the deposition of and growth of nanosized
hydroxyapatite crystals which with time, would lead to the heterogeneity of tissue age results in a
characeristic bone mineral density distribution BMDD in bone tissue (Ruffoni et al., 2009
(Figure37). The typical bone remodeling cycle (the time to bone synthesis to resdtpkes
approxi mately 6.55 years, but it varies depen

pathologies or treatmef(iRuffoni et al., 2009)

The biphasic nature of the mineralization law can be described by sum of two hyperbolic

growth functions with time constants:

c(T) = gy . + 2 -
1+7/7, | + T/ T,

The coefficients cand e were 6 and 24 wt%, respectively, and the time constaatsdt > were

9.652 and 0.029 years, respectively (Ruffoni et al., 2009).
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Figure 37.Ca model. The model describes the biphasic nature ofitineralization law.

Bone tissue is composed of collagen, mineral and water. While the collagen content can be
invariant, the water content is gradually replaced by mineral during the process of tissue
mineralization. Therefore, the mass density can be estimated by a ruldwem(Raum et al.,

2006):

Prissue — Uf[-l.%f-]]-[.-’k + Uf;:crlpccrl + Ffl—];ﬂﬂ]—[:ﬂ-
wherevfj is the volume fraction of the componént is thg densityfollowed by HA for
mineral, col for collagen and H20 for water. As the properties of the individual components are

known, the tissuage dependent mass density can be derived from the Ca content model.
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Figure 38.Kinetic tissue mass density model using a rule of mixtures adopted from Raum et
al., 2006. The mass density used for the base model (dot) corresponds to a tissue age of
6.55 years.
The relationships between mass density and elastic coefficients of bone tissue have been
investigated in previous studies (Raum et al., 2006; lori et al,. 2021) and were used in the current
study.

The bone is an anisotropic solid. The nine elastic constants that characterizes the bone tissue are

included in the following matrix of coefficients (Ashman et al., 1984):

c 5 ;0
QSR

o o o o ©
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For the present ultrasonic simulations, mass density and the elastic coeféigients ci» and
Css from the elasticity matrix are needed. The tidependent mass density and elastic

coefficients are shown in kinetic ca model (FigB8 and Kinetic tissue mass density model

(Figure38).

Elastic Coefficients
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Figure 39.Kinetic tissue elastic coefficients using a rule of mixtures adopted from Raum et

al., 2006 and density elasticity relations established in previous studies. The elastic
coefficients used for the current model correspondtissae age of 6.55 years.
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5.3.2Simulation modelk specifications

Two subgroup®f modelswere performed:

- Subgroup 1 Unaltered material properie Only pharmaceutical intervention was
accountedNot accounting for agbased variability of material propertiedt included
erosion and bone growth rib modé&em 5 different bone# a total of 60 simulations.
RibsC, D, E, F, and G wemandomlyassigned to theubgroupl. The referencematerial
properties usetb create the models tiis subgroupvere adapted from previous studies
(lori et al., 2021; Nguyen et al., 2022).

- Subgroup 2All ribs- Unaltered material propertiesvVaried material propertie®oth
pharmaceutical and natural aging interventions were accountéchaltered material
properties groupncluded erosion and bone growth rib modedsn 4 different bones in a
total of 41 simulationsRibs A, B, C,and Gwererandomlyassigned tohis group.The
material properties associated with the corresponding tissue age of each pixel in the
material map were assigned. Thereby, heterogeneous material properties mimicking
tissue ageing and/or tissue formation were achiedkdbs belonging to subgroup 2

involveda total of101 simulations.

Both the 6C6 and 6DO6 r i ostheunaltered nateralplopertiesd f or

A

andfortheal t er ed materi al properties. The O6EG6, 0DC

the first group, while the O6A0 dhmedgurpp®ofier i bs w

distribution was to add variabilityetween groups.
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Model creation

Radiation damage:
,,,) * Bone eroded models

|

Bisphosphonates damage: |

Bone growth models

Target parameters and ultrasonic features description

»

Target structural parameters:
moment of inertia, mass distribution,
BV/TV

Ultrasonic features:
-Acoustic attenuation: From 5 to 8 Mhz
- Backscatter coefficients: From 5 to 8 Mhz

Hypothesis 1: Backscatter coefficient and acoustic attenuation features can
strongly predict moment of inertia, average mass distribution, elastic stiffiess,

BMD, and BV/TV rib parameters.

v
Re-test conls}derlng bone . Regression analysis
aging
A

Hypothesis 2: Backscatter coefficient and acoustic attenuation features are still

sensitive to changes in rib trabecular bone caused by radiation and

bisphosphonates treatments damage when considering bone aging. .

Determined which
Partial Least Square (PLS) »  trabecular structural
parameter was the best
predictor

v

+ Optimized the model

Regression Learner:
Non-linear and linear
machine learning models

v

Model validation (cross
validation)

Figure 40. Studyworkflow. Numerical ultrasonic simulations of 2 sets of mbisnicking
radiation and bisphosphonates treatment damage were ciélitagonic featureswere
extracted and target structural parameters were calculated. A regression analysis was
perform to determinpredictions between ultrasonic features and structural parameters.
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5.3.3Statistical analysis
Statistical analysis was performed using Mdttap022b (Mathworks Inc., USAA

regression analysis was doker all the ribs, e target parameters were taken from each
simulated rib for both eroded and bone growth modedgitionally, the predictedultrasonic
features were the mean values of backscatter coefficient (BSC) and acoustic attenuation (Att)
calculated in each 1 MHz band from 5 to 8 MHEor unaltered material propertiewdels, a
Partial Least Squar®LS)regression modelith threefold crossvalidationusing the libPLS
library (Xu and Liang, 201was usedo determine which trabecular structural parameter was
the best predictor afltrasonic featureS.he PLS regression model was preferred over multiple
regression analysis because it performs better when thaokingarity between the independent
variables, as in the present study with ultrasonic feat@mesbrecht et al.2021) Since the
associations between ultrasonic featurestemsde frequency is nedimear anahis nonlinearity
is not captured by the PLS regression maadeé&chine learning modelgere selected tobtain
more accurate outcomeghe besPLS predictor was thenptimized through a machine learning
model usingRegression Learner Towl Matlah The data was shuffled beforentis given to the
regression learnethe features selectidor each machine learning modeas done with a
principal component analysis (PCAhe inputwere8 ultrasonic featureagoustic attenuation
and backscatter coefficient from 5 to 8 MHahd the output were 4 parameters with the lower p
value.The PCAparameters outputs were limited to 4 components in order to minimizskhe
of overfitting (Njah et al., 2021)Linear and nodinearmodels(Support Veatr Machines,
Regression Trees, Eambles of Trees, Gaussian process regression, and neural networks) were
tested.Thefour modelsthat predictedhe bestesults were then validated using creafidation

with 4 folds. This number of foldsvere selectedccording to the data poirpsesented per each

simulation (Armbrechet al., 2021)Crossvalidationi s a met hod using subset
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A |l earning method is repeated 6x6 ti mes,
the others are put together for trainiitpe RMSE is averaged over all the trials to check how
effective the model waZ{ong et &, 2020Q. In the current studyhe models were optimized in

200 iterationsmeaning that the crosalidation process with folds was repeated 200 times.

The same procedure was then repeated for the altered material properties models.

Table 34. Summary of measure outcomes for study 3.

Input Dependent variables Covariates

Backscatter Acoustic attenuatioat 5SMHz BVITV

parameters Acoustic attenuation &VHz Moment of inertia
Acoustic attenuation atMHz Average mass distribution

Acoustic attenuation at 8MHz

Backscatter coefficient at 5SMHz
Backscatter coefficient at 6MHz
Backscatter coefficient at 7MHz
Backscatter coefficient at SMHz
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5.4 Results

5.4.1Bone trabecularstructural parameters prediction from ultrasonic features
The average mass distribution parameter presented the best prediction (r 72 p=<00.01)
(Figure41 A), followed by BV/TV (r ~ 2 = 063, p < 0.01)(Figure41 B), and moment of inertia

(r » 2 = 024, p = 0.006) (Figurd1C).

PLS regression
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PLS regression

800 'Re=0,24
p=0.006 .
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Figure 41.Partial Least Square scatter plots corresponding to A. Average mass distribution,
B. BV/TV, C. Moment of inertia

5.4.1.10ptimizing the model
Even though the mass distribution was plagameter that had the bgsediction with ultrasonic
featuresBV/TV was selected for optimizatio his structural parameter vgell-establishednd
clinically relevant for fracture predictiamsk (Szulc et al., 2022; Nazarian et al.02 Linear and
nortlinear models were trained/odels with lower RMSE and higher R"2 were selected for
validation.Support vector machines, Gaussian process regression, Neural Network, and Ensemble

of Trees (Booster Tree) were the best 4 predicted models.
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Table 35. Machine learning models. A. Linear models. B. Support Vector Machine
model (SVM). C. Regression Trees. D. Ensembles of Trees. E. Neural networks
F. Gaussian process regression.

Model R"2 RMSE
Linear 0.53 7.66
Interactions Linear 0.58 7.23
Robust Linear 0.53 7.67
Stepwise Linear 0.57 7.38
A.
Model R"2 RMSE
Linear SVM 0.51 7.8
Quadric SVM 0.58 7.23
Cubic SVM 0.7 6.15
Fine Gaussian SVM 0.93 3.04
Medium Gaussian SVM 0.69 6.21
Coarse Gaussian SVM 0.51 7.8
B.
Model R"2 RMSE
Fine Tree 0.74 5.73
Medium Tree 0.48 8.12
Coarse Tree 0 11.20
C.
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Model R"2 RMSE
Rational Quadratic 0.64 6.71
Squared Exponential 0.62 6.85
Matern 5/2 0.68 6.36
Exponential 1.00 0.002
D.
Model R"2 RMSE
Narrow neural 0.71 5.98
Medium neural 0.99 1.27
Wide neural 1 4.52
Bi layered neural 0.84 4.52
Tri layered neural 0.95 2.51
E.
Model R"2 RMSE
Rational Quadratic 0.64 6.71
Squared Exponential 0.62 6.85
Matern 5/2 0.68 6.36
Exponential 1.00 0.002
F.
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5.4.1.2Validation

Validation was done with folds for the 4 best trained models (TaB&. GPR was the model that

had better results (Figus).

Table 36. Machine learning model validation results

No validation 4 folds
Model RN2 RMSE R/"2 RMSE
SVM 0.8 4.97 0.62 7.21
GPR 1.00 0.002 0.75 5.93
Neural 0.99 1.02 0.44 8.8
network
Boosted 0.87 6.37 0.55 7.89
tree
[
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Pertect prediction °
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Figure 42.Optimized GPR model prediction of BV/T¥folds validation
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5.4.2Bone trabecular structural parameters prediction from ultrasonic features
considering bone agingchange in material properties

The average mass distribution parameter presented the best prediction (r 232 p=<0.0001)
(Figure43 A), followed by BV/TV (r* 2 = ®2, p < 0001) (Figure43 B), and moment of inertia

(r*2=0.16p <0.@1) (Figure43 C) (Table37).
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Figure 43.Partial Least Square scatter plots corresponding to A. Average mass distribution,
B. BV/TV, C. Moment of inertia

Table 37. Partial LeasBquare Regression analysis results

Variable BSC BSC BSC BSC Att Att Att Att
5MHz 6MHz 7MHz 8MHz S5MHz 6MHz 7MHz 8MHz

BV/TV
(p value) |0.5977 |0.1463 |0.0248 |0.0147 |0.2892 |0.0917 |0.4318 | 0.0044

Ave mass
distribution| 0.8829 | 0.3342 | 0.0972 |0.0584 |0.6423 |0.1753 | 0.6912 | 0.0036
(p value)

Moment of| 0.0515 | 0.2895 |0.8242 |0.8894 |0.1222 |0.5291 |0.6299 | 0.1856
inertia  (p
value)

5.4.2.10ptimizing the model
BV/TV was selected for optimization. Linear and Aorear models were trainetlodels with
lower RMSE and higher R"2 were selected for validatiupport vector machines, Gaussian

process regression, and Ensemble of Trees (Booster Tree) were the best 4 predicted models.
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Table 38. Machine learning models

Model R"2 RMSE
SVM 0.32 9.72
GPR 0.59 7.45
Neural Network 0.52 8.17
Boosted tree 0.28 9.06

5.4.2.2Validation

Validation was done with 4 folds for the 4 best trained models . GPR was the model that had better

results (Figureid).
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Figure 44.Optimized GPR model prediction of BV/TV with 4 folds. Altered material
properties.
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5.5 Discussion

The numerical ultrasongimulations showethoderate tstrong predictions of bone
trabecular structures from ultrasonic features in pathologlaimaceuticahterventions These
predictions were still moderatghenmaterial propertiesf the tissue were alterettcounting for
naturalagebased variabilityntervention Theregression models used were optimized, trained,
and validated. However, the model did not perform adthw levels ofboneerosionand was
unable to detedtabecular structurd&kadiation treatment causes bone erosion that leads to
potential fracturegHarris et al., 2016)Thereforea method to predict fragility fractures mist
sensitiveenough to detedtabecular structure even whisrhighly erodedThe acuracyof this

methodmustbe improved prior to an ivo application.

5.5.1Ultrasonic features can predict changes in trabecular structure produced by
oncological treatment

Two out of three bone trabecular parameters showed moderate to strong correlations with
ultrasonic features. The first hypothesis of the present study wathalaitions between
backscatter coefficient and acoustic attenuation features, and moment of inertia, average mass
distribution, and BV/TV rib parameters, would have a value of R"2 >T0ig hypothesis was
partially acceptedviass distribution reached this target value, BNATV was slightlylower ( r
N2=0.74,p<0.00r " 2 = 0.63, p < 0@ respectively) Stronger correlations were noted
between ultrasonic features aBW/TV after optimization and nchine learning regressisn
reaching a R"®alue of 0.B. However,the moment of inertia parameter did not show good

correlations (r » 2 = 0.24, p =0.006).

Moment of inertia and mass distribution are macrostructural properties, which rely on the

shape of the entire craesection (Ural & \ashishth, 2006)in the present study, only trabecular
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bone region was analyzed, which is not intrinsically associated with the entire rib bone shape.
Bone strength in trabecular bone is associated mostly with shape, size, orientation, and
connectivity of the trabeculae, whereas in cortical bone geometrieniespof the cortical shell

such as moment of inertia and bone mass distribution are more relevant (Reeb and Claes, 1996).
Other features of the Ultrasound signal, e.g. the amplitude of the signal reflected from the rib
surface would be directly associateith microstructural properties suchBMD. However,

signal amplitudes are technically difficult to quantify in vivo (due to soft tissue attenuation,
potential beam inclination, and variable soft tissue compaosition at the bone intéRace) et

al., 2014) Thereforethe present study ditbt focus on these signal featuréhecurrent
findingsdemonstrated th&V/TV had astrong predictive power for ultrasonic features,

confirming to bea potentially usefubiomarker for the trabecular structure.

5.5.2Ultrasonic features can predict changes in trabecular structure even when
considering bone aging.

Ultrasonic features could describe the pathological trabecular structure when the material
properties are changed. It was hypothesthatl orrelations between backscatter coefficient and
acoustic attenuation features, and moment of inertia, average mass distribution, and BV/TV rib
parametersyould still have a value of R”2 > 0.7 when considering-bgged variability in
material propertiesthis hypothesis wasotaccepted. When the material properties of the bone
changed, the R"@f the correlations between target parameters and ultrasonic features became
weaker(R"2 = 0.23 for mass distribution, R"2 = 0.22 for BV/TV, and R"2 = 0.16 for embiof
inertia). However,after optimization and machine learning regressioogleratecorrelations
were noted between ultrasonic features and BV/TV, reaching a value ef R59.More
variability was included in the model bubiécame moreealistic,as under redife conditions
constant tissue propertiasross individualsannot be assumed.
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This approactpresented limitations.He assumption of a randomly distributed trabecular
networkwasviolated for large erosion (180%) leading to small BV/TV values (Figu48C and
44). The CortBS analysis algorithm involves several steps, in which low amplitude signals are
removed prior to averagin@aum et al., 2006; lori et al., 202By this, only a few locatia) in
which sound istill scattered at trabecular structures are kept, leading to an overestimation of the
backscatter amplitude in theszses. Future work shoutdfinethe CortBS analysis algorithm to
accounffor tissue regions without any trabecular structures and refine the erosion models with
smaller erosion increments to avoid complete removal of the trabecular network, while

maintaining the BV/TV loss.

5.5.3Predictions of trabecular structure with ultrasonic features is more accurate and/or
accessible than other approaches

Acousticattenuation and backscatter ultrasonic accurately predib&tges in cortical
bone. The changegere related tbone fractures im-vivo cortical boneThe QUSIB through
the 6CortBS6 method was able to predict fract
to DEXA and HRpQCT scans. Acoustic attenuation and backscatter coefficients were the
selected ultrasonioutput parameters in the determination of pore size distribution for the
estimation of cortical fractureMultiple univariate associations 0.001) were found for
attenuation and cortical pore diameter distribution from QUS with bone density, structure, and
porosity from HRpQCT (Armbrecht et al., 2021 'he HRpCT is an accurate method that
allows the measurement volumetric BMD for both trabecular and cortical bone and an accurate
reading of trabecular microstructure (Graeff etl a., 2013). However, the use of this approach in
research is limited. The sidicant prediction of QUS with HR|CT suggests that the QUS could

be a more practicaltarnative for the assessment of trabecular structure.
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The goldstandard approach to assess bone IDE¥A scan.DEXA scans excel in bone
density assessment, offer lower radiation exposure, and provide additional insights into body
compositioncompared to other approaches such as CT scanringughthe assessment of
bone quality, the fracture risk can be estimaidds method has a standard approach for the
assessment of fracture risk which is Thecore This scorecomes from the measurement of areal
BMD (aBMD) at major fracture sites like the spine and femoral head, through DEXA scan
(Kanis et al., 2019). However, this approach underestimates the risk of fractures produced by
increased BMD. It provides a reductishview of bone strengtimot considering the size, shape,
composition, and architecture of the bone. Besides, it does not discriminate between cortical and
trabecular bones. Lately, it has been demonstrated that many patients undergo osteoporosis

related fractures withh scorec at al ogued at o6l ow riskoé (Choksi

In the present study, the risk of fracture was not calculated. However, the numerical
ultrasonic simulations suggest that the ultrasound could potentially ass®8s trabecular
parameters related to fracture resistance. No BV/TV threshold for boilgyffagctures has
been described in the literature. Conversely, a previous study reported that men with vertebral
fractures had a lower BV/TV at the distal radius and tibia than men without fractures. These
differences were exacerbated for severe veatdtactures (Szulc et al., 2011). Another study
determined that BV/TV in osteoporotic cancer specimens was 31% lower than the one in normal
non-cancer specimens, whereas the BMD remained unaffected (Nazarian et al., 2008). Future
work should focus on thetudy and determination of bone structural parameters thresholds for

trabecular bone fragility fractures.
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5.6 Limitations

This study hadimitationsthat shouldoe considered when interpreting the results
Limited literature describes the quantification of radiation damage in bone parameters such as
BV/TV. Therefore, animal models were included in the present study to describe these changes.
This erosion quantification was overestimated and impacted arutherical simulations. The
model did not perform well in radiatieslamage scenarios where the bone was highly eroded and
only 30% of the original bone mass remained. In the fuarsion models with smaller erosion
increments need to be refined to avasnplete removal of the trabecular network, while
maintaining the BV/TV loss. Moreoven predict fractures caused by radiation treatment, it is
essential to have a method that can detect the trabecular structure with high sensitivity, even
when it is radically eroded. The@uracy of this method must be improved prior to anivo
application.Direct validations of this method with DEXA scan are challenging. DEXAsscan
asses®one mineral content over a projected bone area (Kanis et al., Zb&%3mplitude of the
signal reflected from the rib surface would be directly associated with BMD (Armbrecht et al.,
2021). However, signal amplitudes are technically difficult to quantify in vivo (due to soft tissue
attenuation, potential beam inclinati@md variable soft tissue composition at the bone interface)
(Raum et al., 2014). Yet, other features of the ultrasonic signal have been correlated with DEXA.
Garra et al., (2009) reported that the spectral centroid shift of the backscattered signal was
corel ated with BMD in spine (r = 1T0.61). There
could be considereabpropriateLastly, we utilized male rib data to simulate the effects of
radiation and bisphosphonate treatments in breast cancer patients. Given that breast cancer
predominantly affects females (CCS, 2020), this choice may not fully represent the female
population. Alditionally, the availability of uCT data for creating bone models was limited.

Notably, no existing literature has explored the tatigi of Quantitative Ultrasound Imaging of
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Bone (QUSIB) in detecting changes in trabecular structure resulting from oncological treatments.
Despite these limitations, the findings from our current study, although based on male ribs,
remain valid. Future research should focus on using female bmassdss the risk of rib

fractures associated with radiation and bisphosphonate treatments.
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5.7 Conclusions
Study purpose: To determine whether ultrasonic features could predict rib structural parameters
that are associated with the risk of rib fracture in a pathological scenario and to ascertain whether

this prediction held true even when consideringsiheulatedaging of bone

Main findings:

1 Numerical ultrasonic simulations showed strong predictions of tsahecular structures
from ultrasonic features in pathological scenarios.

T BV/TV was the bone trabecular structure that had the best predictions in unaltered
material properties scenario and when the material properties of the bone tissue were
altered simulating bone aging

1 However, the model did not perform well in pathologically altered conditidgrese only

and only 30% of the original bone mass remained.

Recommendations:

1 The accuracy for low BV/TV values must be improved prior to arnva application.
1 Bone structural parameters thresholds for trabecular bone fragility fractures should be

determined.
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Chapter 6 - Research Outcomes and Future Directions

6.1 Summary of research

This dissertation produced novel findings in breast cancer research regarding shoulder
function changes during radiation therapy. In study 1, shoulder functional indicators varied
during radiation treatment. Significant reductions in latissimus dorsi and teres major activation
occurred during shoulder flexioextension, abductieradduction and externahternal rotation
tasks This reflects that the inflammation produced by the treatment appears to have affected the
muscle tissue and that other muscley imave compensated thereby enabling task performance.
There was aignificant decrease in shoulder abduction at the end of the treatment compared to
baseline. This range of motion restriction can have-lasting effects on patients, affecting their
quality of life by interfering with essential daily activities and ircig&eir abilityto return to
work. Shoulder disability prevention programs for breast cancer patients should target the
recruitment of latissimus dorsi and teres major muscles as well as shoulder abduction mobility

exercises.

In study 2, control and shoulder strength intervention groups were compared throughout the
radiation treatment window, and the performance of shoulder strength exercises starting at the
beginning of the radiation treatment improved some measures of shinudigonality.

Specifically, the intervention group demonstrated an enhanced muscle capacity compared to the
control group by greater activatioh serratus anterior and teres major. It also evideadsztter
retention ofarm strength performance abduction The prescription of these shoulder strength

exercises may provide benefits for many patients receiving radtagoapy.

In study 3, trabecular structural parameters were calculated from two sets of numerical

ultrasonic simulations mimicking 5 years of radiation damage and bisphosphonate treatment on
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human ribs. These target parameters relate to determinination of bone strength, stiffness, and
fracture resistance. A regression analysis determined the ability of acoustic attenuation and
backscatter coefficient ultrasonic features to detect changedectlar structure in

pathological scenarios. Strong correlations existed between ultrasonic features and trabecular
structural parameters. The approach of assessing bone quality in trabecular bones using a
conventional ultrasound is new and this simolastudy suggests that its vivo application is

plausible, butvould require refinement.

6.2 Clinical Implications of Research
This thesis project produced novel findings in breast cancer research related to radiation

treatment that are clinically relevant.
1)  Shoulder function decrea®d during the radiation treatment therapy window

Oncological treatment including radiation therapy causestemg shoulder disabilities
including shoulder strength deficits (Shamley et al., 2012); shoulder complex range of motion
restrictions (Blomgvist et al., 2004); and shoulder muscle activatioaiimpnts (Brookham et
al., 2018). Studies 1 and 2 indicated that shoulder health indicators change across the radiation
treatment window, and shoulder functionality decrements may appear as soon as the treatment
starts. There was a decrease in showdfduction This restriction in shoulder range of motion
could potentially affect the quality of life and work ability of patients. Activities of daily life that
involve raising and rotating the arm, such as combing hair, washing the axilla, eating with a

spoon, pgorming perineal care, and unfastening a bra from the back, can become challenging
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when shoulder abduction range of motion is restridtatlre rehabilitation programs may find

benefits in promoting shoulder abduction mobility from the statti@fapy.

2) Anintervention program focused on shoulder strengthalleviated some shoulder

functional changes duringthe radiation treatment therapy window

Strengthening exercises in breast cancer survivors previously demonstrated success in the
improvement of shoulder functionality pestatment (Stan et al., 2016; Chen et al., 2019), but
previously focused on longer term outcomes latet implementation. Study 2 demonstrated
that a shoulder strength intervention program imprerenilder abductiostrength,
compensating forgiential muscle damage or loss caused by radiation thesapwylder strength
programs may benefit patients if started concurrenttly their radiation treatments. While
changes in shoulder functionality consequent to radiation therapy may be difficult to eliminate,

this approach could limit these outcomes.

3) The QUSIB is a promising tool to assess rib quality in breast cancer patients

The simulation models of study 3 showed that ultrasound parameters including acoustic
attenuation and backscatter coefficients were sensitive to structural changes in trabecular rib
bones produced by simulated radiation and bisphosphonates treafrhen®ortBS algorithm
can assess bone quality, providing valuable insights into bone health even when accounting for
bone attenuation (Armbrecht et al., 2021) and can be used with any conventional ultrasound. Due
to the use of ultrasound systems (mobilelbggn), this solution can be used anywhersomn
outside the hospital, (e.g., primary care, elderly homes, or even pharmacies). It creates the ability
to use the technology for prevention (screening); being able to diagnose patients already at the

onset of steoporosisThe assessment of rib fragility fractures using QUSIB may not only
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provide a more accessible way to assess the appearance of this fractures, but has the potential
also to increase the sensitivity of the predictidf@wever, the accuracy of the method needs

improvement.

4)  Developing responses to questions of the health community can guide researchers

An important element of this dissertation lies in its relevance for the health community
andneedbased origins. As eChEATEA @drno grhaeem,UW hiCsB B
built upon needs arising from the health system, and the planning of the tmsevees in

conjunction with several health professional experts in the field.

5) Biomechanical research is possible in clinical settings and not just in laboratories.

This research project presented several challenges for data acquisition, including working
with a vulnerable population during the COVID pandemic, the use of different wearable devices
from different brands, and measuring several variables in a sgiglg session. Despite these
aspects, these experiments were successfully compldtedist of weable devices in clinics
allows assessent of severdbiomechanical variables without taking participants into the labs,
allowing patientsto remain in themore practical and comfortabtespital settingand

establishing the potential for larger future dataset compilation

6.3 Future directions

Significantdecreases muscle activation in study 1 were only noted in teres major and
latissimus dorsi muscles. Other muscles that contribute to shoulder functionality are affected by
oncological treatmenncluding radiation therapy (Maciukiewicz et al., 2022; Brookham et al.,

2018; Shamley et al., 2012). To gain a better understanding of the mechanisms behind shoulder
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