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Abstract

Breast cancer is prevalent among Canadian women, but treatments may cause functional
impairments among survivors. Over 22,000 Canadian women join the survivor population
yearly (Brenner et al., 2020). Despite this substantial number, minimal reseaegphaached
the challenges faced by this population after primary treatment. Particularly, decreases in
strength, range of motion and shouldelated quality of life are widely reported (Harrington,

Padua, Battaglini, & Michener, 2013; Lee, Kilbreath, Skefuge, Herbert, & Beith, 2008;

Rietman et al., 2004). These factors, linked with changes in kinematics and muscular activation
may result in further complications (Brookham, Cudlip, & Dickerson, 2018a, 2018b). Variability

in previous studies, in both tip@pulation sampled and results make it difficult to isolate

potential mechanism disrupting function. Further, this complicates the determination of key
deficits to target in the early years of survivorship. Therefore, the purpose of this dissertation was
to determine which factors affect breast cancer survivors in the first two years following the
conclusion of treatment, if these factors translate to differences during low load functional tasks,
and to investigate the feasibility of increasing strengtta (@srrogate for function) to help

mitigate these factors and increase function.

Study 1 and 2 shared anvivo experimental collection, with Study 3 using input from
the collection in amn-silico approach. Briefly, 35 breast cancer survivors withia jwars since
the conclusion of their treatment participated in the experiment. Participants completed a general
guestionnaire about their diagnosis, three shoulelated quality of life questionnaires, and a
GodinShephard leisurgme physical activityquestionnaire, followely a dual energy xay
absorptiometry (DXA) scarkight muscles were monitored on the affected limb (pectoralis

major (sternal and clavicular), deltoids (anterior, middle and posterior), infraspinatus,

iv



supraspinatus, and latissimdigrsi). Six maximal isometric strength trials were completed
(flexion, extension, abduction, adduction, internal rotation and external rotation). Kinematics of
the affected limb were collected for the remaining trials. These consisted of 6 maximalfrange o
motion trials (flexion, extension, abduction, scapular abduction, internal rotation and external

rotation), as well as 8 activities of daily living.

Study 1 clustered participants into two distinct groups, the low score cluster (LSC) and
high score clster (HSC). The variance in treatment, force production, range of motion, body
composition and shouldeelated quality of life is well documented in literature, however there
is no distinguishing characteristics that separate survivors who may neediteglmabfollowing
treatment. This study determined, through feature reduction, that internal rotation force
production, active extension range of motion and 3 shoulder related quality of life variables
(energyl/fatigue, social functioning and pain) sepataurvivors within 2 years of treatment into
two clusters (LSC and HSC). The LSC patrticipants had higheregatted disability, role
limitations (health and emotion), fatigue, and lower self reported physicabeiall, along with
lower abduction, addttion, extension and flexion force production (p<0.001). Several other
factors differed between groups (p<0.05); the HSC group had more lean mass of the affected
arm, internal and external force production and active flexion range of motion. These factors
highlight potentially important factors to address in a rehabilitation program, as survivors finish
treatment, specifically that lower force production likely corresponds to loweregalfted

shouldefrelated quality of life.

Study 2 contrasted the musar activation and kinematics of the LSC and HSC during
various activities of daily I|Iiving. The sel ec

ability to complete daily tasks and return to work. The LSC used lower range of angles, and



increasd muscular activation. Range of angles differed1®3.° across elevation angle, axial
rotation and plane of elevation during the shelf reach, forward reach, pitcher pour and tray
transfer tasks. Additionally, the LSC had912.736 MVC more muscular giwation than the
HSCacross all muscles and tasks. At least one muscle differed between groups during each of

the 8 tasksnvestigated

Finally, study 3 simulated various treatment scenarios to find a maximal producible force
and the internal muscle forces required to produce that force in a compromised system with an
in-silico approach. Beginning with the force from the LSC, and incrgasipacity of muscles
based on given treatment scenarios (permanent damage of a subset of muscles from radiation, or
overall reduction in capacity due to chemotherapy, or a combination of bo®)%% ®f strength
in adduction and internal rotation is re@eoable if retraining of muscles can be achieved.
Specifically, for adduction rhomboid (major and minor), upper trapezius, subscapularis (lower),
and triceps (long), latissimus dorsi (upper and lower), pectoralis minor, middle deltoid, middle
trapezius andiceps (short) increased during the various simulations to increase force output
compared to the LSC group. During internal rotation, latissimus dorsi, rhomboid (major and
minor), upper trapezius, posterior deltoid, subscapularis (middle and lowepsttioag),
pectoralis minor, middle deltoid, and middle trapezius estimation increased from the LSC group
levels in each of the simulations. Although no scenario reached reference control population
force levels, achieving 780% of force would be meaningffor enabling daily task

performance, returning to work and enhancing physicalesttfacy.

Taken together, these studies point towards novel strategies and valuable considerations

in creating rehabilitation foci that enaleprovedarm function forbreast cancer survivors.
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Chapter | - Introduction

1.1 Motivation

Breast canceis prevalent in Canadian women, but treatraeften compromisepper
extremitystrength and range of motio@ver 22,000 Canadians join the &secancer survivor
population every yeaand althouglthis population continues to grow, minimal research focuses
on the challenges in this populatipast treatmeniGlenohumeral range of motion is decreased
in 1-67% of survivorgLee et al., 2008)3-40% of survivors have weakness inithgper
extremity(Rietman et al., 2004¥urvivors have a reducstiouldefrelated quality of life
(Harrington et al., 2013andmuscular activation and glenohumeral motdffer in this
populationfrom areferencgpopulation during daily life task®rookham et al., 2018b, 2018a)
However, muctlof theexisting dataderivedfrom adiverse crossection ofsurvivorsin terms of
treatment types, and time sint® conclusion ofreatmentExtensivevariability in thesurvivor
populatiors (spanning timesince treatment and treatment typegviously evaluatethakes it
difficult to isolate mechanisms dlfysfunction in survivors and how these individuals differ from

areferencepopulation immediately following treatment.

1.2 Global Objective

This dissertionincorporaté threelinked studiesthat employ botlexperimental and
modelling approache3 he global objectivevas to determinevhich factors affect breast cancer
survivorsimmediatelypost treatment, and to investigate feasibility of increasing strength (as
asurrogate ofunction) in breast cancer survivoiihe proposed studielineate factors that
mitigatedifferences betweetohorts ofbreast cancer survivors, (Study dg¢sribed differential

kinematicand muscle activatioacross these cohoiStudy 2), anexplored themuscular



implications ofvarious treatments on tip@tentialto increase strengtturingadduction and

internal rotatiorstrength trialaising ann-silico approach(Study 3).

1.3 Outline

The three studiesereconceptually linkedFigure 1) with a linearflow thatprovided
progressivensight into the breast cancer survivor populat®pecific study objectives and
hypotheses are detailed in subsequetti@es ofthis dissertationStudy 1 clustexd participants
into several differentohorts and identiied the differences in these groups. StudyoBtrased
these groupwith one another with a speciffocus onmuscular activation arkinematicsduring
activities of daily living. Study 3ocusdonreplicating various treatment scenarios, deterchine
the necessary internal muscle forces required to produce maximum force in a compromised
systemand determingthe potentialcapadty of the system to restore strendiguch aswith a

strength training protocolyith anin-silico approach



Experimental Protocol
- 35 Breast Cancer Survivors

Informed Motion Range of Activities
SaaseRLand DXA Exe engh Capture Motion of Daily
questionnair: preparation Trials Set-up Teale Living

Study 1- Improving evidence-based methods of
characterizing shoulder-related quality of life for
breast cancer survivors

Strength from
experimental

Determine cohorts of breast cancer survivors fiection

+ |dentify differences based on strength, range of
motion, body composition, treatment factors, physical
activity, shoulderrelated quality of life

Cohorts
from study 1

Study 2- Kinematic and Muscular Activation
Differences between Breast Cancer Survivors
During Activities of Daily Living
Investigate differences between breast cancer survivor Cohort with
clusters determined in study 1 reduced function

+ |dentify key areas in movementwhere both muscle
activation and kinematics differ

in silico approach — SLAM model

Study 3 - Adaptation of strength production in
breast cancer survivors: a simulation analysis

Model various scenarios of muscle healing/training
+ Determine maximum strength that can be regained
+ Compare internal muscle forces to create maximal
forcein each scenario

Figure 1. A flowchart outlining each of the thretudies contained within this research. Data collected in the experimental protocol is
used to create cohorts of survivors in study 1, and subsequently used for comparison in study 2. Baseline strengthipstddgtion
3 is based on strength measurdiected in the experimental protocol.
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Chapter Il - Literature Review

2.1 Overview of Breast Cancer

2.1.1 Prevalence

Breastcanceris a common form of cancer among womeiith increasingly positive
outlooks for survivall in8 Canadian women will be diagnosed with breast cancer in their
lifetime, representing 25% of new cancer cases in 2@ 6.1% of all cancer deatf&renner
et al., 2020; Canadian Cancer Society, 20P@)e toimprovedawareness andetectiontimes
80% of casearediagnosed early (stage | or II), with less than 5% at stage IV. This resalt in
year survival rate 087% (Canadian Cancer Society, 202®Jith approximately27,400 new
cases reported in Canagach yearthere will be22,880individualsjoining the survivor
population(Brenner et al., 2020Although much less common, 1% of all breast cancer
diagnoses are in men. A total of 240 men will kegdiosed with breast cancer in Caneadeh
year(Canadian Cancer Society, 2028¥ the survivor populatiogontinues to growthis thesis
will focus on cisgender women, acknowledging that both amehwomen experience breast

cancer diagnoses and potential complications which arise from treatment.

2.1.2Diseasediagnosis

The tissues affectedell appearare; hormore influence ornthe tumour and the genetic
makeup of the tumowspecifybreast cancer diagnosBiagnosidfirst considerghe location
where the tumour began (Table 1). The tumour often begins in the milk ductgrodikcing
lobules, or conneate tissues (Figure 2). In addition to the original location, the invasiveness
(spread) of the tumour is determined and allows for the type to be diagnosed (Table 1). Finally,

cancerousalls are examined and the difference between healthy cells and eaancells are



graded from 13 (Mayo Clinic, 2019) Generally, a lower gradg@rade 1)ndicates cancer cells

that resemble normakllsand are slow growing, grade 2 grow faster than normal and do not
look like normal cells, and finally gradecancer cells are abnormal, aggressive and spread much
more quicklythan normal healthy cells.

Table 1 Types of Breast CancéCanadian Breast Cancer Network, 2019)

Type Description
Ductal Carcinoma in 1 Abnormal cells within the ducts (Figugp
Situ (DCIS) 1 Does not spread beyond ducts (fiovasive)
1 Generally early and could spread beyond
Lobular Carcinoma in 1 Abnormal cells in milkproducing glands (lobes) (Figu®
Situ (LCIS) f Usually does not spread beyond lobes
1 Increased risk of invasive-+@currence
Invasive Ductal 1 Begins in ducts (DCIS)
Carcinoma 1 Spreads to surrounding breéissue
Invasive Lobular 1 Begins in milk glands (LCIS)
Carcinoma 1 Spreads to breast tissue
Metaplastic 1 Rare (less than 1%)
1 Begins as one type of cancer cell and changes to another
Inflammatory Breast 1 Rare
Cancer 1 Cancer involves lymph nodes (Figiteand surrounding tissues
1 Breast appears red, swollen and tender
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Lymph nodes
and vessels

Figure 2. Anatomy of breast tissL(«B/Iayo Clinic, 2019)
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Subtypedefinition considershe hormone sensitivity and genatiakeupof the tumour.
Various tumours are sensitive to different hormames are known as estrogen or progesterone
receptor positiveThus,they use naturally occurring hormones (estrogen, pregest)for
continuel growth. If the tumour ignsensitive to hormones it identifiedas hormone receptor
negative(Mayo Clinic, 2019) Basallike and erbB2+ subtypes are both estrogen receptor
negative tumour types, with laminal subtypes ba&sigogen receptepositive (Table 2). ErbB2+
subtypes are estrogen receptor negative, but fimeeerrepresentation of the HER2 gene,

which isa growthpromoting proteir{fMayo Clinic, 2019)

Table 2: Subtypes of Cancerous CeglRerou et al., 2000)

Subtype Description

BasallLike 1 Estrogen receptoregative
Shortest survival times

More likely to relapse

Estrogen receptor negative
HER-2 overexpression

Less favourable clinical outcomes
Estrogen receptor positive
Favourable clinical outcomes

erbB2+

Laminal

= =4 =4 4 48 -4 -

Along with these characteristics, a stage is assigned during diagnosis. The stage is dependent
ont he rating of the 't umo u(lfTapble3n Badhecharaeteristicisnet ast as
given a score and from4 Known combinations of the tumour, nodeslanetastases dictate the
severity of the breast cancer diagno3iake 4. Stage | tumours are classifiedTadloMo , and
stagegange to any diagnosis with M(indicative of metastases elsewhere in the body) as stage
IV (Sainsbury, Anderson, & Morgan, 2000hese diagnoses allow for description of the tumour

and provides insight into the type of treatmawailablefor the specific diagnosis.



Table 3 Description of Stage Characterist{€ge et al., 2010; Hammer, Fanning, & Crowe,
2008; Sainsbury et al., 2000)

Characteristic | Description
Tumour (T) 1 Tumour size
1 Invasive (spreading beyond the ducts) vs-immasive (remaining
with the ducty
1 Subtype (Table 2)
Nodes (N) 1 Any spreading (micranetastases or tumours) in the lymph nod
Metastases (M) 1 Any metastases detected elsewhere in the body

Table 4: Criteria forstaging of breast cancer diagnoses (TNM). Modified from table 1 of

(Hammer et al., 2008)

designation

Primary Tumour (T) Regional lymph Distant
node status (N) Metastasis
(M)
Stage 0 Carcinoma in situ No evidence of cancer iff No
nearby nodes
Stage | Tumo ®2em O No evidence of cancer iff No
nearby nodes
Stage IIA | No evidence of primary tumoy Metastasis to-B nodes | No
Tumour O 2cm Metastasis to-B nodes | No
Tumour>2 cm but O Noevidence of cancer irf No
nearby nodes
Stage [IB | Tumour>2 cm b ut O] Metastasis to-B nodes | No
Tumour>5cm No evidence of cancer iff No
nearby nodes
Stage IlIA | No evidence of primary tumoy Metastasis t0-40 nodes | No
Tumour O 2cm Metastasis to-40 nodes | No
Tumour>2 cm but O Metastasis téd-10 nodes | No
Tumour>5cm Metastasis to-B nodes | No
Tumour>5cm Metastasis to-40 nodes | No
Stage IlIB | Tumour of any size with direc] No evidence of cancer iff No
extension to chest wall or skirl nearby nodes
Tumour of any size with direc| Metastasis to-B nodes | No
extension to chest wall or skin
Tumour of any size with direc| Metastasis to-40 nodes | No
extension to chest wall or skin
Stage IlIC | Any tumour designation Metastasis te-10 nodes | No
Stage IV Any tumourdesignation Any lymph node Yes




2.2 Treatment of Breast Cancer

Several treatments existtiespond tdreast cancer. Surgical treatments are often used as
an initial intervention to remove the tumotlihese procedures includeastectomy, bresh
conserving therapy or axillary lymph node dissection. Following surgery, an adjuvant therapy (or
several) are often recommendadan attempto ensure no cancerous cells remain. These

therapiesnayincludeany combination ofadiation, chemotherapy afod hormone therapy.

2.2.1 Surgical Treatment

Three major surgeriemreused in breast cancer treatmanastectomy, breast conserving
treatment and axillary lymph node dissectidhe choice between mastectomy and breast
conserving treatmemtepend®n the tumour location and sig8ainsbury et al., 2000available
technology, and patieshoice,while dissections only used for tumours thatVeinvaded the
lymph nodes In stage I/stage Il cancer diagnoses breast conserving treatment is most frequent
(61% of cases in the United States, vs 34% mastectghnygrican Cancer Society, 2019&)
stage Ill, mastectomy is dominant with 68% of patients receiving this susgetgnly 20%
receiving breast conserving theragyillary lymph node dissection is the most involved surgery

and is useé when the cancer spreads beyond the breast tissue into the lymphatic system.

2.2.1.1 Mastectomy

Mastectomies are @mmonsurgical treatment used to remove tumours in breast cancer
patients. Both radical mastectomies and modified radical mastectomies are higttlyeeffiche
Halsted mastectomy, known as tlaglical mastectomyvas the original surgery used to remove
tumoursand involved removal ddll of the breastissue chest wall muscles below the breast
tissue,and lymph node dissectigBland, 1981)However by 1981, less than 3% of surgeries

were the radical mastectonfflammer et al., 2008As adjuvant therapies were improved and



imaging systems advanced, tissues were able to be $pamedomplete removallhe modified
radicd mastectomy was introduced allowing the pectoral major muscle to raft@irsurgery
(Patey & Dyson, 1948)Vithin the modified radical mastectomy there are sparing, nipple
sparing and conventional subtypewever, the pectoral fascia is still traditionally removed to
ensureno cancerous tissue remaiSome surgeons will spare the pectoral fascia as well, but this

results inan increased risk of chest wall recurre(@alberg, Krawiec, &andelin, 2010)

With a high survival rate, it is important to considaouldesrelated quality of lifeand
function following these surgerieand how it is influenced by timéndividuals who received
mastectomy were 6 times more likely to have $ffeurestrictions and functional limitations
compared to breast conserving ther@pit et al., 2020) These limitatns led to decreases
across many domains of shouldetated quality of life, specifically increased perceived
disability. However, adjuvant theramftenaccompanies surgeandit become difficult to
delineate which effects occur due to surgentp additional treatmenPatients with above
average function (as described through FAEGuestionnaires), were approximately 22 months
postsurgery, whereas below average function survivasevd months posturgery(Huang &
Chagpar, 2018bBeyond functionalimitations survivors may experience body image issues
following mastectomyAs time passes, patients who receive a full mastectomy see
improvemats in body image and functighluang & Chagpar, 2018aBody image was below

average in the first year following treatment, but improved beyond 1 year since surgery.

2.2.1.2 Breast conserving therapy
Breast conswing therapy also known as lumpectomig, a surgical intervention uséul
western countriewith the intention to preserve more tissue without compromising treatment.

Breast conserving therapy is more common in western coudtreeto advances in tecHogy



allowing for early diagnosis and therefore smaller, less spread tuiiieuwsnan & Sabel,
2003) The breast conserving theragyrgeryinvolves removing oly the cancerous tissuesd
sparing as muchreastissue as possibl@o more than 25% total reduction) to ensure good

cosmetic outcome@ammer et al., 2008)

It has been hypothesizdaat upper limb functioandshouldefrelated quality of life
would beimprovedfollowing breat conserving therapyersusa mastectomyBy avoiding
lymph node involvement, there is a reduction in the occurrence of lymphedema, and therefore
less detrimental on functigiNesvold, Dahl, Lgkkevik, Marit Mengshoel, & Fossa, 2008)
However,studies have founchixed resultsA series of studies have found no difference between
function after edt of the surgerieKuehn et al., 2000; Lauridsen, Overgaard, Overgaard,
Hessov, & Cristiansen, 200&nd another set of studies found less impairment in survivors who
reserved breast conserving therapynpared to mastectongiesvold et al., 2008; Sugden,
RezvaniHarrison, & Hughes, 1998T he heterogesous nature of the populatiomgluded in
each of these studies likely lead to thiéerences in conclusionsuch agliffering adjuvant
therapies, secondary symptoms and stage of diagnosis. A recenbfstuidgist cancer survivors
in Indiafound overallshouldefrelated quality of lifes years post treatmewasrelatively
similar between the two surgery types, with a slight advantage to those receiving breast
conserving therapgBhat, Roshini, & Ramesh, 2019&)enerally, patients who received breast
conserving therapy felt more complete, and lead difficulty completing everyday activities,
whereas an equal number of survivors in each gforgast conserving therapy and mastectomy)

felt they had not regained their full strengBhat, Roshini, & Ramesh, 2019b)
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2.2.1.3 Axillary Lymph Node Dissection

Axillary lymph node dissection is the third, and most involved surgicainesat for
breast cancer. This surgical intervention is used when the cancer has spread beyond breast tissue
andinvolves the lymphatic systemL.ymph nodes in the axilla are often involved once the
tumaur has reached 5mm, and therefore lymph node dissection is recomniSideibtein et
al., 1994) Due to the invasive nature of this surgery, it is more likely ¢batplications may
arise.As the number of nodes dissected increasedpes thékelihood of developing
lymphedem&Hack et al., 2010)Patients who receive thssirgery have an increased shear
elastic modulus of the pectoralis major, indiegstiffer muscle post treatment compared to
breast conserving therapyowever there was no effect on overall joint integritypps et al.,
2019) Additionally, 62.9% of survivorsreportedhaving mild pain after surgery, witB9.8%
reporting moderate discomfory pain(Hack, Cohen, Katz, Robson, & Goss, 1999).7% of
survivors reorted weakness, an®.6% reported numbneg&slowing axillary lymph node
dissectionHack et al., 1999)Reductiors in pain, disaility and overall weHbeing scores are
often seen in survivors whHwaveexercise intervention@. Kim et al., 2019) However the
format ofexercise interventionfects survivors differently Tools, such as therapeutic exercise
balls, have been suggested to help ease pain and discomfort early after surgery before
introducingconventional seffead stretching programs. Once patients are able to reduce pain
exercisgprograms can be introduced to increase function in survivors who received axillary
lymph node dissectiofM. Kim et al., 2019)
2.2.2 Radiation Treatment

Radiation treatment isftenused as a localized treatmefiter surgical intervention. In

someinstancestadiationfollows the conclusion othemotherapy. 49% of patients in Stagk |
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will receive radiation as an adjuvant thergpynerican Cancer Socikt2019a) Only 16% of
patients in stage Il opt to receivadiation, as often they underfidl mastectomyAmerican
Cancer Society, 2019&jor tumours that are diagnosed early (stage dr less than 3 lymph
nodes involved), radiatiois effectivefor increagng survval rates(Shi, Luo, Zhao, Huang, &
Pang, 2019)The radiation is applied to a localized amearder todamage the DNA of the cells
directly through the release of free radscaherebycontolling or killing cancerous cellfMayo
Clinic, 2018a) Radiation therapy can be either external (a beam external to the body applies
radiationtreatment) or internal (an implanted device delivers the radiagarthe tumour site),
but in both scenarios one specific region is targéittioughlocalization of the treatment
allows for a specificegionto be targetedyften other cells are damed) due to the proximity of
local healthy cells to the radiatigGourneya, Mackey, & McKenzie, 2002; Lipps, Sachdev, &
Strauss, 2017; Mayo Clinic, 2018@he damage to the local cells czause humerousde

effects such as fatigue, skin erythema, lymphedema, cardiac and pulmonary toaiuities,
brachial plexopathyTruong, Olivotto, Whelan, & Levine, 20043 pecifically,pectoralis major,
pectoralis minor, kssimus dorsi, and teres major recetveughradiation in most regimeris
promotefuture morbidity(Lipps et al., 2017) Lymphedema i&t common side effect of radiation
and iscaused § damage to theymphaticnodes in the axillawhich therhindersproper dranage
of the limb(Hack et al., 1999; Truong et al., 200Bymphedema is coveradore in depthn

section 2.3.2.

As the most common adjuvant therapy, radiation is highly effective in trdatagt
cancer However,combiningsurgical interventions with radiatiaften causescar tissue
formation Frequently, dhesions form between the musculaturéhe radiation zonesffecting

theglenohumeral joint. This causgsnt stiffness, and limgrange of motn (Lauridsen et al.,
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2008; Markes, Brockow& Resch, 2006)Tellingly, up to 2/3of breast cancer survivors who

received radiation reported some restriction or pain, and 1/4 reported weg@laeess al., 2008)

2.2.3 Chemotherapy Treatment

Chemotherapy is a cancer treatmeftén chosen to manage miametastasems patients
In early stages (stagdl), chemotherapy is less frequently used with 16% of patients receiving
this treatment, increasing to 56% of stage Il patiAteerican Cancer Society, 20196)ften
chemotherapy ideliveredintravenously, but can also be taken orally. Treatrisecdmpleted in
durations of cycles (often between 4 and 8) over the course of several medyiiaitierican
Cancer Society, ZMb) Due to the nature of the drsjgchemotherapy may attack roancerous
cells The drug is designed to kill cells that are dividing. As cancerous cells divide more rapidly
than normal cells, these are often the target of the drug. However, nolisatitelivide and

therefore may be targeted and damadmailing to additional sideffects.

Although an effective treatment for cancer, chemotherapyedidets are well
documented. Fatigue, nausea, weight gain, decrsasgdjth and range of moticand overall
decrease ishouldefrelated quality of lifeare often citedMarkes et al., 2006)n addition,
chemotherapy patients are less likely to participate in exercise or rehabilitation, perpetuating
decreases in physical functioesulting fromtreatmen{Courneya etl., 2016; Markes et al.,
2006; Tiezzi et al., 2016)As chemotherapy affects the entire body, secondary symptoms are not
localized to the affected upper extremity. Klassen et al (2017) investigated strength in the lower
and upper extremity of breasdrecer survivors following chemotherapy treatment. Survivors had
25% lower extremity strength, and 16% lower upper extremity strength compaedertmce

participantgKlassen et al., 2017)
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2.2.4 Hormone Therapy

Hormone therapy, often surgical or oral treatment, is a targeted treatment used for
estrogen receptor positive tumou83% of breast cancer patieiesent with a tumour that is
estrogen receptor positiydmerican Cancer Society, 2019apble 2 page . In these tumours,
estrogen promotes tumogrowthand therefore it is imperative to slow or stop éis&rogen
production to ensure the tumour does not gfdational Cancer Institute, 2017&everal
measures can be taken to attempt to limit a secoadrrencef the tumourby limiting the
estrogerproduction A double mastectomyvarty removaj or hormone therapgre all methods
to decrease likelihood of reoccurren@ational Cancer Institute, 20179urgical interventions

provide peace of mind to the survivors, howeveraf#ectconfidence and selsteem.

Hormone therapyalso known as endocrine therapg/an oral medication used to stop
the production of estrogen. This drug is taken daily for the lifetime of the suasndomayavoid
extra surgery. Bwever, lormone therapyas several known side effestsch as fatigue, weight
gain andearly menopausgCourneya et al., 2002Fognitive dysfunction has been reported in
survivors 1218 months aftee start of hormone theraglyerreira et al., 2019; Joly, Lange,
Santos, Vaduis, & Meglio, 2019; Shilling, Jenkins, Fallowfield, & Howell, 2003)dditional
side effects have included self reported pain, musculoskeletal symptomsi(imcigd 6 ) oi n't
achesd), i nsomni a, dexyaprolearsisozial functiomnfCazranigaee a s e s
al., 2021, Ferreira et al., 2019; Garreau et al., 200@)nger patients have been said to suffer
more with these self reported symptoms (specifically sexual functioning and depression)
(Cazzaniga et al., 20213evere medical side effects such as hypertension, diabetes and

osteoporositave also been reported after using hormone thégmzaniga et al., 2021;
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Hamood, Hamood, Merhasin, & Keindoker, 2020) With the many side effects that come

with this treatment, 347.5% of patients decide to stop treatm@éarreau et al., 2006)

2.3 Functional Effects of Treatment

Following the conclusion of treatment, survivors often experience difficulties adapting to
lifeasaswi vor. This includes, but is not | imited
concerns, strength, range of motion, shoulééated quality of life and kinematic and muscular

adaptations.

2.3.1Survivorship

Cancer survivorship is complex. Thene many different interpretations of survivorship,
and more importantly there are different challenges within these populations. Patients in active
treat ment are cared for diligently, but follo
understood | ndi vi dual s struggle with the term O6can
deserve the title, especially with cancers of breast or prostate that have high rates of survival
(Khan, Harrison, Rose, Ward, & Evans, 2QIR)e struggle alsoomes with the reality that their
disease may reoccur or that their identity does not revolve around their diggfhasiset al.,
2012) However, many accept the term as they have in fact been diagnosed, and completed
treatmentforcanceA cancer Osurvivord in the past was &
years from treatment, but this was a time where theds survivor rate was 50%, and as the
survivor rate increases, this time frame is not as reld@atden, 1997)This time immediately
foll owing treatment may al so be referred to a
accurately refer to the season ofnbe a survivor may experience, but still includes the term
0 s ur \(MilkeroMeby, & Miller, 2008) For t he purposes of this dis

cancer survivoro6 wil/l be used to refer to thi
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not universally accepted, but clearly encapsulates the time once treatnmeutiesriexcluding

additional hormone therapy if necessary), arad theindividual is designated canekee.

Regardless of the term, the needs of these individuals change once treatment has ended.

shortage of oncologists hkesad to care being shifted to primary care physicians once the
individuals move from 6patientdé to O6survivor 6
course of treatment has ended), however these physicians may not bersesl in the medical
complications that may arise due to treatment (ranging from medical side effects, to a loss of

function, and secondary side effeqiBpdai & Tuso, 2015)

2.3.2 Primary care

Breast cancer survivors are oftiarxed with additional medical side effects post
treatmentln Korea, where the-§ear survivorship for breast cancer is 93%, individuals who
have completed treatment are transitioned to primary(&aeg, Park, & Lee, 2019 his is not
common practice in all countries unless immediately necesbaryprimary care issues that
may arise areidbetes and osteoporogiéang et al., 2019)The increased pralence for
diabetes in this population, also coincides with an increase in the reoccurrence of breast cancer
(Kang et al., 2019)Hormone therapy may cause early menopause and thus accelerate the
development of osteoporosisaffecting bone resorption, increased bone loss and ultimately
increasing fracture€Courneya et al., 2002; Poznak, 2Q18Bdne mineral density decreases exist
in up to 38.5% of breast cancer surviv(dlai et al, 2019) Finally, cardiac dysfunction (2%)
and hypothyroidism (14.47%) are medical morbidities frequently present in this population

(Pillai et al., 2019)
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2.3.3 Strength

Shoulder dysfunction, often refergrio decrease in strength or range of mqtisn
variable in the breast cancer survivor populat@ecreases in strength have been reported in 9
40% of survivorgDe Groef et al., 2020; Harrington et al., 2011; Hidding, Beurskens, Van Der
Wees, VarlLaarhoven, & Nijhuisvan Der Sanden, 2014; Lauridsen et al., 2008; Lee et al., 2008;
Pillai et al., 2019; Rietman et al., 2003, 2Q0W)ese decreases span grip strength and shoulder
specific measures of strength. Shoulder specific strength is not adgnmeasured, as it is
difficult to obtain in a clinical setting. Decreases in abduction & upward rotation, depression &
adduction, flexion, external rotation, internal rotation, scaption and horizontal abduction exist
compared taon-cancer reference grpsi(Harrington et al., 2011; Ribeiro, Camargo, et al.,
2019) During targeted strength testing infraspinatus, supraspinatus and upper trapezius had
decreased strength on the affected @&teokham et al., 2018b}-urther, shoulder extensors,
protractors and retractovgereat leas0%weaker on the affected side of breast cancer
suvivorsin up to 27.5% of participan{®lerchant, Chapman, Kilbreath, Refshauge, & Krupa,

2008)

Several technigudsave been used toontextualize strength in breast cancer survivors,
such agyrip strength, bench press actiest prestasks.Grip strength is often used in clinical
settings as it is simple, inexpensive and quick. A clinically significant differencepirsigength
reduction is represented by 6.5kg or a difference of 195%. Kim, Park, & Shin, 2014)

When comparing to a nezancer reference group, De Groef et al (2020), fohatlgrip strength
in this population was on average 122.6 kg less. Using the guidelines by Kim et al (2014)
they determined £23% of these participants were impaired compared to a reference population

(De Groef et al., 2020Pecreases in handgrip strength were larger when the@rmimant imb
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was the affected lim{Perez et al., 2018However, grip strength is an imperfect surrogate for
shoulder strengtlfOnerep maximum (1RM) of bench press is considered a better representation
of upper limb strength. Rogers et al (2017) ingzged the ability of hand grip strength to

predict 1RM of a bench press in breast cancer survivors. The breast cancer survivors in this study
had handgrip strength of 23.5kg (range @f3g), and a 1RM of a bench press task of 18.2kg
(range 2.243kg) (Rogers, Brown, Gater, & Schmitz, 201t)was concluded that each measure
tests distict components of strength, and that handgrip over estimates 1RM of bench press by
4.7kg(Rogers et al., 2017Finally, Hagstrom et alquantified the difference in survivodsiring

a unilateral chest press exergmer to an exercise program and the affected limb produced
150.96N £27.72N), whereas the unaffected limb produced 161.3@8.51N) of force

(Hagstrom, Shorter, & Marshall, 2019he complex nature of strength makedifticult for any

singular strength measure to be representative of all motion at the shoulder.

2.3.4 Range of motion

Range of motion deficits agevariable contribution to shoulder dysfunction in breast
cancer survivorsimpairments related to rangerabtion have been reported iF6X% ofbreast
cancer survivorgDe Groef et al., 2020; Ernst, Voogd, Balder, Klinkenbijl, & Roukema, 2002;
Lauridsen et al., 2008; Lee et al., 2008; Nesvold et al., 2008; €tlal., 2019; Rietman et al.,
2003, 2004; Tengrup, Tennvaiittby, Christiansson, & Laurin, 2000; Voogd et al., 2003)
However, the definition of impairment is imprecise, and therefore this measure is variable.
Impairment has been variously defiresla decrease in 16f range of motiorfDe Groef et al.,
2020; Tengrup et al., 200@ decrease ¢f0° of range of motiofErnst et al., 2002; Voogd e
al., 2003) or any significant differences between arms or grobpdher, @amining decreases

between affected and unaffected arms is not a perfect comparison, as individuals often receive
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chemotherapywhich has full body effect&lassen et al., 2017Yet this comparison is often

used as it is the most accessible

Frequently, impairments in flexion, extension, abduction, horizontal abduction and
external rotation are reported in this populai{iBandz & Fagevik Olsén, 2002; De Groef et al.,
2020; Harrington et al., 2011; Ibrahim et al., 2018; Ribeiro, Camargo, ed38) 2Vithin two
weeks of surgery reductions of up to’ %8 flexion, 79 of abduction and 24of external rotation
were presenin breast cancer survivo(Bendz & Fageik Olsén, 2002) Thedecrease in range
of motion continues to varyy motion after adjuvant treatment concludegported flexion
decreases range between 1827 (Harrington et al., 2011; Ibrahim et al., 2018pduction
decreases from 1041° (Ibrahim et al., 2018; Pillai et al., 201®xternal rotation decreases
between 111.4 (Harrington et al., 2011; Ibrahim et al., 2018; Pillai et al., 20i®rnal
rotation and horizontal abduction decreases-8f1 (Ibrahim et al., 2018)and finally extension
decreases of 62ZHarrington et al., 2011)Absolute values of impaired affected limb flexion are
between 12941°, and abduction values of 1194°(De Groef et al., 2020; Tan & Wilson,

2019)

Range of motion decreases are associated with several faictbnsay have implications
on shouldefrelated quality of lifeandtask completionSurvivors are more likely to have a
decrease in range of motion if they have had an axillary lymph node dissection, have more than
15 lymph nodes removed, stage Il cancer, increased age, or a BMI greater thanr@2sen et
al., 2008; Levy et al., 2012Range of motion explains 12% slf-reported variability in
shouldefrelated quality of lifeneasures, with pain contributing up to 6(0Rbetman et al.,
2004) It has been suggested that thiesgairments may combine to an overall reduction in

shouldefrelated quality of lifeand may lead to further rotator cuff diseaddsaugh, Spinelli, &
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Schmitz, 2011)Additionally, individuals who have limitations in their range of motion are 2.5

times more likely to report a reduction in capacity to complete (&3lslan et al., 2009)

2.3.5 Shoulder-related quality of life
Shouldesrelated quality of lifgp r ovi des i nsight into individt
dependent on several factof®r this dissertationheulderrelated quality of lifeefers to
aspects of an individual 6s daily | iving, such
social weltbeing as well as physical activjtgs affected by shoulder functid®rimarily,
increased time since treatmenagsociated witimprovementsn shouldesrelated quality of
life, and treatment type, where patients who received breast conserving therapgtteave
shoulderrelated quality of lifecompared to individuals who had more invasive treatr(femidt,
Stegmaier, Ziegler, & Brenner, 2008; Chopra & Kamal, 2012; Kaur, Gupta, Sharma, & Jain,
2018a; Kessler, 2002; Rietman et al., 20@8houghshouldesrelated quality of lifancreases
as time since treatment passes, thkeoulderrelated quality of liferatings do not reach that of a
referencgpopulation(Harrington et al., 2011; Kaur, Gupta, Sharma, & Jain, 20Hyever,
breast cancer survivors report having a greater positive outlook on life companefiei@ace
population(Kessler, 2002)The presence of lymphedema also decreases oskoaildesrelated
quality of life (Kwan et al., 2002)but with intensive treatment targeted to reduce lymphedema
this can be recoverd®e Vrieze et al., 2020aYounger age at diagnosis has also been
correlated with decesedshouldefrelated quality of lif Andersen et al2018; Chopra &
Kamal, 2012; Howard\nderson, Ganz, Bower, & Stanton, 2012punger breast cancer
survivors are likely to have increased weight gain, and increased physical inactivity which

perpetuate further decreasesbbuldefrelated quality of lifHowardAnderson et al., 2012)

20



Dysfunction is largely associated wghoulderrelated quality of lifedecreases.
Pennsylvania shoulder score (PSS) is used to determine function at the shoulder. Harrington et al
(2013) correlated these scores with various measures of function. PS&ed telboth range of
motion and strength measures. Specifically, active flexion and external rotation were related to
PSS, where participants with decreased range of motion also had desteadddsrelated
quality of life (Harrington et al., 2013PSS was also decreased when decreased strength in
abducton & upwards rotation, adduction & depression, flexion, internal rotation, scaption and
horizontal adduction were apparéHhiarrington et al., 2013)f these factors of dysfunction are
improved and participants are able to return to work, a larger incresseuldefrelated quality
of life is seen in breagancer survivor§Colombino, Sarri, Castro, Paiva, & da Costa Vieira,

2020)

2.3.6 Kinematic Changes in Breast Cancer Survivors

Aside from range of motiomctivities of daily living are oftensed to investigate
functioral movementsand determine whicbause difficulty or painActivities of daily living
span tasks such as reaching, washing, putting on a seatbelt and many more. When possible, it is
recommended to provide a goaled, or functional task, or use props, opposed to simulating a task
as this preides a more accurate and reliable representation of the individuals apiléidsr,
Kedgley, Humphries, & Shaheen, 2018hese tasks are often variable regardbésghether
they aresimulated or functional, making comparisons difficult. Several studies have used a series
of activities of daily living to investigate breast cancevsurs. Compared to morrcancer
reference grouypscapulothoracic and glenohumeral angles were similar during overhead tasks
(Spinelli, Silfies, Jacobs, & Brooks, 201&jowever, there exists a low/moderate relationship

betweenncreased upward rotation of the scapula during functional tasks and pain in breast
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cancer survivorgSpinelli et al., 2016)Lang et al (2019) investigated whether breast cancer
survivors with impingement pain had differences in movement. At extreme postures, survivors
with impingemenpain had decreased humeral abduction and internal rotation, consistent with
movements at high risk of rotator cuff diseélseng, Dickerson, Kim, Stobart, & Milosavljevic,
2019) To avoid pain in gegral, it has been suggested that breast cancer survivors use less range
of motion on their affected side, with 8.@lane of elevation, 2.3° less elevation angle, and 7.1°
axial rotation used during various reach and rotation tasks, respe¢Bvebkham et al.,

2018a) In addition to functional tasks, work related tasks are often investigated. Difficulty with
raising objects and lifting and/or loading a 5kg object are associated with survivors unable to

return to work(de Souza Cunha et al., 2020)

2.3.7 Muscular Activation Changes in Breast Cancer Survivors

Muscular activatiorduring functioral tasks have been comparedatoeference
population In a comparison of breast cancer survivoneference participantsurvivors
generally require increased activation for the same {@k®kham & Dickerson, 2016;
GalianoCastillo et al., 2011; Shamley, Lascurdiguirrebefia, Oskrochi, & Srinaganathan,
2012) During a low load, functional desk work task, gternocleidomastoid activation of the
affected side was 31% higher thafierence participant®uring the same task, the upper
trapezius muscle was 20ftore active on the affected side of breast cancer survivors compared
with reference participantand 46 more active on the unaffected s{@alianeCastillo et al.,
2011) These differences may depend on surgery type. Patients edivad mastectomy had
greater increases in activation compared to patients who received breast conserving therapy
(Shamley et al., 2012Brookham et al (2015) completed internal and external rotation tasks and

found that breast cancer survivors required1&®% MVC more during internal rotation tasks,
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and 4.316.3% MVC more during external rotation tasksnpared to aon-cancer reference
group(Brookham & Dickerson, 2016However co-activation ratios remained similar between
breast cancer survivors areference participan{®rookham & Dickerson, 2014, 2016)he

increased activation in this population may influence fatigue development and other morbidities.

Often, affected sidmuscle demands are compared to the unaffected side within a
survivor. Prior to an exercise intervention, Hagstrom et al (2019) investigated EMG during
strength trials. Before the exercise intervention began both the unaffected and affected side had
similar activation during maximal strength trigldagstrom et al., 2019Ppuring work tasks,
total muscle #ort was 5.1%higheron the affected side compared to the unaffected side in
survivors(Brookham et al., 2018bpuring activities of daily living the posterior deltoid,
supraspinatus, upper trapezius and serratus anterior required more muscular activation in the
affected gle, while the pectoralis major was lower on the affected(8dmokham et al., 2018b)
Similarly, although this data was not normalized, breast cancer survivors activated upper
trapezius and rhomboid less on the affected side during an arm elevati¢(@Brhaskey et al.,

2007) Ultimately, these studies provide insight thifitetlences post treatment are not localized

to the immediate area of treatment, but that muscles outside of this field may also be altered.

2.4 Secondary Effects of Treatment

Breast cancer primary treatments are associated with atatitfonalco-morbidties.
Surgical and adjuvant therapies often are linked to tissue chaxg&sy web syndrome,
lymphedema, fatiguelepressionnumbness and pain. Survivors may not develop any of these

sideeffects, but often will experience one or more.
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2.4.1 Tissuechanges

Several types of lesions can form after breast cancer. Changes such as skin thickening,
rashes, deformity, architectural distortion of muscle and bone, parenchymal scars, and capsular
contracture are present in these individuals. Within architalctlistortion, changes such as
fibrous stranding in the muscle has been observed, as well as a ochasgee interfacesand
disordered trabecular pattgi@ickles & Herzog, 1981Parenchymal scars are spiculated masses
(a lump of tissue with spikes or points on the surface) may bebserved following the
conclusion of treatmentmmediately following treatment 95% of patients displayed skin
changes, and 83% developed architectural distortion. This percentage reduces to 55% and 35% at
two years post treatment, respectively. 3 yedtsvitng treatment 26% of individuals still
display skin changes, and 16#ainarchitectural distortioiiSickles & Herzog, 1981)These
remain even 10 years post treatment. The reduction between 0 and 3 years post treatment
indicate levels of healing within the first few years after treatreads(Sickles & Herzog,
1981) However, individuals who still display these changes 3 years post treatment are not likely
to experience any more natural healing. These tissue changes may also lead to tightness
surrounding the joint, limiting range of moti¢B. J. Yang et al., 2010Capsular contracture is a
side effect that may occur following any type of breast surgery (mastectomy, reconstruction or
augmentation). However, having a history of breast cancer increases thethisk of
complication. A capsular contracture is identified as excessive tissue formation and contraction
of the fibrous capsule, leading deformation/distortion of the breast,ipar tenderness, and

hardnesg¢Bachour et al., 2018)
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2.4.2 Axillary Web Syndrome

Axillary web syndrome, or cording, may be present in survivors following axillary lymph
node dissection. A cord (or cord$gvelopsstarting at the axillary scar and may extend down the
arm or into the chest wall and may thicken over time and becomeeuisiber the skin. The
cords often appear within the first month following surgery, and are palpable during abduction
(Lauridsen, Christiansen, & Hessov, 2005; Moskovitz et al., 2001yomen who had axillary
lymph node dissectiorf35.985.4%) develop axillary web syndrome, however it can occur in
patients with no axillary involvemefitarris, 2018; Koehler et al., 2015;idenius, Leppanen,
Krogerus, & von Smitten, 2003; Yeung, Mcphail, & Kuys, 20¥&jer 812 weeks axillary web
syndrome was resolved in half of those that developed this synf{Biagi et al., 2018; Koehler
et al., 2015)The cording usually resolves within three months, but for those with persistent
cording, 74% present with severe restriction in range of motion, specifically in abduction (less
than 90) , but restrictions in flexion may also occitoehler et al., 2015; Tilley, Thomas
MacLean, & Kwan, 2009; Yeung et al., 201bpllowing surgery, 70% of patients who received
axillary lymph node dissection presented with cording, and 86% hadtredtrange of motion
(as determined by their physiotherapist), opposed to 20% presenting with cording and 45%
having restricted range of motion in the group with no axillary involverfietienius et al.,
2003) Pain was also persistent in those with cording, rating 8.8/ HOMAS scalgLacomba et
al., 2009) Risk factors for developing ating may includesxtensiveness of surgery, younger
age, lover body mass index, ethnicity and healing complicatigtesris, 2018; Yeung et al.,

2015)
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24.3 Lymphedema

Lymphedema is a common side effect following breast cancer treatments and is defined
as a retention of fluid in the arm, ultimately causing swelling of the ipsilateral arm. Commonly,
lymphedema occurs after an axillary lymph node dissectioadvation treatment as damage to
the lymph nodes located in the axilla has occu(8dhh & Vicini, 2011) However volume of
irradiated axillaolder survivor age, larger numbers of dissections, and higher BMI are also
associated with an increased occurrence of lymphe@@nass et al., 2017; Hack et al., 2010;

Sakorafas, Peros, Cataliotti, & Vlastos, 2006)

Lymphedema presence and onset varies among survivors. Prevalence has been reported
from 6 to 42% in survivoréAhmed, Thomas, Yee, & Schmitz, 2006; DiSipio, Rye, Newman, &
Hayes, 2013; Norman et al., 2009; Petrek, Pressman, & Smith, 2000; Rietman et al., 2003;
Sakorafas et al., 2006; Schmitz et al., 2010; Sugden et al., 1998; Swedborg & Wallgren, 1981,
Zouet al., 2018) The variability in this measure can be attributed to measuring techniques,
reporting rates, and follow up intervals. Survivors often do not report follow up symptoms as the
focus is on preventing reoccurrence rather than secondary sysptal upper limb dysfunction
(Sakorafas et al., 2006dmportantly, lymphedema may occur up to 20 years-ppstative ,
however it often occurs within-8 years of treatmeriBreast Cancer.org, 2019; Norman et al.,

2009)

Commonly, lymphedema is measured clinically in one of two wiayisoth scenarios,
the affected arm is compared to the affected arm. The first technique requires the clinician or
researcher to measure the circumference of various parts of the arm, and compare the two arms.
A difference greater than 2cm is indivat of lymphedem#Ahmed et al., 2006)The second

method involves measuring the volume of the arm by using displacement of water. An increase
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in volume greater than 20% indicates the presence of lymphg@&sakarafas et al., 2006;
Swedborg & Wallgren, 1981pual energy xay absorptiometry (DXA) has been identified as a
superior method to circumference or water displacerf@jorup, Zerahn, &Hendel, 2010)By
monitoring individuals from the onset of treatment, an increase in volum&%f (ot due to
weight changé determined by measuring the raffiected limb as well) is indicative of early
stage lymphedem@nternational Society of Lymphology, 201®ot onlyis DXA a more exact
way to determine the presence of lymphedema, it can also determine differences in body
composition that may be a consequence of this secondary syrfiptemational Society of

Lymphology, 2016)

Depending on the severity lymphedema may affect activitieaitf living, and reduces
overall shoulderelated quality of life. Lower shouldeelated quality of life has been reported
in survivors with clinically diagnosed lymphedema, specifically with scores in mental health and
overall pain(Lovelace, McDaniel, & Golden, 2019; Pusic et al., 2013; Taghian, Miller,
Jammallo, Toole, & Skolny, 2014; Velanovich & Szymanski, 1998@g swelling and pain that
characterizes lpmphedema may cause daily tasks to be difficult. Particularly the increased weight
of the arm causes reduction in range of motion, inctefasigue, and makes it more challenging
to lift the arm to complete everyday tagksvelace et al., 2019; Pusic et al., 2013)
Compression sleeves work to counteract this swelling and reduce lymphedema in some
participants, but more importantly improve shouldeated quality of life in those that show
clinically significant lymphedeméDchalek, Partsch, Gradalski, & Szygula, 20E®)wever,
these sleeves may worsen lymphedema symptoms as they are itimgi)land in many

circumstances may cause the fluid build up to occur in the hand.
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2.4.4 Fatigue and Depression

Fatigueis often reported during, and following cancer treatment. Cancer related fatigue
presents in 505% of cancer patients at diagno§i@, 96% of patients undergoing
chemotherapy and 503% of patients receiving radiotherafhysieh et al., 2008; Levy et al.,
2012; Mock et al., 2005; Stasi, Abriani, Beccaglia, Terzoli, & Amadori, 20a8)gue in beast
cancer survivors is increased with increased age, increased body fat percentage, fewer years
since diagnosis, decreased strength and physical activity and more tredWietdgss Stone et
al., 2011) It is important to consider fatigue, as itnslicated as a prevented agent for
completing daily tasks by 91% of cancer survivors. However, althmwgihs of fatigueduring
radiationtherapywere at their peak halfway through treatment, they returned timgaenent
levels for most patients 6 months following treatm@mnine, Vincent, Graydon, & Bubela,

1998)

Of survivors who report severe, and persistent fatigue, a correlation has been shown
relating their fatigue to sevepain and depressidiBower et al., 2000)Depression was most
strongly correlated with fatigue, where patients who developed depressive symptoms post
diagnosis reported higher levels of fate. The mean value of reported depression was within
the clinically relevant scores. Further, it is difficult to determine which of these factors causes the
other. Individuals with depression often report fatigue, and fatigue may cause depression as it
limits the ability to complete activities of daily living, participate in leisure or return to work
(Bower et al., 2000)This further relates to a decline in shouldelated quality of lifeand
although only prevalent in a small portion of the survivor population, it is an important factor to

consider.
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2.4.5 Numbness and Pain

Numbness appears in breast cancer survivors and is often described as pins and needles,
burning or a complete lossg sensation. This numbness is often associated withnpastectomy
pain syndrome, which is pain in the axilla, chest wall or ipsilateral arm persisting beyond 3
months from surgery (natural healing timés) J. Yang et al., 201085% of survivors report
numbnesswith up to 15% of survivors reporting moderate to severe ([Bosompra, Ashikaga,
O6Brien, N e | s o.Rain hds b&ek redorted in81% Of Br2akst cancer survivors,
with a mean pain score 06110, indicating that pain is present but generally not debilitating
(Lauridsen et al., 2008; Levy et al., 2012; Tasmuth, von Smitten, Hietanen, Kataja, & Kalso,
1995) These gmptoms were more often reported with a combination of lymphedema (4%
reported pain without lymphedema, and 24% with lymphedema; 8% reported numithess
lymphedema and 21% had numbness with lymphedékvean et al., 2002; Lauridsen et al.,
2008; Shamley et al., 2012; Tasmuth et al., 1996)vivors who dmot meet the physical
activity guidelines, and those that are overweight are more likely to report clinically significant
pain, than those who are reguly active and at a normal weigftorsythe et al., 2013)
Additionally, it hasbeen suggested that the younger patients have greater neural disruption
which increases paifbowning & Windsor, 1984)These factrs lead to an overall decrease in
shouldefrelated quality of lifevhen persisting past 2 years following surg&wen with mildi

moderate pain (reported by up to 60% of patiefR®tman et al., 2004)

2.5 Biomechanical Modelling
Biomechanics researalsesEMG, kinematics, and kinetics to make inferences about
underlying mechanisms in the human body. Unfortunately, it is difficult, and sometimes

impossible ¢ collect comprehensive dataset all contributing muscles and underlying
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structures. Moreover, experimentally accessible data are only indirect measures of the system
and are not direct surrogatesimiportant tissuéorces within the body (muscle f&cbone on

bone forces etc). Biomechanical modedshelp compensate for these issues. These models
solve for unknown forces within the system and calculate loads on theobegstem

performance based on modifications to system behawtodelling albws insight into tasks

and forces that may be difficult to explore in an experimental setting and alttuitgnal

control of the data input and removes mitigating factors (such as environmental factors). Forces
internal to the system (inaccessible duraxgerimental techniques) arariously estimated

using both inverse and forward dynam(Bsichanan, Lloyd, Manal, & Besier, 2004)

Two types of models afeequenty appliedin practice: Digital human modelling and
computational musculoskeletalodels. Digital human models such as Siemens Jack TM
(Siemens Industry Software In&ermany) and Santos Pro TBaftosHumannc.,, USA) are
used in both research and ergonosattings These software packages allow the user to develop
environmentand tasks completed in practi@nd often output joint loads analyze loads on
thebody( Pol 8§g ek, Bureg, & Gimon, 2015;. Santos, S
Computational musculoskeletal modal® typically more customizedols, and are most
typically used tasolve for internal forces within the body (gealéy muscle forces{Dickerson,
Chaffin, & Hughes, 2007)These models include physiological informatiomamscles (moment
arms, crossectional area, and origin/insertion), subject and task information, and muscle
geometry. Several assumptions are made (and differ between models) in order to solve for
unknown forcegCrowninshield & Brand, 1981; Dul, Johnson, Shiavi, & Townsend, 1984)
Optimization is a common technique to solve for these forcesmpetational musculoskeletal

models.
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2.5.1 Optimization

The human bodganproduce movementiroughan infinite combination of muscle
activationsmaking it difficult to determine which muscles conttidto each movementhe
solution is indeterminatesahere are too many unknowns in the system for the available
equations to solve. Optimization is a mathematical techniquedhablve these types of
problens. It imposes an objective function (goal for the systemjeward an optimal result
within the range of possible solutigrendthusprovides a possiblesolution to the redundancy
problemthat generates an optimal value for the objective funciibese objective functions can
be a variety of measures including minimizimgscle force, or muscle strgg€arowninshield &
Brand,1981; Dul, Johnson, etal.,1984) | n many opti mi zation sol uti
muscle with the most advantageous features in terms of the objective function (i.e. moment arm,
cross sectional area efd3 used first, and antagonistic contiiaa is negated as it is
counterproductive to the movement at hé@dllins, 1995) Imposing nuscle boundsanhelp
improve the biofidelity of the output.hese bounds are employedkeep muscle stress at levels
proportionalto the cross sectional @ref each givemuscle the upper bound is represented by
0 > Fi/PCSAI) (Prilutsky & Zatsiorsky, 202) This ensursthe solution for each muscbecurs

within these bounds arttiusforcesremain physiologically realistiChallis, 1997)

2.5.2 SLAM Model

The Shoulder Loading Analysis Modules (SLAM) model is a musculoskeletal model
used to evaluatiéssue and joint demandsiring movement othe shoulder joints. Input dater
this modelincludetask specifianotion capturendforce demands as well &sibject speéic
data (height, weight, sexfrigure3). The model includes three modules: shoulder geometry

constructor, external dynamic monealculator, and the internal muscle force prediction
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module(Dickerson et al., 2007)T'he model outputdynamic joint moment and forces, positions
and orientations of the defined segments, the line of action and moment arms of each element

and themuscle forces for each of the 38 muscle elements in the model

Shoulder :
Geometry Sfé;org:at:gg
_________ Constructor p

+  Motion '
," Data ," Internal
’ ' Muscle
e g Force @
I Prediction
Method

4 1
FEEEEEEEE [

) X ! External
J Subject: Dynamic Shoulder
J &D::k vy Moment Moments
1 ’ Calculator

Figure 3. Schematic of SLAM modéDickerson et al., 2007)
The musculosiletal geometry module includes relevant anatomy of the upper extremity and

torso. The torso, humerus, clavicle, scapula and forearm (ulna and radius) are all modelled in
SLAM (Dickerson et al., 2007)ach segment is scaled to the participants height based on
previously published daf#logfors, Karlsson, & Peterson, 1995; Hogfors, Peterson, Sigholm, &
Herberts, 1991; Hogfors, Sighol&,Herberts, 1987; Karlsson & Peterson, 1992; Makhsous,
Ho, Siemien, & Peterson, 1999)wo contact sites between the scapula and ribcage are
modelled, located at the superior and inferior angles of the sod\alkdnsous et al., 1999)

These sites transmit force from the ribcage to the scapigaments are also modelled,

however they do not produce any force in the current state of the model, as ligaments at the
shoulders generally contribute force only at end range of motion, and maisties primary
contributors to force productidi€rowninshield & Brand, 1981; Jinha, Aiaddou, Binding, &

Herzog, 2006)All joints of the shoulder (sternoclavicular, acromioclavicular and glenohumeral)
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are modelled with three degrees of rotational freedom, but no translational movement. The
shoulder rhythmifteraction between the scapula and the humeses) in SLAM is adapted

from previous literatur¢Karlsson & Peterson, 1992; Makhsous et al., 199@ce the shoulder
rhythm is applied constraints are placed to accommodate captured motion data inputted into the
model. The inferior and superior angles of thepstar are constrained to minimal movement

from the ribcage. The final element of the geometry module is the muscles. 23 muscles (38 total
elements) were modelled in SLA@@ul, 1988) The musles modelled, and their associated
elements are levator scapulae (1), omohyoid (1), pectoralis minor (1), rhomboid major (1),
rhomboid minor (1), sternocleidomastoid (1), stenohyoid (1), subclavius (1), coacobrachialis (1),
supraspinatus (1), teres maf@j, teres minor (1), brachialis (1), brachioradialis [@fjssimus

dorsi (2 elements), serratus anterior (3), trapezius (4), subscapularis (3), infraspinatus (2),
pectoralis major (2), deltoid (3), biceps (2), and tricepg@8)kerson et al., 2007 he origin

and insertion of each muscle is modelled, and conne@edtie muscle elements based on

previous literaturévVan Der Helm, 1994)However, this may model inappropriate Broé

action, through structuresuch as boned herefore, additionalonditionalwrapping and

collision alterations are placed on the elements to ensure proper lines of @baolon &

Johnson, 2001; Van Der Helm, 199%he geometric proprieties from this module feed into the

internal muscle force prediction module (Fig@je

The second module is the external dynamic joint moment module. Subject, task and
motion data are alhputsinto this module. Segment properties such as segment mass and
moment of inertia are calcul ated baxbelghton pub
and weight(Zatsiorsky & Seluyanov, 1993)Joint centres are calculated for glenohumeral,

elbow and wrist based on published literature from the motion captur@\imsbaum & Zhang,
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2000) Data is filtered at 6Hz, and then linear velocity and acceleration of joint centres are
calculated through differentiation and double differentiation, respectively. Joint coordinate
systems are calculated based on previously published staifjdagfsers et al., 1987)Angular
kinematics are determined using joint coordinate system techr(igiggs& Herzog, 1994)The
orientation of the upper arm and forearm are defined wsjngtion 1 The hand has a different
neutral orientation and therefore uses a different rotation seq[imc2]. The first and second
derivatives of the Euler angles are then calculated to determine the angular velocity and
acceleratiof Vaughan, Davi s, Th&fin® go@ian mfrthts moduld caléulates
netjoint forces and torques. The joint load is calculated at the proximal end of the segment, and
is influenced by thenovement andhass of the segmerasdhandheld weight. The general
equation used in theadel for jointforce equilibrium (using reaction forces$ found inequation

3. Finally, externamomentsare calculatedsing the rate of change of segmental angular
momentum (using segmental moments of inertia and the corresponding segment velocity and
acceleration)Specifically, the sum of each force crossed to their moment arm is used to

determine the external torque at the proximal end of each segment.

AITAT-© OEIAT-© O+ o

)
0 OFTATY AiT@EIOBES A% OFEIOEIOBEE Al-@Bd O [Eq. 1
a OFIOEh ATTAOERIT®W AlT@Bd OFEIOERATHR AT-&T% &

0 ATTAT-© OE+ OFTAT-© o

0 OFIOEh AITOERTR Ai-di% Air®ed OEIOERT® & [Eq. 2]
a OFTATH AIT@EIOBEE AT-@OBd AiTAiT% OEIOEOBES ©

B'O & | [Eq.3]

The finalmoduleof the SLAM model is the internal muscle force prediction modihe.
outputs from the first two modules are used as inputs into the internal muscle force prediction

module, specifically, shoulder moments and geometric propefisnization, as previols
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described, is used to solve for the infinite combinations of muscle forces possible to complete a
given task. In the SLAM model, the default objective function is to minimize the sum of cubed
muscle stresses. This objective function encourages fordeglh@tween muscles instead of
choosing the most mechanically advantageous muscle (moment arm esemti@sal area). By

using musclestressijt also ensuresonsideration oboth the moment arm amtosssectional

area when assigning forces to musdkesce bounds are placed on each muscle, as well as 19
mechanical constraints. Muscles forces were bound by zero as minimum, and a maximum that is
proportional to the physiological cresse ct i on al area of the muscl e.
physiologicalcross sectional area was obtained from a cadaver @dadyfors et al., 1987)and

the specific tension was set to 88Ne(Wood, Meek, & Jacobsen, 198&ighteenequilibrium
equations constrain the sternoclavicular, acromioclavicular and glenohumeralTjbnets.
equations define linear equilibrium and 3 equations define angular equilibriumhobfeihe 3
aforementioned joints. The final equilibrium equation constrains the elbow flexion/extension
moment.Threeadditional constraints are placed based on directional glenohumeral joint
dislocation force ratios based on cadaver @afapitt & Matsen, 193). These thresholds were

placed in 8 equally spaced compass locations on the gldfigid€ 4.

Direction Dislocation Force Ratio Threshold
(Shear/Compression) (%)
0 51
2 45 33
90 29
225°
135 40
180 56
225 43
270 30
315 35

Figure 4: Directional shear to compressive force tolerance for each of the 8 directions included
in the SLAM modelDickerson et al., 2007)
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Overall, the SLAM model solves for 60 unknown variables. The force out@# of
muscle elements, 9 joint contact forces, 2 scapulothoracic contact forces, 8 directional

dislocation force ratio coefficients, and when applicable 3 ligament forces.

The SLAM model has been used in several settmgsvestigate internahoulder
exposuresincluding fundamental scien¢€hoppHurley, Langenderfer, & Dickerson, 2014)
ergonomic investigationd-ischer, Brenneman, Wells, & Dickerson, 2012; Steele,
Merryweather, Dickerson, & Bloswick, 2013; Vidt et,&019)and clinical studie§Chopp

Hurley, Brookham, & Dickerson, 2016)

There arelireemain limitations to the SLAM mael. Although the body parameters are
scalable by sex, internal muscle capabilities do not account for sex differences. These
capabilities are based on previous literature deaitved fromexclusively male participants
Secondly, muscle mechanics (leng¢ginsion and forcegelocity) are not considered in this
mode| which may be important for fast movements or those involving long excurkiaagly,
antagonistianuscles aréargely underestimatedh many optimization solutions as objective
functions are Adsed on mechanical efficiency, and muscles not directly contributing to achieving
therequirednet joint moment increase the physiological cost and are therefore not recruited.
However, the SLAM model partially accounts for antagonist muscles by enfadiivgtion to

maintain the stability of the glenohumeral joint.

2.6 Gaps in Literature

With a large numberfdoreast cancer patients entering the survivor population every year,
increased attention should be paid to individuals following treatmAsntrevously described
(2.3.1 Survivorship onces u r v icomplete tGeatment their camay betransitionedand

primary medical concerrare addresse@.3.2 Primary carg Functional concerns may not
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appear immediately and may go unnoticed. Althopigdvious research has identified that these
issues occur.3 Functional Effects of Treatmeanid2.4 Secondary effects of treatmewften

t h e r an understandingn which survivors may experienspecificdeficits andhow this

affects daily tasksResearch has begun to identify rehabilitation programs to mitigate these
issues, but without specific aim on early deficits this can be diffidslsome survivors

experience more severe deficits, and some experiencerasults can be washég high

variability in a diverse cohortand the true challenges faced by sangéviduals maybe
misunderstoodThe current thesis aims studysurvivors immediately after the conclusion of
treatment (and up to two years post treatmémrderto identify which factorsmore strongly
influencedfunction, and are important to survivors (identified throughisgbrted shoulder

related quality of life)Further, how these deficiteanifestin the context ofow load, daily

tasks. Finallythe workusesanin-silico approach to determine which muscles should be targeted
in a rehabilitation program to mitigate these challenges for a subset of survivors, and how much

strengthmaybe reasonably targetednsideringpossible damage from treatment.
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Chapter Ill T Improving evidencebased methods otharacterizing

shoulder-related quality of life for breast cancer survivors

3.1Introduction

Investigation intcspecificdifficulties for breast cancer survivoramediately after
treatmentas been limitedFurther,the sparseesearcheatures heterogeneousopulations
complicating directonclusionn which factors influenakfunction after treatmengirstly, no
time limit is generallyenforced in inclusion criteria fdime since treatmémnd therefore extra
mitigating factors may be introduced during that time. The time since treadindigd range
from less than a year to 19 years past treatrfignoiokham et al., 2018b; Kaur et al., 2018b)
Treatment types also diffed drastically between survivors. The type of surgery, and adjuvant
therapy all differ, as well as the length of treatment and medicatiken by patients Current
literature spans all treatment types, but minimal researchtteaspted talefine each
treatmend mdividual effectson physical funtion in breast cancer survivors, as it is difficult to
find a cohort receiving only one type oéaitmentAdditionally, and similar to many research
areas, differing research techniguiegi, and data reduction/interpretatiapproaches
complicatecompaisons and generalizabé®nclusions.Research has presented differences in
groupswith interventions and standard cébBe Vrieze et al., 2020b; Kaur et al., 201,8b)
between affected and unaffected linfBsookham et al., 2018b; Hagstrom et al., 2019; Merchant
et al., 2008 and betweemeference participanend survivor§Brookham & Dickerson, 2016;
GalianoCastillo et al., 2011; Kaur et al., 2018Bpad haveincludedexercise intervention®e
Vrieze et al., 2020b; Hagstrom et al., 2019; Pillai et al., 2019; Ribeiro, Moreira, et al., 20d4.9)
breast cancer reconstructiorethodgBrowne et al., 2017; Leonardis et al., 2019; Sowa et al.,

2017; Yun, Diaz, & Orman, 2018espite lacking #horowgh understanding of the deficits
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immediately following treatmentThe greatest difficulty with research on this populatioitsis
vast inherenvariability. True deficits in some individuals aobscuredy individuals who have
no difficultiesfollowing treatment. Th variability in various datasets shows thage in this
population. All of these factors make it difficult to accurately repretsenpopulation, or
determine am n d i v potential risk for disability post treatmeihvestigding the potential
for each factor to differentiate survivora the context of otherallowsa more focused

overwiew of function.

Multivariate analyseare frequently applied tdistinguish important factoig large sets
of data. Partularly, principal component analysis, multivariate regression and cluster analysis
are commorin biomechanics. Regressions assume that a correlation exists between data points,
and has been used to deterntime relationship between range of motion amergth to
shouldefrelated quality of lifeneasure¢Harington et al., 2013)Principal component analysis
is used to determine a new variable (or component) that sufficiently captures the variation in the
original variableswhereas luster analysisearches for natural groupings among variables
(Chau, 2001)Neither principal component analysis nor cluster analysis assume variables are
related, and therefore aideal for characterizing large sets of data. Particularly, cluster analysis
demonstrated utility ilassifying chronic pain subgroug#®lmeida, George, Leite, Oliveira, &
Chaves, 2019)as well asegional peak plantar pressure distributiBsnnetts, Owings,
Erdemir, Botek, & Cavanagh, 2013 cluster analysidata is not forced into assumed
relationshipsanalogous toegressions analysis. The analysis determines if pieces of data are
more like one another than data in another group (or cluByefinding subgroups in each of
these populations, targeted intemtions could be determined. This research aims to use cluster

analysis to determine cohorts of breast casaerivors anccharacterize factors that difesrtiate
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them This enableanin-depthview into which factorsnostinfluence the variability in

dygunction found in this population.

3.2 Objectiveand Hypotheses
The objective of study Wasto classify the different function of various groups of breast

cancer survivors, and to determine factbiegt differed acrosggroups of survivors.
The following hypothesewereposed for study 1:

1. Two clusters of breast cancer survivors will be formed based on physical activity,
time since treatment ended, internal rotation force produdteaon range of
motion, and perceived disability.

2. Between the two growpof survivorsone group will haveignificantly lower
measures oshouldefrelated quality of life particularlyincreasegerceived disability
(quantified with theDASH questionnairecompared to the other grauphis group
will also havedecreased physical activilgvels (quantified through the GODIN
guestionnaire)increased arm volume differences (indicative of lymphedeama),
decreasetkan muscle masstrengthandrange of motion

3. Between the two groughkere will bea higher perceage of participants with more
invasive treatments (lymph node dissection surgery and radiation), and more
advancd diagnosis stagm the group with lower measuressifoulderrelated

quality of life.
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3.3 Methods

3.3.1 Participants

Thirty-five breast cacer survivors (Stageilllla) participatel (Figure 5) All participants
were women, however we acknowledge that men also experience breast cancer, but at a reduced
frequency(Canadian Cancer Society, 2028urvivors must have undergone any form of
surgical procedure for breast tumour removal, as well as radiation and/or chemotherapy
treatment. Survivorazerewithin 3 monthg 2 years post treatmewaiting 3 months post
treatmet to enroll in the study allowedne to heal from surgery andcovey of immune
systemfunctionfrom compromises during adjuvant treatmdrite upper cut off wa2 years to
mitigate external factors (such as seeking physiotherapgsist with function) and because
radiation therapynay affecttissues for up to two years following treatméhinerican Cancer
Sociay, 2019c) Delimiting atime window since treatmergnableda moretargetedexamination
of effects from treatmenExclusion criteriaincludedconfounders such gsior upper extremity
injuries, bilateral cancer, metastases elsewhere in the Abdyium swallow within 3 weeksf

participation and suspeatd or confirmegregnany.
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Breast Cancer Survivors

Assessed for participation n=62

Coffee News -5
Hospital - 2

Newspaper — 28 Total Woman Show-3
Word of mouth-10 Poster-8
Included n=43

Not Collected
Time commitment n=7

el

No Intervention Intervention
Baseline Baseline
n=30 n=6
l Cne collection cancelled dueto COVID
Follow-Up Follow-Up
n=28 n=4
Not collected One follow up cancelled due to COVID
Injury n=2

Figure 5: Consortdiagram outlining recruitmerand retention of participants the study. The

Surgeon/PT -0

WellFit - 6

Excluded n=19

Outside stage 1-3a=1

Pre-existing shoulder injury =3
Beyond 2 years since treatment = 13
Bilateral Cancer=2

data for this thesis was collected in conjunction with an intervention study, but only baseline data

was included in data analysis.

3.3.2 Motion Capture Instrumentation

Kinematic datavascollected at 50 Hz using 12 VICON MX20 camefe8CON,

Oxford, UK). The collection spacgasc al i br at ed

proi

or

Tle globale

origin wasset so thaall experimentainovements occur ithe positivequadrantThe

measuremerglobalcoordinate systemwastransposed i ISB standardé/Nu & Cavanagh,

1995) where +Ywasdirected up, +Xvasdirected forward, and +i@asto the right of the

origin, defined by the righlhand rule Twenty-threereflective markersvereplaced on the torso

and both upper extremities over bony landmaitdéowing ISB standardéWNu et al., 2005)

(Figure §. The anatomical landmarkeerethe suprasternal notch, xiphoid process, cervical

vertebrae 7, thoracic vertebrae 8, lumbar vertebraadbilaterally onanteriorand posterior
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superior iliac spingacromioclavicular jointlateraland mediakpicondyleof the humerusulnar
and radiaktyloid processesand the distal end of thé2and ¥' metacarpal Fourmarker
clusters (affixed to ridged plateskereplacedon segmentgbilaterally on the upper arm and
forearm) A staticcalibration framevastakenwith the participant in anatomical position to
establish a relationship between anatomical landmarks and each Qussezrsvereused to
reduce skin movement artifact, in comparison to anatomical landrflaé&sdini, Chiari, Della

Croce, & Cappozzo, 2005)

Figure 6: Placement of markers on bony landmarks (minkles as well as marker cluster sets
(pink triangles)

3.3.3Force Equipment
Force datavascollected at 1500Hasinga 6 degree of freedom force transducer

(MC3A, AMTI, Watertown, MA, USA) A cuffwasplaced onth@ ar t i apperarmtwihs
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a chain attached to the force cubelit@ctforce application The force cubevaspositionedo
ensurehatthe chainwas pulled tight and forcexertedwas in thetransducer -axis, while the x

andy axisforceswereminimized(Figure 7.

cFy |
- F
P F Y
: - FX <
- Fz

Connector L1l

Figure 7. Axis orientation of the force transducer (AMITMC3A)
3.3.4 Expeimental Protocol

Individualswerein the lab for approximatelst4-hour collection(Figure §. Initially,
participantswveregiven the opportunity to ask questions aboutitifigmed conserdind all
activitieswereoutlined Following informedconsent sigroff, participants hdia DXA (Duak
energy xray Absorptiometry) scan for body compositi@dngeneral health information form
(documenting diagnosis, treatment, symptowes3 therfilled out (AppendixA), followed by
several questionnairédppendixB). Within the general health information foyiarticipants
wereasked to detailiagnosis, treatment types and lengthrrent physical activity levels, €o
morbidities,present medicationand history of upper extremity discomfort prior to diagsos
Experimental set up and collectisrerecompleted as outlined belowi@ure § following
guestionnaireompletion Prior to experimental tasks, participantsreoutfitted with surface
electromyography (SEMGnd completed muscle specific MVCs. Thisadaasused in Study 2
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and is outlined in section 4.3.3 (pa8@. Strength measureserecollected first to ensura

restedstate Two minutes of resteparate exertionswith extra timeuponrequestA total of 12

exertionswerecompleted (6 force directienon both the affected and unaffected limBection

3.3.4.3. Reflective markersvereplaced on the participarnthen,12 active maximal range of

motion trialswere completed6 fundamental shoulder movements, on bothaffected and

unaffected limld Section 3.3.4.4 Theexperimental protocol concludedth activities of daily

living tasks, whichwere subsequently analyzedStudy 2 (outlined in Section 4.3.4.1, p&§.

Informed : s sz

consentand DXA EMG: Strength Trials Motion Capture Range of Activities of
questionnaires preparation Set-up Motion Trials Daily Living
+ 40 minutes + 20 minutes + 40 minutes + 30 minutes + 10 minutes « 20 minutes + 40 minutes
+ DASH + 1-2whole + Electrode + 12,5s « Vicon + 12,58 * 24, 10strials
+ FACT-B body scans placement maximal Marker dynamic (bilateral &
+ RAND-36 + Signal isometric Placement maximal unilateral
+ Godin testing exertions + Calibration range of tasks)

*+ MVCsx 16 trial motion trials

Figure 8: Overview offull lab collection with # components include(EMG and activiies of
daily living outlined inChapter V)

3.3.4.1 Questionnaires

A series of questionnairééppendix B)providedinsight intos u r v idailplived.Bour
guestionnairesvereadministered, the FunctionAksessment of Cancer therapfreast Cancer
(FACT-B) (Brady et al., 1997)Rand36 Health Survey Short Form (RAND 3@)ays,
Sherbourne, & Mazel, 1993he Disabilities of the Arm, Shoulder and Hand (DA$H)dak,
Amadio, & Bombardier, 1996anda modified version othe Godin Leisure Time Activity
guestionnairdGodin & Shephard, 1985kach questionnairargetedifferentfacetsof return to
life, and overalkhouldefrelated quality of lifgdisability, mental, physical, etc). FACH is a
cancer specific questionnaitargetingphysical weltbeing of survivorsRAND 36 is a

guestionnaire that includenultiple sections rluding mental welbeing, physical welbeing,
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physical functioningenergy/fatigue and paifihe DASH questionnaire is specit the upper
extremity, andts mainfocus is addreasg specific disabilities and hardships due to the
dysfunction of the hat arm or shoulder. The Godin questionnaieailsphysical activity
levels of survivors iad an additionafjuestionwas added to captuesy physical therapy/other

therapies individuals may have sought out in the past week.

3.3.4.2 Dualenergy xray absorptiometry

Dualenergy xray absorptiometryl¥XA) is a noninvasivewhole-body scarused for
body composition measuremenisXA scans can be used for bone density measwiese
body compositiorand segmental measuremefi®azess, Barden, Bisek, & Hanson, 1990)
Participantseceival a full bodyDXA scan(Hologic Discovery QDR 4500, Hologic, Toronto,
ON) completed by a Certified Medical Radiation Therapisscenarios where the partiaiut
did not fit within the limits of thescanningable, a second scavasobtained.One full body scan
emits 1.5mR of radiation in 6.8minutésach upper extremitywasextracted from the individual
scan that contained that limb, and all other regionsd(heank and legsyereaveraged across
the two scans. Scamgeresegmented by Certified Medical Radiation Therapist using the

Hologic software (version 13.2).

3.3.4.3 Strength
Isometricstrength trialsverecollectedaligning with severafundamentaplanes of
shoulder motion. Maximal isometric force triagrecollected for eaclposture Each participant
satin a chair, against backrest, andvereinstructed to remain upright for each isometric force
trial. Arm positions were chosen #tign withprevious researcfHughes, Johmsn, OO&6 Dr i s c ol
& An, 1999; Stobbe, 1984 able5). A cuff wasplaced on the upper arm, just above the elbow

for all force directions, except internal and external rotaBynplacing the cuff above the
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elbow, participantsvererequired to produce foe from the shoulder for each motidine cuff
wasattached to the force cube with a chain, pulled tight to maintain the cpaston. The
chainwas aligned to pull force through the z axis of the force cube, and minimize off axis forces
(Figure 7 page 44). Participantdiad5 seconds to reach maximum foerelweregiven 2
minutes of rest between exertions to minimize fatigqusecollectiontook place if the
researchera/itnes®dany movement of thepper arnfrom the initial position, any lean of the
torso used to produce compensatmradditionalforce, if a plateau in the force wabsen(i.e.,
adefinite maximum wa notachieveq, or if the participant indicatethey were unable to
produce a maximal foec Of the 192 strength trials collected, 9 recollections occuilre.each
of the internal rotation, external rotation and abduction trials, and 3 flexion trials were
recollected due to posture or because there was an indication that maximal force was not

achieved.

Table 5: Arm positions for maximal isometric strength for¢elsighes et al., 1999; Stobbe,
1982)

Force Direction | Position

Flexion 1 Humerus bducted 30° in the sagittal plane
Extension 1 Humerus bducted 60° in the sagittal plane
Abduction 1 Humerus bducted 30° in the coronal plane
Adduction 1 Humerus bducted 60° in the coronal plane
Internal Rotation 1 Humerus bBducted 90° in the coronal plane, elbow flexed 90¢

forearm neutral

External Rotation 1 Humerus bducted 0° in the coronal plane, elbow flexed 90°,
forearm neutral

3.3.44 Range of Motion
Maximal range of motiofrials ensuedor various movements about the shoulderals

werecompleted with bthupperlimbs. Participantdegan with their arm by their sidan a
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neutral positionand move to their maximal end range for each motibive secondsvere
given for the participants to reach end range of motion, and this posdmimeld until the end
of the trial. The fundamental shoulder movemetdsnpletedvereflexion, extensionabduction,
scapulambduction, internalotationand externatotation.A small polewasplacedfor the
participant to followduring flexion, abduction and scapular abduction té&slensureroper
movementParticipantsvereinstructed to limit trunk twist during the extension task, aede

monitored closely. Anynovement of the trunk resallin a recollection of this task.

3.4 Data Analysis
This studyinvolved data analysis of questionnairesatlenergyx-ray absorptiometry
(DXA), peak force outputind range of motion. The following sections describe how éatzh

set was processed prior to statistical analyses.

3.4.1 Questionnaires

Each questionnainasscored astructedby the creator of the individual
guestionnaireEach questionnair@ppendx B) hadmultiple sections and the watheyare
scored are outlined below in Tablgé8. The Godin questionnaire wacored by using the
following equation: Weekly leisure activity = g9strenuous) + (5 X moderate) + (3 X light)

(Godin & Shephard, 1985)
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ftem numbers Change original To recoded

response category * | value of:

- | 1C0

5— 100

Figure 9: Recoding of RAND 36 responsf@days et al., 1993)
Table 6: Scoring for each sion of the RAND 36 Questionnaifelays et al., 1993)

Physical functioning

Average guestions-B2 after recodingHigure 9
Higher score indicates highshouldefrelated quality of life

Role Limitations due
to physical health

Average questions 1B6 after recodingKigure 9
Higher score indicates highshouldefrelated quaty of life

Role limitations due to
emotional problems

Average questions 179 after recodingKigure 9
Higher score indicates highshouldefrelated quality of life

Energy/Fatigue

Average questions 23,27,29,31 after recodkiigyre 9
Higher score indicates highshouldefrelated quality of life

Emotional well-being

Average guestions 226,28,30 after recodindr{gure 9
Higher score indicates highshouldefrelated quality of life

Social Functioning

Average questions 20,32 aftecogling Figure 9
Higher score indicates highshouldefrelated quality of life

Pain

Average questions 222 after recodingKigure 9
Higher score indicates highshouldefrelated quality of life

General Health

= =48 -0 _-8_9_-90_48_-_-0_2@94-.9._2m254-.4._-49:4>.9a:--45

Average questions 1,38 afterrecoding Figure 9
Higher score indicates highshouldesrelated quality of life
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Table 7. Scoring for each section of the DASH Questionn@ihadak et al., 1996)

Disability/Symptom
score

[(sum of n responses)t] X 25
n is the number of completed responses
Lower score is optimal

Work module

[(sum of responses)4] X 25
Lower score is optimal

Sports/performing
arts module

= —a -4 48 _—a —a 9

[(sum of responses)4] X 25
Lower score is optimal

Table 8: Scoring for each section of the FA@IQuestionnairewhere n is the number of
responses, and a higher scores represents higher shalided quality ofife (Brady et al.,

1997)

Physical WellBeing
(PWB)

Each score from this section must be subtracted from 4
[(Sum revised scores) * 7]/n
Score ranges from-B8

Social/Family Well-
Being (SWB)

[(Sum scores) * 7]/n
Score ranges from-28

Emotional Well-Being
(EWB)

= =2 =2 =2 =4 =

Each score from this section must be subtracted from 4, wit
the exception of question GE2

[(Sum revised scores) * 6]/n

Score ranges from-p4

Functional Well-
Being (FWB)

[(Sum scores) * 7]/n
Score ranges from-B28

Breast Cancer
Subscale (BCS)

= |=2 = =2 =2

Each sore from this section must be subtracted from 4, with
the exception of question B4 and B9

[(Sum revised scores) * 10]/n

Score ranges from-80

FACT-B Trial
Outcome Index (TOI)

PWB score + FWB score + BCS score
Score ranges from-96

FACT -B Total score

= |=2 =2 =2 =1

|l

PWB score + SWB score + EWB score + FWB score + BCS
score
Score ranges from-048

3.4.2Dual-energy X-ray Absorptiometry

Body composition measures were extracted from the scan for anBlydisfat

percentage, as well as total fat mass and tegéal massvereall extractedrom the report
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Additionally, lean mass, fat mass and percentagedatexported for the left/right arm,

left/right leg, trunk and headhe difference between the total mass of the left and righteasn
usedas a basis talertify the presence of lymphedert@10% volume differences indicative of
lymphedema Therefore, the parameters that were used for analysis were lean and fat mass and
fat percentage of the unaffected and affected limb, as wallyasphedema measueolume

difference between limbsxpressed as a percentage

3.4.3Peak Force Outpu

Peakforce datavereextracted from each isometric strength triako-point calibration
wasused taconvertraw voltage from the systemto force dataRaw force dataveresmoothed
using a low pass, second order, dual pass Butterworth filter, withadfduequency o4Hz
(adjusted tdHz (4/0.802) to account for the dual pass filtérhis cutoff was chosen to remove
high frequency noise as human movement occurs betwéeiz,0andthe strength taskare
isometric(Winter, 2009) and thus would be at the lower end of that raRgak forcavas
extracted from each trialsing a custom MatlabTN2020aprogram (Mathworks Inc., USA)
These outputs represent a measure of isometric strength in each fundamental shoulder motion

(flexion, extension, abduction, adduction, internal rotation, external rotation)

Raw forceproducton (in N) was chosen intentionally. Often handheld dynamometers are
used in clinics, whiclprovidecliniciansdirectforce measuregoften in N, but can also be
expressed in kg or Ibs). Thereforerde productionwas reportedasopposed to normalized
strength or shoulder moments,provide clinical relevancél his enhances translation tife
studyresultsto rehabilitationsettings. Additionally, force in newtons is an input to the model

used in Study 3, so for consistency this is reported (do&erson et al., 2007)inally, often
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force is normalized to bodyweight. This is common in Iclirab research as they are weight

bearinglimbs; howeverit is less relevant in relation to upglenb research.

3.4.4Kinematic Data - Range of Motion

3D markersduring range of motion taskgeretracked in VICON Nexus 1.8.5 (Vicon,
Oxford, UK) and further filtered for use in calculating joint angkémematic markersvere
labelled, and the marker trajectory of missing markers (20 frames or less thanédefsttern
filled using present markens the trial, using the Nexus softwaMarker trajectoriesvere
exported for further processinginemdic datawasdual pass filtered with a second order, low
pass Butterworth filter with a cut off frequenol/4Hz (adjust to5Hz for the dual pass filtering)

as human movement occurs betweesHz (Winter, 2009)

Local coordinate systemserecalculated from the exported marker trajectories following
defined recommendatiorfgvu et al., 2005fTable9). In order to calculate the upper arm
segment, the humeral head (joint cemtréheglenohumeral jointyvaslocated. The humeral
headwaslocated by subtracting 60mm from the acromion marker along-éxésyof the torso
segment (which connects the centre of SS and C7 and the centre of XP @ddsE8aum &
Zhang, 200Q)The joint centre of the elbow is necessary for the upper arm local coordinate
system and is defined as the midpoint between the lateral and e@d@ndylesThe static
calibration trial collectedvasused to develop an anatomical rotation matrix, describing the
anatomical landmarks of the trunk and upper limb within the cluster coordinate systems
decrease skin motion artifatteardini et al., 2005; Winter, 200¥egment rotation matrices
between the anatomical and sler axis systemserecalculated using the segment cluster
system relative to the anatomical local coordinate system. This relationship (between the cluster

and anatomical local coordinate systemasassumed to remain constant during all tasks.
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Table 9: Segmentoordinate systems, as defined by ISB stand@iset al., 2005)

AXxis Torso Upper Arm

Y -axis The line created by the centre of C7 | The line created between the humer
and SS and the centre of T8 and XP| head and the joint centre of the elbo
pointing upwards pointing upwards

Temporary Temporary xaxis: line formed Temporary zaxis: line formed

: between SS and7C pointing forwards| between the lateral and medial

axis epicondyles, pointing to the right

Z-axis Cross multiplication of the temporary| (Formed after »axis) cross
x-axis and the y axis, pointing to the | multiplication ofthe x and y axes,
right pointing to the right

X-axis Crossing the Y and Z axes, pointing | Cross multiplication of the y axis an
forwards the temporary z axis, pointing

forwards

A direction cosine matriwascalculated for each time pojribllowed by decomposition

and extracting@ppropriate angle§ o begin a time varying rotation matrix from the global

coordinate system to the local cluster systesm created by using the position data from the

cluster on the humeru$he final local coordinate systamas found by multiplying the time

varying rotation matrix by the constant relationship of the anatomical system to the cluster

system. The direction cosine matwascalculated by multiplying the transpose of the distal

segment local coordinate system (humerus) by the proximal local coordinate system (thorax).

These matriceseredecomposed using Euler rotation sequence-8fY Wu et al., 2005)

(Eq. 4). The rotations are described in Talb@® For each range of motion trial maximum and

minimum angles for each rotation were extracted using a custom MatldRZ0RDaprogram

(Mathworks Inc., USA)Therange of motiorwasdeterminé by subtracting the minimuamngle

from the maximum angléHall, Middlebrook, & Dickerson, 2011 the relevant rotations (for

abduction, scapular abduction, flexion, extension elevation avagased, fo internal and

external rotationaxial rotationwasused).
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Y Y gY bY g [Eq. 4]
AT@ATO OA T OFDE Al OBAITHITL
Y Ol OBl AT AT go0 Bl
ORI ATRBI O  ATQOBE OFDH ATAImIO
Where,r is plane of humeral elevatign is humeral elevatigrand’ 2 is humeral internal/external

rotation

Table 10: Humerothoracic rotation descriptions fotation sequence (X-Y 6(Wu et al., 2005)
Rotation Description

el(g) i1 Plane of | Glenohumeral plane of elevation (O is pure abduction, 90 is forward
Elevation flexion)

e3(q) 1 Axial Internal rotation (positive); external rotation (negative)
Rotation
e2(b) i Elevation angle (negative), rotation will be expresseploa#ive for ease o

Elevation Angle | understanding

3.5 Statistical Analysis

Prior to any statistical analysssGr u b b dvascompetetd tadentify outliers and these
data pointsvereremovedGrubbs, 1950)With 47 observations per variab{@able 11)and a
confidence interval of 95%, a criticalscorewassetat 2.87. Means and standard deviations
werecalculated, and agcorewascalculate for each point. Any points beyond the critical z
score thresholavereremoved as outliexr Two participants were removed due to missingre
than 5datapoints, andneparticipant was removed as an outlier (more than 5 data points were

beyond the critical-score).
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Table 11 Dependent variables for input in cluster analysis. Variables Marked with * remained
following the low variance filter. Variabldsolded andnarkedwith a* remainedollowing
backward feature elimination.

Dependent Variables

Time sincetreatment ended *

Age

Height

Weight

BMI

Physical activity (GODIN) *
Physical weHbeing (FACTFB)

Social weltbeing (FACTB) *
Emotional wellbeing (FACTFB)
Functional welbeing (FACTFB) *
Trial Outcome Index (TOI) (FACB)
Full Score (FACTB)

Breast cancer subscale (FAB)
Disability score (DASH) *

Physical functioning (RANEB6) *
Role limitation health (RANEB6) *
Role limitation emotion (RANEB6) *
Energy/Fatigue (RAND-36)* *
Emotional weltbeing (RAND-36)
Socialfunctioning (RAND-36)* *
Pain (RAND-36)* *

General Health (RANEB6) *

Body fat percentage

Total fat mass *

Total lean mass

Lean mass (affected/unaffected limbs, trunk)
Fat mass (affected limb*, unaffected limb, trunk*)
Percentage fat (affected/dfexcted limbs, trunk)
Volume difference (lymphedema score)
Abduction force *

Adduction force *

Flexion force *

Extension force *

Internal rotation force * *

External rotation force *

Abduction range of motion
Scapular abduction range of motion
Flexion range of motion

Extension range of motion* *
Internal rotation range of motion *
External rotation range of motion *

General Health

Questionnaires

DXA

Peak force (affected
limb)

Active shoulder range of
motion (affected limb)

=4 =8 =4 -0 -8_A_0_0_0_9_0_@/"29_-92_-92_-2_-92_29_-29\-9_-29_-9_-2_-2_-292_-9_-29_-292_-2_-2_-2_-29_-29_-92_-2._-24:9-24._-24._-9_-2._-°9
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3.5.1 Feature Reduction

Several important factoraustbe identified to use cluster analydise observations to be
included, clustering method, similarity measure, and procedure for determining the number of
clusterg(Blashield, 1980) Observatioal featuregor thecluster analysiperformed in this work
werestrength measurgs), activerange of motior{6), time since treatmeiil), body
composition(13), age(1), height (1), weight (1)physicalactivity (as determined through the
GODIN questionnaire{l), andshouldefrelated quality of lif§as determined by questionnaire
results)(17) (Table 11) Prior to completing the cluster analysis, the number of dependent
variables were reduced. To begall data was normalized. For each dependanable,the
maximumobserved in the studyas determined, and each data point was divideddiy th
maximumvalue Following this a low variance filter was completed. Any variable with variance
less than 0.03 &as removed from inclusion into the cluster analy&iter the low variance filter,
24 of the original observations remained (Table The observations removed were: age,
height, weight, BMI, FACTB (Physical weHbeing, emotional welbeing, TOI, and fli score),
RAND-36 (Emotional weHlbeing), body fat percentage, total lean mass, lean mass (affected and
unaffected limbs, and trunk), fat mass of the unaffected, liatlpercentage (affected and
unaffected limbs, and trunk), lymphedema score, and alodudiexion and scapular abduction

active range of motion.

The 24 variablethat remainedvere inputted intdbackwardfeatureeliminationas
predictors, with the response variable set as role limitation, health. This variable had the greatest
variance ofguestionnaireesults andllowed for the backward feature elimination to be fithre
5 dependent variables that were most predictitbefyroup of data remained for the cluster

analysis (Table 11)hese variables were internal rotation force productatension range of
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motion, and three questionnaire variables, all from the RA8[Questionnaire (energy/fatigue,

social functioning and pain).

3.5.2 Cluster Analysis

Theseb observationsvereinputted into &-means clustering method using a custom
Matlab™ R2020aprogram(Mathworks Inc., USA)k-meansclusteringseeks to reduce the
distance between each data point and the centroid of its respective cluster, and is commonly
applied tolarger biomechanical data s¢isaley & Raftery, 1998)Two to nineclusterswere
investigatedor this thesisNine clusterswerethe maximunconsideredisnine possible
treatmentombinationsexist(3 surgery types mastectomy, breast conserving
therapy/lumpectomy, lymph node dissection, and 3 surgery tygesmotherapyadiation and
a combination of the two).he silhouette method was used to determine the appropriate number
of clusterqEveritt, Landau, Leese, & Stahl, 201Theaverage silhouetiwascalculated for 20
clusters, and the highest averagesconsidered the best fllverage silhouette represents how
well a point is clusteredrhis measurdetermines how similar a point is to its own cluster,
compared to other clustersaMes closer to 1 represeutints are in the correct cluster, where
negative values represent data that is likely placed in the incorrect chustesige silhouettes
below 0.2 are considered weak and lack evidence, whereas values above 0.5 are considered
strong(Kaufman & Rousseeuw, 1990)he average silhouette for two clusters was the laajest
all scenario0.326773), and therefore two clusters were used for analysis for this study (Table
12). Silhouette values for all data poirsthe two clusterare depicted ifrigure 10 Find

cluster results are depictedrigure 11 Sixteenparticipants were allocated into eashbster.
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Table 12 Average silhouette values for@clusters, where values closer to 1 indicate data is

accurately clustered.
Clusters |2 3 4 5 6 7 8 9
Average |0.326773 0.229525 0.245196) 0.204399| 0.195422 0.193502 0.166886| 0.216219
Silhouette

8

5

O

01 02 03 04 05 06 07 08 09 1 1.1

Silhouette Value

Figure 10 Silhouette scores for each data point in each of the two clusters. Values closer to one
represent accurately clustered data, meghtivevaluesindicatedata that is likely in the wrong

cluster.
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Cluster Assignments and Centroids
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Figure 11 Cluster Analysis resultshere red indicatefié subject is allocated to cluster one,
and blue indicates cluster two. The centroid of each cluster is marked within the figure.

3.5.3 Cluster Comparison

The similarity between clustevgastested to determine the factors that separate the
groups and fctors of treatment and diagnoaiglisted in a table for comparisdiiable 13) 47
two-tailed ttestswereused to determine the differences of each group based on strength
measures, range of motion, time since treatment, body composition, age, pmtsidsl (as
determined through the GODIN questionnaire), simauldefrelated quality of lifgas
determined by questionnaire results) (Table Significancewasset at p<0.05A bonferroni
correctionwasimplemented to correct for multiple comparisgag) andadjusted tgp<0.01
(0.05A47). As this study is exploratory in nature, both levels of significance are discussed to

provide a clearer picture of important variablBescriptive statisticsnjeans andgtandard
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deviation3 weredetermined and repied for all dependent variabldsor variables where means
and standard deviatiomgerenot applicable, coun&rereported All quantitativestatistical

analygs were completed using a custdvatlab™ R2020aprogram(Mathworks Inc., USA)

3.6 Results
After data reduction techniqueésdependent variables were used to complete the cluster
analysis an@ clusters of breast cancer survivors emergedeeparticipants were removed
from analysisas outliers, leaving 32 participani&he diagnosignformation for participants of
each cluster, as well as self reported difficulties experienced by survivors in each group (Table
13).21 of the 47 variables were significantly different between the 2 clusitr$<0.05, and
12 were significantly diffenat between the clusters with p<0.00idividuals in cluster one
tended towards less fat mass, higher lean muscle mass, sighiderrelated quality of life
lower perceived disability and highfarce production and range of motion (Talie16).

Absolute percent difference varied from 0.25% to 110.69% between the two cl@tester one

will be referredtoad Hi gh Score Cluster (HSC)O6 and cl ust e

Cluster (LSC)®6.
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Table 13: Counts for each diagnosis variable, and-sgpiorted difficulties in survivors.

High Score Low Score
Cluster (n=16) Cluster (n=16)
Dominant /Non-Dominant 10/6 8/8
Surgery (Mastectomy Lumpectomy/ | 6/8/2 3/11/2
Lymph Node Remova)
Stage (1/2/3) 9/4/3 71712
Radiation Therapy 13 16
Chemaherapy 11 8
Hormone Therapy 10 10
Shoulder Tightness 6 9
Shoulder Pain 2 6
Pain 8 12
Swelling 5 7
SeltReported Decreased ROM 7 12
SeltReported Weakness 5 13
Cording 5 1
Numbness 7 9
ADL difficulty 4 13
Self reported Lymphedema 5 7

There vereno significant differences between the two clusters with respect to age, height
and weight, as well as months since treatnj€able 14). Eight shouldefrelated quality of life
variables were significantly differefp<0.001)betweerthe two clusterdd1SChad 19.5102.2%
greatershoulderrelated quality of lifeneasureg¢Figure 1214) and 110.7% less perceived
disability than that of participants the LSC(Figure 14. The HSCalso participates in 34%

more physical activity than the LSC (Table 14) (p<0.05).
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Table 14: Comparison oHSCandLSC for generahealthmeasuresindquestionnaire results
Higher scores of GODIN, FAGB and RAND36, and dower score for DASHindicatehigher

shouldefrelated quality of lifeVariables with p<0.05 are marked with *

HSC (n=16) |LSC (n=16) | p-value
Months Since Treatment(months) | 11.56+ 7.81 11.53+6.10 0.99
Age (years old) 56.88+ 6.12 56.73£9.00 | 0.96
Weight (kg) 72.81+ 14.48 75.88+ 14.40 | 0.56
Height (cm) 165.85+ 4.09 164.77+6.12 | 0.56
BMI (kg/m?) 26.45+5.10 27.93+5.04 |0.42
Physical activity (GODIN) 45.63+ 21.69 30.07+ 18.73 | 0.04*
Physical wellbeing (FACT-B) 25.26+ 2.61 19.93+£3.26 | <0.001*
Social weltbeing (FACT-B) 23.06+ 6.97 20.53+ 7.77 0.35
Emotional well-being (FACT-B) 20.69+ 3.03 17.73+ 3.45 0.02*
Functional well-being (FACT-B) 23.13+6.93 17.87+ 3.64 0.01*
Breast cancer subscale (FACIB) 26.13+4.73 21.47+5.76 0.02*
Trial Outcome Index (FACT-B) 74.81+ 8.67 59.27+9.15 <0.001*
Full (FACT -B) 118.56+ 15.98 | 97.53+ 15.07 | <0.001*
Disability score (DASH) 8.18+5.44 28.44+ 14.53 | <0.001*
Physical functioning (RAND-36) 89.69+ 10.87 60.00+ 17.63 | <0.001*
Role limitation health (RAND-36) 87.50+ 22.36 28.33+ 33.89 | <0.001*
Role limitation emotion (RAND-36) | 97.92+ 8.33 60.00+ 33.81 | <0.001*
Energy/ Fatigue (RAND-36) 75.31+ 11.47 31.00+ 16.06 | <0.001*
Emotional well-being (RAND-36) 74.75+ 9.32 67.20+£ 10.92 | 0.05*
Social functioning (RAND-36) 91.41+14.94 70.83+ 19.29 | 0.002*
Pain (RAND-36) 77.34+ 14.50 57.17£26.51 | 0.01*
General Health (RAND-36) 76.88+ 15.48 54.33+ 20.25 | 0.002*
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Figure 12 FACT-B scores foHSCandLSC. An * representsignificantvariables with a
p<0.05.
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Figure 14 Scores forHSC and LSGor the GODINand DASH surveysAn * represents
variables with a p<0.05.

There were no body composition variables that differed betW&hand LSGt
p<0.00% howeverlean mass of the affected arm was significantly different between the two
clusters (p<0.05HSCtended to have less fat mass, and increased lean mass comps8€d to

(Table B). Lean mass of the affected arm was 11.50% largeliS@ compared ta@.SC (p<0.05).
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Table 15: Comparison oHSCandLSC for body composition results from DXA scaviariables

with a p<0.05 are marked with *

HSC (n=16) LSC (n=16) p-value
Body fat Percentagg %) 38.57+7.20 43.27+8.04 0.10
Total fat mass(kg) 2919+ 1180 3560+ 1282 0.16
Total lean mass(kg) 39.66+ 3.75 39.26 + 3.80 0.77
Fat mass trunk (kg) 1269+ 5.82 1527 +£5.74 0.23
Lean mass trunk(kg) 2042+ 2.66 1997+ 2.18 0.61
Fat percentage trunk (%) 35.94+ 8.88 41.15+ 8.18 0.10
Fat massaffected limb (kg) 1.64+ 059 2.03+0.84 0.14
Lean mass affected limigkg) 2.06+0.32 1.84+0.24 0.04*
Fat percentage affected limh(%) | 41.59+ 8.87 48.66+ 10.78 0.06
Fat mass unaffected limb(kg) 1.70+ 0.63 2.17+0.86 0.09
Lean masaunaffected limb (kg) 1.96+0.29 1.89+0.27 0.49
Fat percentage unaffected limb | 43.52+ 8.19 49.95+ 12.08 0.09
(%)
Volume Difference 7.82+5.28 8.64+6.31 0.70
(Lymphedema measurg (%)

The two clusters differed significantly all isometric force production measurements,
andfor one of therangesof motion measurementslSC participants produced 4#%7.4% more
force than participants ithe LSC (Table ¥). For force directions that wesignificantly
different(p<0.001) (abduction, adduction, flexion and extensiah¥olute difference was largest
in adduction force (88N), and smallest in abduction force (72.2Rigure 15. The other two
isometric force production measures and i@mge of motion measure were significant at
p<0.05.External rotation and internal rotation force were 47.8 and 5@&wér inHSC
compared ta_.SC, respectively. Flexion range of motion was 2gBater in participants in

HSC compared ta.SC (Figure 16.
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results Variablessignificantwith a

Table 16: Comparison oHSC and LSGor force production and range of motiROM)

<0.05 are marked with *.

HSC (n=16) LSC (n=16) p-value
Abduction Force (N) 161.87+41.25 89.64+ 41.32 <0.001*
Adduction Force (N) 201.45+ 44.66 118.89+ 31.19 <0.001*
Extension Force(N) 201.55+ 50.82 123.80+ 37.05 <0.001*
External Rotation Force(N) | 131.73+45.41 83.96+41.14 0.005*
Flexion Force(N) 185.55+ 54.95 105.77+ 33.31 <0.001*
Int ernal Rotation Force (N) 130.01+ 56.50 76.62+ 40.59 0.005*
Abduction ROM (°) 160.36+ 13.09 145.71+ 31.70 0.10
Extension ROM (°) 54.24+ 29.36 50.14+ 25.60 0.68
External Rotation ROM (°) 47.66x 22.41 45.36 + 15.82 0.75
Flexion ROM (°) 162.18+ 18.01 144.46+ 25.71 0.03*
Internal Rotation ROM (°) 47.36x 15.26 40.82 + 16.15 0.26
Scapular Abduction ROM (°) | 156.35+ 13.03 147.90+ 26.28 0.26
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Figure 15: Isometric force productiofor HSC and LSGn all 6 positionsAn * represents
significantvariables with a p<0.05.
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Figure 16: Range of motion foHSCandLSCin all 6 motions. An * represents variables with a
p<0.05.

3.7 Discussion

This study classified breast cancer surviviot® two groups (referred to in this study as
HSC and LSC). The novel classification determined which measufesation physical
activity, perceived disabilitystrengthandrange of motionyvere morepredictiveof alower

shouldefrelated quality of life

3.7.1 Classification Features
It washypothesizedhat two clusters would be formed, based on physical activity, time
since treatment ended, internal rotation force production, flexion range ofhirantio perceived

disability. Two groups were formed, however the five variables that remained after feature
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reduction were internal rotation force production, active extension range of motion, and 3

variables from the RANEB6 questionnaire (energy/fatigusgcial functioning and pain).

Internal force production was identified as an important factor in this cluster analysis.
The pectoralisnajor isan internal rotator (as well an adductor). Therefore, it was expected that
internal rotation strength woulcldecreased in breast cancer survivbhe pectoralis major
maybe damaged through both surgery and radigtigps et al., 2017)With the accumulation
of damagdrom treatmentpectoralis major may show deficits, including loss of strength. To
measure thigactor, the current study investigated force production. Oncdttactors were
reduced, internabtationforce production was left as one of five variables that cledter
participants into one of two clusteis.reduction in internal rotation force production following
damage to the pectoralis major is expected to its fustion. The HSChad 69.68% greater
internal force production than the LSGteraturesupports the notion that interrrakationforce
could be reduced in this populatiqitarrington et al., 2011; Ribeiro, Camargo, et al., 2019)
The current studgonfirmedthat internal force production may be an important factor in

determining whether an individual will have a higher, or logrerlderrelated quality of life

Extensionrange of motiorwas determined as another predictor variable in this cluster
analysis.One of the many functions of the pectoralis major is to assist in extgBsmnn,
Wickham, McAndew, & Huang, 2007)The damagdrom treatmentnay cause scar tissue to
form in the muscle affecting functiandresulting inpectoral tightnes@Hayes et al., 2012)
Literaturereportsmodest decreases irtenson, between 5 and X@Harrington et al., 201,
Serraafd, Inglés, Bowcatald, Iraoldliso, & Espitlépez, 2019)Although this decrease is
modest, it is indicative adhe underlyingightnes from the damagSerraafo et al., 2019)

Interestingly although this variable was identified as an important variable to cluster
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paticipants, there was no significant differenoextensiorbetween the final clustem the

current study

Energy/fatigue (from the RANI36 questionnaire) is the first of three variables that
emerged fronself reported measurdsnergy, and more spdically fatigue is often cited
following cancer treatmenAlthough most often cited following chemotherapy, fatigue from
radiationreturns to pre treatment levelp to 6 months following treatme(itvine et al., 1998)
Energy and fatigueoutinely act as amimmportantaspecin survivorship as up to 91% of cancer
survivors report fatigue as the reason they are unable to complete dailfiraskset al., 1998)
With such a large impact on daily lifepnergy and fatigue isgically a suitable predictor
variable.Energy and fatigue scores were 142.9% higher in the HSC group (which translates to

higher shouldefrelated quality of lifeless effec of fatigue and more energy)

The second questionnaireriable was pain (from the RANB36 questionnairePain isa
commonly indicated symptom in survivoisis reportedn 31-61% of survivors, and althougi
may berated as milédnoderateits presence is still persistent aaffectsdaily life of survivors
(Lauridsen et al., 2008; Levy et al., 2012; Rietman et al., 2004; Tasmuth et al.,3865)
reported pairoccurredn 12/16 participants in the LSC (and in 8/16 in the HI®gre was a
35.3% difference in pain scores in the current study, where the HSC reported higher scores
(indicating lower pain)As pain is commonly reported in survivpitsis probable that more
severe pain is an indicatof reduced strength and shouldelated quality of life, but even mild

pain persigtin over half of survivors that are within two years of treatment.

The final variable left after feature reductioaswsocial functioning. Social functioning
was 29.1% higher in the HSGocial supporis an important factor during candeeatment;

however it can become complicated during and even after treatmkatmain factors involved
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in social functioningnclude abilities to fulfil social roles (spouse, parent, student, empleyge

or Ahousehol d, famil y,arso cinal oarcd (Boanpihgwnmilt ya,c t
Kerson, & Nuamah, 1999Routine follow ups end after five years following the conclusion of
treatment, and a declineseen in both self reported social and physical functioning

(predominantly in younger survivors) as there is a deficit in sugidorth et al., 2013)This

decline in social functioningersists a0 years, especially in survivors who received

chemotherapyr hormone therapfGanz et al., 2002 he decline in support, and mounting

social roles a a continued presence long after treatment ends, and are a defimsnt of

survivorship.

It should also be noted thalthough these five parameters were the remaining variables,
this does not mean that other varialstesy not bemportant. Rather, wk to the low variance
filter, and backward eliminatigvariables that would predict sitarly are removed. It is
redundant for these similar variables to be kept for the analysis, so the best predictor remains.
This does not infer that these variables animportant, but that the may be overlappinigces

of survivorship expressed within another variable.

3.7.2Functional differences in survivors

The second hypothesis was that one group would have lower meassinesilokr
related quality of lifeparticularly increased perceived disability (DASH), decreased physical
activity levels (GODIN), increased arm volume differences (indicative of lymphedant),
decreasetkan muscle masstrength and range ofotion. Several measures gshouldefrelated
guality of life wereindeedsignificantly lower in the LSC; Physical wéddeing and the full
FACT-B scores, physical functioning, rdlienitation (health and emotion), and energy/fatigue

RAND-36 scores, DASH scores, and abduction, adduction, extensidleaiod force
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production There weraminimal significant differences in active range of motmmbody

composition measurdgfiexion range of motion, and lean mass of the affected)limb

Force production is an important functional parameter in survivarslsipreviously
stated force production significantldiffered between the two clusters, specifically in abduction,
adduction, extension and flexion. Range of motion, which is often also cited as an important
factor in survivor healthglid not significanly differ between the clusters. This suggests that
weakness, or decreased strerfgadthe largest effect on survivors after the conclusion of
treatmentA difference of strength greater than 63.7N (6.5kg) is deemed a clinically important
difference(J. K. Kim et al., 2014)Although this is based on grip strength, the exact number is
not applicable, it provides a guideline for clinically measurable differences in strength.
Differences between HSC and LSC in abduction, adduction, extension and flexion in the current
study rangd from 72.2382.56N meeting this criterionDecreasem strength have been
previously linked to a decrease in shoulddated quality of life, especially compared to aon
cancer reference populatiofBertoli et al., 2020; Zabit & lyigun, 2019yhese decreases in
strength may be more evident after a year following treatfMantiukiewicz, Hussein,
Mourtzakis, & Dickerson, n.d.Differencesin force productioriedto difficulties completing

daily tasks and a return to work in a similar capacity to before treatment.

The second functional parameter investigated was range of mRtéage of motion
differences were modeit the currat study below 15 for all planes of motion excluding
flexion. As 15° is the smallest difference cited as clinically signifi@anhgrup et al., 2000)
there were no other clinicallgneaningful differences between the two groups. However, flexion
was significant (p>0.05) and had a difference of 17.7° between the HSC and LSC, which may

indicate importance of this movemebiecreases in range of motion have been investigated in
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the workphce, and lead to a loss of productivi@uinlan et al., 2009However, like the current
study range of motion differences are complex in this population. There are clear restrictions in
the breast cancer survivor population, however it is largely variafikr. one year from the end

of treatment onlylexion and sapular abductioexperiencd a decrease, in comparison to
individuals within o year from the end of treatmefMaciukiewicz et al., n.d.)Differences
havealsobeen cited to occur betwebreast cancer survivors areference populations

(Harrington et al., 2011; Lang et al., 2019; Ribeiro, Moreira, et al., 28@@)everthe current

study indicates these differences are likely not as imperative to segregate sunauarskaly

to correspondo a decrease in shouldeslated quality of life. This is not to say that restrictions

in range of motion are vimportant in this population, but that strength is the more important

functional parameter in this population.

Body composition differences werainimal between the HSC and LSC participaritsa
review articlethe impacts of treatment for breast cancer were not defiriiveean, Hoskins, &
Stolley, 2012) There was no consistent weight increase, and any changes in weightreicteot
to adipose or lean mass changes in participants. However, therenegateve impact on body
composition with the use of hormone theréfheean et al., 2013imilarto range of motion,
there are participants who experience these adverse effects of treatment, but the lgerature
equivocal regardingvhich participants this may affedhe current studgnticipatedoody
compositiongroup differencesspecificallydeceasé lean muscle mass in the affected arm of
the LSC anda decrease in force production vedsohypothesized. Lean mass of the affected
limb was 206 + 0.32kg in the HSC, and.&4 £ 0.24kg in the LSC (p=0.04)verall, withno

other differences in bodyompositionthe current study suppottise notionthatbreast cancer
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survivors have ndiscerniblephysicalchangesAs the current study had similar treatments in

each grouppotential treatmenderiveddifferencesare indistinguishable

3.7.3 Treatmen and seltreported deficits

The third hypothesistated a higher percentage of participants in the LSC would present
with a more invasive treatment and more advanced diagnosis Bregparticipants in the LSC
and the HSC hasimilar counts oftreatment type and stage. The majority of both groups
received a lumpectomy (11 and 8, respectively), and both grougewagarticipants diagnosed
as stage 3 (2 and 3, respectively). Most participants (29/32) received radiation tredtiteent
50% of theLSC group, and 68.75% of the HSC received chemotheEsgmh group had 10
individuals receiving hormone therapy. The difference in coammsrged most prominentiy
self reported weakness, shoulder pain and ADL diffic(ifigble 13) Literatureis incondusive
on the effects of each treatment type on-ssghiorted outcomeandthe perceived impact of these
treatments can lead to a great range of issues for surviweakness is reported by survivors
who have received chemotherapy and radigliee et al., 2008; Markes et al., 200Byen in
the HSC in this studyndividuals reported weakness and decreased range of motion although the
measured datdid not corroborate thig his can be attributed to tivariety of force production
for each of these measures, as self reported weakness is not specific to anyeoaerption.
However,the LSC had larger numbers of sedported weakness and range of motod
increased pain. Participants in the LSC also had worse shaalded quality of life,
specifically in physical functionin@33.1%) role limitation(38.7%emotional, 67.6% healtland
energy/fatigu€58.8%) They also reported more difficulties with activities of daily living. This
supports the notion that survivors wberceiveweakness or restriction in their affected arm feel

they cannot complete tasksat affect their ability tdulfill important roles in their livesnork
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and home life]Lee et al., 2008; Markes et al., 2008) rather low association between
shouldefrelatedquality of life and range of motion was identifigdliterature(Rietman et al.,
2003) Although there were associations between difficulties completing daily tasks and
morbidity of the upper arm, clinical significance vadssenand therefore could not be attributed
to range of motion. This supports the current finding that range of mditiorot differ between
groups Although these restrictions are apparent in this populatimge of motion is not the
most importanfactor thatguantitativelyrelates to overall shoulderelated quality of lifeThe
current study results suggest wealsn@gmth measured and sefported) is more important to
differentiate shoulderelated quality of lifeamongst survivorsPreviously, strength of the
shoulder girdle related to decresseshouldesrelated quality of lifgHarrington et al., 2011,
2013) Overall, these associations support theakness after treatmerduld be an important

factor in survivorship.

3.7.4 Comparison to norcancer population

Aging affectsthe musculoskeletal systamseveral waysThe population in the current
study had an average age of ~ 57 years of age (56.9 and 56.7 for the HSC and LSC,
respectively) Studies oryounger populationsften focus orparticipants under 40, and aging
popuhtionstudies onndividuals over the age of 6placing the cuent studypopulationin
between. It can be inferred that aghmad some affectroour participants, but the loss of strength
due to aging may not be overwhelmingedian muscle mass loss ovlee age of 45 is
approximately 0.37% per ye@and accelerates over 75 yedid)tchell et al., 2012)Strength is
lost 25 times faster than mass in the aging populdfditchell et al., 2012)A loss in skeletal
muscle masand strengtlis associated with functional impairment and disability, especially in

women (compared to mef)vin, Tumuluri, Looft, & FreyLaw, 2015; Janssen, Heymsfield, &
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Ross, 2002)The difference intsength in40 and 6Q/ear old wonen ranged fron82.850.0%
(Hughes et al., 1999n thecurrent studythe differencébetween the two clusters ranged from
47.857.4% (Table 16)Theparticipantsan the current studyanged in age from 35 to 74 years
old, but averaged at 57 years dlthfortunately, due to the COVHR9 pandemican age
matchedhon-cancer reference population wagasible tocollect. Further research is needed to
determine whether the HSC in the current stagigroximates non-cancer reference population,

or deficits existfor all survivorsfollowing treatment.

3.8 Limitations
Study resultsshould be considered within the context of several limitatieinst, the
studyhada relatively small sample size. A larger sample imayedecrease the variability and
increasd the difference between the two cohorts. Additionatbsjability within each treatment
(drugs used, doses given, surgeon completing the sumgesyfofound the results of the current
study. However, the heterogeneity of this populatian also beonsidered a strength to
determine which factors have a larger influence onismmo r sdé | i ves. Further,
completed for range of motion or strength trials, unless deemed necessary by a researcher
(deviation in posture, force did not plateau), or participants (maximum was not reached). This
was controlled to avoid grunnecessary pain, or any fatigue that may mitigate results in this

population.

3.9 Conclusions

Breast cancer survivors have different experiences after treatigletvariancetypifies
treatmentypes force production, range of motion, body compositmal shoulderelated
guality of life. However, the relationship between these variablesyramd importantly which

variablesmight distinguishwhich survivors may need more rehabilitatr@mains uncleafhe
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feature reduction in the current study deteed thatinternal rotation force production, active
extension range of motion, and 3 variables from the RAM8@uestionnaire (energy/fatigue,
social functioning and pairsuccessfullydistinguisted survivors within 2 years of treatmeanto
two clustersSeveral factors diffexd between the twaelusters ogroups. The HSC participants
hadlower seltreported disability, role limitation (health and emotidajigue and higher self
reported physical welbeing along with increased abduction, adductiotteesion and flexion
force production (p<0.001¥everal other factomdiffered significantly(p<0.05) including lean
mass of the affected armhysical activityinternal and external force productiand active
flexion range of motionThis explorative investigatiois helpful to clinicians and
physiotherapists to assist in determining individuals to tasgjetbilitation efforts. This study
determined thgparticipants with lower selfeported shoulel-related quality of life likely also
produceower maximalforce. Theseassociated witimore repored difficulties with ADLs, and
therefore should be factors that are addressed in a rehabilitation program. Little research has
been completed on these fart and their affect on low load daily tasks in this population,

promping the work described ithe next chaptgiCh. 1V) of this dissertation.
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Chapter IV - Kinematic and Muscular Activation Differences
between Breast Cancer SurvivorPuring Activities of Daily Living

(ADLS)

4.1 Introduction

Functioral activities performed bglinical populationsare oftencharacterized with
discrete data pointseglecting additional information that may be contained in considdreng
entire movementStatistical pasmeter mapping (SPMnablesnulti-dimensionatime-series
biomechanicatlataanalysis a®pposed to discrete dateiston et al (1991) began using this
technique in image data by comparing pixels of brain scans to one another to determine regional
differences (Friston, Frith, Liddle, & Frackowiak, 1991). This technique has garnered much
attention recently in biomechanics as it allows comparison ofggmies data. Although it
appears to have a multiple comparison problem, by using gaussian randoimefie}dSPM
corrects pvalues for the entire volume of the data set (Worsley, Evans, Marrett, & Neelin, 1992).
HughesOliver et al (2019) used SPM to locate portiona stopjump task that differed
between limbs in a group of participants wattteriorcruciae ligament reconstruction. Discrete
data mayoften indicatedifferences, however SPMorespecificallyidentified bilateral
differencesattheankle during théanding phase of themp task where the surgical limb had
increased peak eversion (4%Y, but decreased peak inversion (67.3%) compared to the non
surgical limb(HughesOliver, Harrison, Williams, & Queen, 201%Bimilarly, duringearly
weight acceptance insair descerntiask differencegxistedduring hip flexion/extension and
abduction/adductiobetweerparticipants who received reconstruction for ACL injuries vs

individuals who only received physiotheraf8ole, Pataky, Tengman, & Hager, 2017)
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Investigations in breast cancer survivors hgeeerallyfocused on discrete data points
during variougasks. Recerneports indicate that duringarious activities of daily living breast
cancer survivors usidess elevation and rotation on their affected $Rl®okham et al., 2018a)
Further, during ADLsbreast cancer survivoexperienced highenuscular demanthan
referenceparticipantyBrookham & Dickerson, 2016; Galiar@astillo et al., 2011; Shamley et
al., 2012) Differences in total muscular effort yasubstantially acros&DLs and work tasks.
Generally, discrete data showed similarstular effort, butluring some tasks differences
occurred betweethe affected and unaffected lisfBrookham et al., 2018blHowever, these
discrete pointslid not explainthe temporality of thesdifferences during the movement, making
cleancompaisons difficult Lang etal. (2019) reported discrete data points during functional
tasks comparing breast cancer survivorsraference participantand accompanied these with
plots to describe when these differences were occuringxtreme postures, survivors with
impingement pain had decreased humeral abduction and internal rofiatiog et al., 2019)As
these postures could have serious implications for potential injury mechanisms, it is important to

consider when theseccurduring daily tasks tielp identify potentiafisks forsurvivors

4.2 Objectiveand Hypotheses
The objective of stud? was todeterminaf differencesexistedin kinematicstrategies

and muscular activatigpatternsn two a priori definedgroups of survivorgby study 1)

The following hypotheses were posed for stady

1. Differences wil existbetweerthe two clusters dfreast cancer survivodiiring
activities of daily living in elevation angle and plane of elevasipecificallythat

the higher functioningscorecohort(perstudy 1)will use moreelevation angle
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and plane of elevatioduring tasks (particularlgluringtasks with external
weights)
2. Muscular activation will differ for muscles of the affected ahmoughout various
ADL tasksbetween groups of breast cancer survivBpecifically.
a. The lower functioning cohorpérstudy 1 will activate pectoralis major
andlatissimus dorsmoreto completed the same taskje to damage of
these muscle@.ipps et al., 2017)
b. The lower functioning cohorpér 1) will increase activation of muscles
lesslikely to be damagedy radiation (deltoids, supraspinatus,

infraspinatus) durind\DL tasks (particularly tasks with external weights)

4.3 Methods
4.3.1 Participants

Data generatedithin studyl (Chapter Ill, Section 3.3, page40) contributel to study?2.

The results from study fbrmedthetwo groups of survivag analyzedin study 2.

4.3.2 Motion Capture Instrumentation
Motion capture instrumentatiomasidentical to that described study 1(Chapter I,

Section 3.3.2pagedl).

4.3.3 Surface Electromyography Instrumentation

Eight upper extremity musclegerecollected bilaterally (total of 16 musclesjth the
Noraxon T2000 telemetered system (Noraxon, Arizona, USA). Prior to placement of electrodes
the skin overlaiyng each musclevasshaved and cleansed with alcohol to reduce impedance
(Cram & Kasman, 1998)Noraxon bipolar AgAgCl dual surface electrodes with a fixed 2cm

inter-electrode spacingasplaced over the muscle bebf each muscléased on published
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standardg¢Tablel7). Specifically, anterior, middle and posterior deltoids, pectoralis major

(clavicular and sternal insertions), infraspinatus, supraspinatus, and latissimwgedersi

monitored A ground electrod&vas placed over the clavicl&urface EMGwvasrecorded at

1500Hz within the VICONNexus1.8.5software (VICON, Oxford, UK). Following electrode
placementisometric maximal voluntary contractions (MVCs) for each individual musake

performed. Participangserformedspecific exertiongn postures that elicit the greatest isometric

activity for each muscle amitlined in Tablel7 (Cram & Kasman, 1998; Daniels &

Worthingham, 1986)Raw EMG signalsvereband pass filtered from 1%00Hz and

differentially anplified (commonmode rejection ratio >100 dB at 60Hz, input impedance

100Mgq) to generate maxi mum wered/D ehvertecdapl500f i cat i

samples/second usindl&-bit A/D card with a £3.5V range.
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Table 17: Electrode placement and MVC postu(€sam & Kasman, 1998; Daniels &
Worthingham, 1986)

Muscle Placement MVC Posture
Anterior 4 cm below the clavicle, on the anterior asg Seated, Shoulder flexed forwat
Deltoid of the arm, parallel to the muscle fibers to 9, elbow fullyextended,
participant pushes upwards
Middle Lateral aspect of the upper arm, and Seated, Shoulder abducted to
Deltoid approximately 3 cm below the acromion, | 9C°, elbow fully extended,
parallel to the muscle fibers participant pushes upwards
Posterior 2 cm below the lateral border of the spine g Subject lays prone, shoulder is
Deltoid the scapula and angled on an oblique angl¢ abducted 99 externally rotated
toward the arm participant pushes upwards
Pectoralis Placed on the chest wall at an oblique angli Subject lies supine, elbow and
Major toward the clavicle, approximately 2 cm shoulder are flexed t@0°
(clavicular below the clavicle, just medial to the axillary participant exerts upwards and
insertion) fold inwards
Pectoralis Medial to the axillary fold with the arm Subject lies supine, elbow and
Major medially rotated, horizontally on the chest | shoulder are flexed t®0°,
el wall, over the muscle mass 2 cnmt fnom the | participant exerts upwards and
) : axillary fold inwards
insertion)

Infraspinatus

4cm below, and parallel to the spine of the
scapula, on the lateral aspect of the
infrascapular fossa

Elbow bent to 8°; participant
externally rotates

Supraspinatus

Directly above the spine of the scapula on {
distal lateral aspect, over the suprascapula
fossa

Participant lays on their side,
elbow fully extend, shoulder
abducted 19 participant
abducts arm

Latissimus
Dorsi

Approximately 4 cm below the inferior angl¢
of the scapula, half the distance between th
spine and the lateral edge of the torso,
oriented slightly obliquat approximately25°

Seated, shoulder is abducted t
90° and elbow flexed to 90°,
participants adducts arm
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4.3.4 Experimental Protocol

The experimental protocol for studynasimplemented within the collection for study 1.
Prior to the aforementioned strength trials, electrode placeimanplace for both the affected
and unaffead limbs. ParticipanigerformedviVCs for each muscle, for a total of 16 exertions
(Tablel17). Therewasa minimum of two minutes of rest between each exettd@void fatigue

(Chaffin, 1975)Extratimewasgi ven bet ween trials at the part

Participants completethe collection protocol by performing ADI(®llowing all tasks
for Study 1) The® tasksverecompletedwith both the affected and unaffected limb; however,
some tasks requideboth limbs. Each triavascompleted twice, for a total @4 trials. For the
purposes of this thesis, only the affected limb is analyzed.
4.3.4.1 Activitiesof Daily living

Eight ADL tasks(Table18) wereassessetb provide an overview of function DL
tasks Where possible, targets and propsreused to help decrease variability and increase
realism in task¢Taylor et al., 2018)The various tasks spaadboth general tasks and those
more frequently performed lwomen More challenging tasks were not targeted to avoid fatigue
effects in these individual&ach taslbbegarwi t h t he parti ci pantsd hand
front of them. The triatndedwiththep ar t i c i p retarting té thénresting gositiorkive
second trialsverecollected to allow the participant enoutime to fully finish the motion and
return to a resting position. Datascut to begin and end when tharticipant is in motion, to
allow for comparison of the active motion of the tritinematic datavasfiltered first
(described below in Section 413and then used torop the timeseries joint angke and EMG
data.The mean and standard deviatiorao€eleration of the wrigthe midpoint between the

ulnar styloid and radial styloidjuring static trialsvascalculatedThreestandard deviations
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from the mean waset & thethresholdior movement. Once movement acceleration was greater

than this threshold, movement had begun, and once the acceleration was lgss, ttrantrial

had ended. These time points were exporte@doh trial to use to cut both the kinematic and

EMG data.

Table 18: Description ofactivities ofdaily living

Activity

Explanation

Hand to ipsilateral back
pocket (unilateral task)

In a resting seated posture, the participaathedand touckdthe
ipsilateral back pocket and return to resting

Reach to shelf at
shoulder height
(unilateral task)

In a seated posture the subject geaispweighted object, lift it to
the shelf at shoder height, release, and then return it to resting
position. The subject complet¢his with a weight of 1kg.

Forward reach
(unilateral task)

In a seated posture the subject gealspweighted object, reaet
to 80% of arm length, releateand then retuedto aresting
position. The subject complet¢his with a weight of 1kg.

Lift shopping bag
(bilateral task)

From a standing position, subjects rezatto the ground to lift a
weighted (5kg) shopping bagofn the floor to a table, then
returredit the floor.

Pour from pitcher
(unilateral task)

In a seated pasrethe subject staetiwith the hand resting on the
table, then readdfor the handle of a pitcher, fdla cup set the
pitcher down and retuedto the resting position.

Reach with weighted
tray (bilateral task)

From a standing position, the subject sdet rest reactked out
and lifteda weighted (2kg) tray from a table, teda quarter turn
andplacel the tray on a shelf belowhe subjectifted the tray
and returedit to the resting position.

Bra fasten (bilateral
task)

In a seated pasrethe subject readdwith both arms behind the
torso to touch where the bra fastens in the back, then egltine
arms to the starting pi®n.

Put on necklace
(bilateral task)

In a seated pasre subjectgpickedup an unfastened necklace,
reacledbehind the neck and fastithe necklace then retued
the arms to the starting position.

4.4 Data Analysis

4.4.1 Kinematic DataProcessing

Kinematic dataveretracked and filterefbr the ADL trialsin the same fashion dise

range of motion trials istudy 1 (outlined in section 3.4.page52). Segment coordinate
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systemswverecalculated following ISB recommendatiofWu et al., 2005]section 3.4.4, Table

9, pageb3). Thedifference in processingccurredn calculating the joint angle€nce the

direction cosine matriwascalculated (multiplying thé&ranspose of thdistal segment (humerus)

by the proximal segment (thorax)he maricesweredecomposed using an XZY rditan

sequenc€EQq5) to avoid common gimbal lockat&vhen usi ng | SBhaslkeandar d
Br aman, LaPrade, & Ludew({TgbleloRThisrimics@evious & Ch ~ z
studies looking at kinematic motion in clinical populatigbang et al., 2019)Time series joint

angles for all three rotationgereexported for further analysiBata was cut as described in

Section 4.3.4.1.

Y Y aY bY g [Eq. 5]
ATgBiad ATgOEIATIO ORO B ATgOEIORI OEgA T 10
Y OEal ATad T AT &) Bpl
OBATaD OBOEATHO ATOBI OFDEIOEN AlTdATH0

Where,a is humeral elevatigh is plane of elevatioands is axial rotation

Table 19: Humerothoracic rotation descriptions for rotation sequence (XEadke et al.,
2011; Genk & Ch ze, 2006)

Rotation Description

el(a) i Humeral | Axis fixed to the thorax andoincidentwith the X-axis of the thorax
Elevation system; elevation (+); depressich (

€3 (g) i Axial Axial rotation around Yaxis of the humerus; internal rotation (+);
Rotation external rotation-{

€2 (b) i Plane of | Common axis perpendicular to el andt®@ rotated Zaxis of the
Elevation humerus; horizontal flexion (+); horizontal extensien (

4.4.2 SsEMG Processing
EMG wasanalyzed in the time domain. Resting iassremoved from the signal of
each muscle by subtracting the me#the raw trialfrom each tine point A high pass, second

order, dual pass Butterworth filter, with a @it frequency of 30Hzvasapplied toreduceheart
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rate contamination from all tria(®rake & Callaghan, 2006 he signawasfull wave rectified
and low pass filtered using a second orderglepassButterworth filter, with a cubff
frequency of 2.5H¢Brookham & Dickerson, 20163EMG wasnormalized to muscle specific
maximums.Each trialwasvisually inspected to ensure the signalsclean from any noise, or
otheradverse event®ata was cut with the time points exported as described in Section 4.3.4.1.
For all ADL tasks, timeseries datavasexported as %MVC usingcustomMatlab™ R2020a
program(Mathworks Inc., USAJor use in analysis
4.5 Statistical Analysis - Statistical Parameter Mapping

SPMwasused to compare the groups determined in study 1 (SectiorE®B)oneway
ANOVAs wereused tadentify potentialdifferences betweergroups over the entire duration of
each trial Open source codeeviouslyused in biomechanical datasused to comple the
statistical analysi§Pataky, 2012)All 3 thoracohumeral rotations (plane of elevation, elevation
angle and axial rotation) along with 8 musclastérior, middle and posterior deltoidgcporalis
major (clavicular and sternal insertions), infraspinatus, supraspinatus, and latissimusf dioesi
affected sidevereinvestigated for eacADL . Kinematic and EMG dataeretime normalized,
where the start of the trialas set to 0, and the émvasset tol to avoid bias in the signal due to
shifts in timing of eventsEEach time pointvasdivided by the total time to peesent the relative
time foreach data poinfThep valuewasset at p<0.0%or each comparisoiZ-scoresvere
outputted for each time poiduring each tastor comparison. A criticaZ-scorewasdetermine
for each trial, where data beyond this somege considerestatistically significarly differentat

the correspondingme point.
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4.6 Results

Results argresented across all 8 activities of daily livity ADL. Kinematic data is
presented for each of the three planes of thoracohumeral motion. In all trdipl@ne
elevation(also referred to as horizontal abductioicates pure abduction, and°38 in front
of the body(flexion), positive elevation angsendicate elevation, and positive axial rotason
indicate internal rotation. SEMG data is presented for 8 musgestoralis majoclavicular
insertion (PEC(C)), pectoralis majsternal inseron (PEC(S)), anterior deltoidA)DEL),
middle deltoid((M)DEL), posterior deltoid(P)DEL), infraspinatus (INFRA), supraspinatus

(SUPRA), and latissimus dorsi (LATS).

4.6.1 Pocket

Both groups performed similarly when reaching to the ipsilateral back pocket. Plane of
elevation, elevation angle and axial rotatveere statistically the same through the entire task
(Figure 17) Plane of elevation remained on average between 50 &rfdriibth groups
Elevation angle ranged from 30 to°6and axial rotation ranged from 50 to°@Bigure 17) As
participants reached back elevation increased to allow the hand to reach back, and remained in an

internally rotated posture.

PEC(C), PEC(S), (M)DEL, and (P)DEL were similarly activated through the entirety of
the task (Figure 18). Afbur muscles were, on average, less tAé MVC while reaching to
the ipsilateral back pocket. SUPRA and LATS were statistically similar for betRl$C and
LSC (Figure 18) However, the LS®ada greagramount of variability for these muscles, with
1SD reaching as high as 40d/C (Figure 18) In two instances, INFRA was statistically more
activated in the LSC than the H$ketweer21.532.26 of the task, ané9.9-83.8%). During

these times, the LSC patrticipants requiseald5.41% MVC, and3.195.08%6 MVC more
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activationthan the HSC participan{Eigure 18) Similarly, (A)DEL was statistically different
from 16.825.1% and 28:-B6.4% of task comption (Figure 18). At these times the LSC

required 2.328.06% MVC and 1.82.62% MVC more than the HSC participants (Figure 18).
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4.6.2 Shelf Reach

In plane of elevation and elevation angle, the HSC and LSC groups performed similarly
(Figure 19) Participants remained within ZE0° (on average) in plane of elevation, and8
of elevation angle (Figure 19). Although not significahg LSCexhibiteda reduced range in
both plane of elevation and elevation angle, compared to the HSC. F+8#/28f task
completion, there was a difference of 21A7 in axial rotation between the HSC and LSC
(Figure 19).Similarly, to plane of elevadn, and elevation angle, the LSC used a smaller range
of axial rotation, compared to the HSC, where the HSC externally rotated closer to a neutral

position (although both groups remadhinternally rotated).

Muscular activation oft muscles were statistically similar across the entirety of the reach
up to the acromion level she€Figure 20) (M)DEL, (P)DEL, INFRA andSUPRAwere the same
in LSC and HSC across the entire task. On aveffdyeEL and (P)DELwerebelow 20% MVC
for the entire taskFigure 20) Although not statistically different, the LSC had variability of the
INFRA and SUPRA musclesvhile still remaining less than 20% MVC for the tgBigure 20).
PEC(C)was statistically more activated in th8C than the HSC betwe&7.359.7% of the
task, requiing 4.96:5.46% MVC more activation than the HSC participants (Figure 18).
Similarly, LATS wasstatistically different fron®6.8100% of task completiomequiring3.35
5.43% MVC morefrom the LSC partipantsthan the HSC (Figure 18n three instances the
PEC(S)wasmore activated in the LSC group (4418.1%, 82.283.9%, and 96:200% of task
completion). (Figure 18). During all 3 areas, the LSC required®.3% MVC more activation
than that of thédSC (Figure 18). Finally, (A)DEL differed in four instances (39%9%, 49.7
71%, 73.376.8% and 80-B6.7% of task completion). At these times the LSC required 7.87

12.73% MVC more activation than the HSC to complete the lift of a 1kg bottle (Figure 18).
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4.6.3 Forward Reach

Plane of elevation, and axial rotation were relatively unchanged throughoattie
forward and back with a 1kg weight (Figure 21). As this task was a reach forward and back,
limited changswereanticipated fothese angles. Plane of elevation remained betweer060
for both the HSC and LSC (the bottle was placed to the side of the participant, not directly in
front) (Figure 21) Axial rotation also remained between BT for both the HSC and LSC,
indicating parttipants remained in an internally rotated posteigure 21) From 5990% of
task completion, theSC had higheelevationthanthe HSC (Figure 21). The LSC was -1.5.#4

higher than the HSC (at 263B.7°and18.4-28.2°, respectively).

Muscdar activation ofPEC(C) and PEC(Syere statistically similar during the entire
forwardreachtask(Figure 22).Though not statistically different, the LSC had greater activation
and variability across the entire task for both muscles (Figure 22). (A)y2sLstatistically
different from 43.186.3% of task completion, where HSC was activated-340%8% MVC,
while the LSC was activated 11-2B.46%MVC (Figure 22). (M)DEL differed from 5482.3%
of task completion, with LSC activated 3:129%MVC more thathe HSC(Figure 22).

(P)DEL differed in two instances, from&4% and 69.225.7% of task completion, where the
LSC required 0.82.38%MVC more muscular activation than the HSC (Figure 22). Similarly,
the LATS differed from 0.%.2% and 58.%63% of taskcompletion, with 2.978.59% more
activation of the LSC than the HSC (Figure 22). INFRA differed on three instanr8e&%/d)
37.850% and 54.85.7% of task completion, differing 3..BL69% MVC between clusters
(Figure 22). Finally, SUPRA differed on threestances, 1-8.1%, 69.572.8% and 782.5% of
task completion where the LSC required 3643% MVC than the HSC participants (Figure

22).
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4.6.4 Lift a Shopping Bag
Plane ofelevation elevation angle and axial rotatiarere all similar for the HSC and
LSC groups (Figure 23).Wing the lift of a 5kg bag from the floor #ohip levelsurface plane
of elevation began at 8@or both clusters, and ended at 60°, within one SD participants
remained between 490° (Figure 23). Both the HSC and L&€ed minimal elevation angle,
remaning within 2640°, although within one SD this ranged from7®@ (Figure 23)Axial
rotation for both the HSC and LSC was variable, but stable across the trial, remaining in internal

rotation for the entire bag lift (560°) (Figure 23).

Muscular activation o#t muscles were statistically similar during the bag lift (Figure 24).
(P)DEL, (M)DEL, PEC(C)andPEC(S)were the same for the LSC and HSC across the task
(P)DEL was minimdl activatel during the taskless than 10% MVC)YM)DEL was activated
below 20%MVC, however divergentetween the two groups began at 75% of task completion
(Figure 24) PEC(C)andPEC(S) had greater variability in the LSC, and although statistically
similar, the LSC was higher throughout the wholal in bothmuscles, and reaching 25% MVC
during the task (Figure 24)A)DEL was statistically different fror8.5-11.6% of task
completion, where HSC was activate@23.636 MVC, while the LSC was activate3i82
9.7P6MVC (Figure 2). SUPRAdiIffered from0.9-4.5% of task completion, where HSC was
activatedl.732.7%% MVC, while the LSC was activated235.7860MVC (Figure 2). INFRA
differed at two instances15.2% and 20-26.7% of task completion, where the LSC activated
1.644.41% MVC more than the HSEifure 24). Finally, LATS differed at three instances; 5.2
7.9%, 31.434% and 98.9% of task completion, during these times LATS was activated between
9.4818.86%MVC in the LSC, where the HSC required 49812%MVC for the same task

(Figure 24).
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4.6.5 Pour from a Pitcher

All three angles differd while pouring from a pitcher (Figure 25). Plane of elevation was
13.0:16.2° higher in the LSC from 287% of task completion (Figure 25). Overall, plane of
elevation was higher in the LSC as this groapdia smaller range of plane of elevation during
this task. Elevation angle was @3° higher in the HSC participants from-80% of task
completion (Figure 25)Again, the HSC used a greater range of elevation angle. Finally, axial
rotation was 1040.8° different between the clusters, from&3% of task completio(Figure
25). Although the rotation happened later for the LSC, this group, once again used a smaller
range of motion.

All muscles displayed differences while pouring from ahgitcexcluding PEC(C)
(Figure 26) PEC(S) was 5.18.16%MVC higher in the LSC from 8895.7% of task
completion, at 10.6Q1.69% MVC (Figure 26)Although (P)DELwasstatistically differentijt
wasminimally activated during this task, and thus likelyhally insignificant.At 67.8-100%
of task completion, the (P)DEL of the HSC was activated-3.84%MVC, compared to 3.69
5.74%MVC in the LSC (Figure 26%imilarly, LATS was different from 88:83.3% of task
completion, where a difference between clisstd 3.183.47%MVC occurred (Figure 26). Small
differences were also seen in the (M)DEL, where the clusters differedt 828MVC from 65
71.2% and 74-400% of task completion (Figure 26). Differences in (A)DEL occurred from
56.1-:70% and 80.94.00% of ask completion (Figure 26). During these times the HSC was
activated 8.114.64%MVC, while the LSC was activated 17-8821%MVC (Figure 26).
INFRA differed from 53.373% and 76.7100% of task completion, with differences ranging
from 4.47.37%MVC (Figure26). Finally, SUPRA differed from 75.:81.1% and 97100% of

task completion with the LSC requiring 3:8®3%MVC more than the HSC (Figure 26).
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Figure 25: Average affected limb thoracohumeral plane of elevation (left), elevation (middle) and axiahr(igtit) angles for the
HSC (black) and LSC (red) duriige pour from the pitcher taskach angle is time normalized to % of task. One standard deviation
for each group is represented by the shaded area in each correspondingfsstmiated SPM-gcores are reported below, with
critical zscores denoted by horizontal solid black linescdres that exceed the critical value represent significant differences
between groups, and are marked with an * (p<0.05).
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Figure 26: Average affected limb sEMG for the eight muscles recorded for the HSC (black) and LS@u(neghhhe pour from the
pitcher taskMuscular activation is time normalized to % of task. One standard deviation for each group is representdthtgdhe s
area in each corresponding colour. Associated SBbbmes are reported below, with criticada@res denoted by horizontal solid
black lines. Zscores that exceed the critical value represent significant differences between groups, and are tharkéd wi
(p<0.05).
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4.6.6 Lift a Weighted Tray

Plane of elevation and axial rotation diffdtarough the2kg tray transfer task (Figure
27).Plane of elevation differed at @®% of task completion, with a difference betweer@
between the HSC and CSgroups (Figure 27). The HSC remained at 418he of elevation
where the LSC remained at ~72° during this time. Although statistdédrent, thisminimal
differenceis not clinically significant. During axial rotation, the two clusters afifiered
between 8@88% of task completion, with a difference of 143.9° (Figure 27). The HSC
returned to ~65° of internal rotation, where the LSC was at ~50° of internal rotgeation
angle was minimally involved in this task, remaining at ~15° im tfo¢ HSC and LSC through

the entiretask.

Most muscles were statistically similar through the trial, excluding INBRALATS
(Figure 28). During the tray transfer task, the LSC 83-3.79%6 MVC more activated than the
HSC from3.5-23.R%, 25.229.7%, 4.9-48.2%, 49.362%, 55.963.2%, 64.773.4% and 886%
of task completiorfFigure 28) However, INFRA was minimally activated in this task, at0~2
and 5.5% MVC for the HSC and LSC, respectiv@ligure 28) LATS differed from 43.147.2%
of task completionwith the HSC activating 3.43.82%MVC and the LSC activating 6:17
6.75%MVC (Figure 28)PEC(S), (A)DEL, (M)DEL, (P)DELandSUPRA were all below 15%
MVC during the entire trial (Figure 28\though PEC(C)wasstatistically similar between the
two clusters, the LSC had increased variability, reaching 40%MVC within 1 SD (both clusters,

on average reached ~20% MVC) (Figure 28).
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Figure 27: Average affected limb thoracohumeral plane of elevation (left), elevation (middle) and axial rotation (right) angles for the
HSC (black) and LSC (red) durinige weighted tray transfer tagkach angle is time normalized to %ta$k. One standard deviation

for each group is represented by the shaded area in each corresponding colour. AssociatedoB&d\are reported below, with

critical zscores denoted by horizontal solid black linescdres that exceed the critical vatepresent significant differences

between groups, and are marked with an * (p<0.05).
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Figure 28 Average affected limb sEMG for the eight muscles recorded for the HSC (black) and LS@u(ned)he weighted tray

transfer taskMuscularactivation is time normalized to % of task. One standard deviation for each group is represented by the shaded
area in each corresponding colour. Associated SBbbmes are reported below, with criticada@res denoted by horizontal solid

black lines. Zscores that exceed the critical value represent significant differences between groups, and are marked with an *
(p<0.05).
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4.6.7 Fasten a Bra

All three angles were similar for the HSC and LSC while reaching back to wbhesgsa
fastened. For botblusters, plane of elevation remained betweeBZ5 however within oa SD
this rangancreasedo 40-80° (Figure 29). Participants usedtableelevation to complete this
task, ranging, on average, from-35° (Figure 29). Within oaSD elevation angleange
increases to 1B0°. Axial rotation remained within 460° for both the HSC and LSC during the

bra fasten task (Figure 29).

Muscular activation of all musclegerestatistically similar during thbra fasten task
except (A)DEL(Figure 3). (A)DEL remained below 10%MVC for both groups for the majority
of the trial (Figure 30). The two clusters differed from 1283%, 31.636.4%, 41.748.4% and
53.57.9% of task completion (Figure 30). The LSC required approximately twice as much
muscularactivation as the HSC, requiring 3:856%MVC more activation (Figure 30).

PEC(C), PEC(S), (P)DEL and INFRA remained similar across the trial, where PEC(C) was
below 10% MVC, and PEC(S), (P)DEL and INFRA were below 25% MVC (Figure 30).
(M)DEL, SUPRA and_ATS, although statistically similar, the LSC trended towards higher
activation throughout the trial, and overall had increased variability with a larger range within

one SD (Figure 30). These muscles all remained below 25%MVC, on average (Figure 30).
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4.6.8 Put on a Necklace

Plane of elevation, elevation angle and axial rotation were similar for the HSC and LSC
while putting on a necklace (Figure 31). During this tgs&ne of elevation and axial rotation
were stabldor both clusters, remaining within 6%°, and 5060°, respectively (Figure 31).
Elevation angle begamear20°, and reached approximately 90° on average (Figure 31). The
HSC had a higher variability, #iin one SD reaching 120° of elevation (Figure 31).

All muscular activatioa werestatistically similar across this tgsikxcept PEC(C{Figure
32).PEC(C) differed between the two clusters from 830&%% and 6568.3% of task
completion (Figure 32). During these times the LSC required approximately twice as much
activation at 9.74.1.43% MVC compared to 5.889% MVC in the HSC (Figure 32PEC(S),
(P)DEL, INFRA, SUPRAand LATSwere all below 15%MVC for both the HSC and LSC while
clasping a necklace (Figure 32). (A)DEL and (M)DEL although statistically similar between the
two clusters, the LS@ended towards higher muscular activation, and hagéased variability
across the triglFigure 32) These muscles, on average, remained below 30 and 20%MVC,

respectively (Figure 32). (A)DEL reached 50%MVC within one SD of the (EBgure 32)
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Figure 31: Average affected limb thoracohumeral plane of diewqleft), elevation (middle) and axial rotation (right) angles for the
HSC (black) and LSC (red) duririge put on a necklace tagkach angle is time normalized to % of task. One standard deviation for
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Figure 32 Average affected limb sEMG for the eight muscles recorded for the HSC (black) and LS@u(ned)he put on a
necklace taskMuscular activation is time normalized to % of task. One standard deviation for each gepnesented by the shaded
area in each corresponding colour. Associated SBbbres are reported below, with criticadares denoted by horizontal solid
black lines. Zscores that exceed the critical value represent significant differences betwees) gnouare marked with an *
(p<0.05).
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4.7 Discussion

Differencesin kinematics, muscular activation, or bo#ixjstedfor all eight activities of
daily living. Four tasks (shelf reach, forward reach, pour from a pitcher and tray trdnasfer)
group differences forat least one plane of motion, aalitasks hadyroupdifferences in
muscular activatioffor at least one muscle. These differences indittgtethe performance of

even low loadADL tasks aresensitive tdreatmeneffects

4.7.1 Kinematics during daily tasks

The first hypothesis was that the higher functioning cohort (SBudy ) would use
morerange ofelevation angle and plane of elevation (horizontal abduction) during activities of
daily living (particularly with external weightshelf reach, forward reach and the bag lift tgsks
This hypothesis was partially accepted, as differeacesrredfor plane of elevation (pour from
a pitcher and tray transfer) and elevation angle (forward reach, pour from a pitcher).
Additionally, although na@hanges were hypothesized, differenee®rgedn axial rotation
(shelf reach, pour from a pitcher and tray transfeenerally the HSC used a larger range of
each of the angles. Differences in angles ranged frort@B, 7.511.4 and 10.015.9 for
plane of elevation, elevation angle and axial rotation, respectiedyiousresearch with breast
cancer survivorseportedthat breast cancer survivors use narrower ranges than that of a
reference populatio(Brookham et al., 2018aJhe HSC is likely more similar tareference
population with the larger ranges used during AC#iswulated tasks (bra fasten task in the
current study) have increased variability compared to completing taskprefib, or specific
guides (all other t&s in the current studyyvhich may render it less biofidel{@aylor et al.,

2018)
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Focus is often placed on the ability for individuals to complete daily taskgever &
survivors in the current study were able to complete AID8s with differing kinematics
Previous researandicatedthat breast cancer survivazancomplete ADLs, although there are
likely somecompensations thabuldlead to the pain felt in this populati¢&pinelli et al.,

2016) In reference populations overheard reach occurred at @2@ane of elevation (closer to
forward flexion than abductiongndneeded a maximum of 121.4° of elevation, and 60.6° of
axial rotation(Magermans, Chadwick, Veeger, & Van Der Helm, 2085¢ast cancer survivors
in the current study completed the shelf reach at a similar planevatiete (3670°) and axial
rotation (3065°), but decreased elevation angle-820), however the shelf reach was not quite
overheadthe shelf was at acromion heighf)uring a 4kg bag lift, reference populations use
63.6° of elevation, and 47.7° of axrakation,and thetask occurred at 79.2° plane of elevation
(Magermans et al., 2005)he two clusters in the cunt studydemonstratedimilar plane of
elevation (6680°), andaxial rotation (5660°) but lower elevation (280°) than the
aforementionedeference populatiofPouring from a pitcherequiredon average 8.227.2° of
abduction;12.3223.38° of axial rotation, and occurred from :3292° of plane of elevation

in a reference populatiqhDo J a n , Ko-ak, Onur s Bregstcanger at |,
survivors differed in the current stugshile pouring from a pitchewhere HSQused a larger
range in each of the three motio@szerall,the ranges were 300° of plane of elevation, 285°

of elevation, and 4F0° of axial rotation. These ranges were simiitahe current stud{~30° of
each motion), however these ranges weresmuticative of the HSC than the LSC (as their
ranges were smaller), apthne of elevation angle was closer to forward flexion in the current
study, whereas the reference populati@scloser to abduction. Further, to complete the task

the elevation angland axial rotation were greater than the reference populBgaiching to a
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back pocket occurred fror37.8521.52° planef elevation (where a negative number refers to
extension);21.7%20.97° of axial rotation, and 9.22.7° of abductiom a refeence population

( Doj an e tBreadt cancer gvita®s)in the current study used35lane of eleation,
30-60° elevation, and 560° of axial rotation. Elevation angle was greater in the current study,
compared to the reference population, likely to compensate for the reduction in both axial

rotation andplane of elevation

The current studidentified kinematic differences in ADLs between the two clusters of
breast cancer survivors, ahdtherthat thes&kinematics alsalifferedfrom a reference
population.Generally tasks were completed similatiypwever the postures were more
internally rotatedwith lower plane of elevation (horizontal abduction) amith increased
elevation, compared to reference populatio@oj an et al ., 2019The Mager m
kinematics of these tasks are also importan¢iarnto-work scenariosNearly half of women
who receive treatment for breast cancer, regardless pfeayee their working time, or retire
from working early(Schmidt, Scherer, Wiskemann, & Steindorf, 2018jlividuals who have
pain or difficulties raising objects overhead, or lifting objects of 5kg or heavier often are unable
to return to work, or must return in a limited capa¢dg Souza Cunha at., 2020) Although
breast cancer survivors are able to complet¢asks,n the long term the differences while
completing these tasksay provokdong term complicationdn functional return to work tasks,
breast cancer survivoexhibitedsimilar movemenpatterns to individuals who develop rotator
cuff disorder(Lang et al., 2019)which is further supported in the curtetudy.The individuals
in that study, similarly to the current study, used smaller ranges of motion. Lang et al. showed
decreases in internal rotation, whereas the current study showed decreases in overall range of

axial rotation in several tasks. Thelar suggested this may be a compensation to avoid
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impinging the supraspinatus tendon, and avoid potential impingemer(Bpagsmann et al.,

1996; Lang et al., 2019)dditionally, rotator cuff disorders may be perpetuated by the decreases
in elevaton angles and plane of elevati@baugh et al., 2011; Lang et al., 201Participants

may exhibit these movement patterns to avoid pain, or due to tightness or weakness experienced
after treatment T herefore, it is important to continue to investigat@ider range oflaily tasks

(and return to work tasksas even minimal differences to compensate for restriction can lead to

disorders causing long term pain.

4.7.2 Muscular Activation during daily tasks

The second hypothesis wilist muscular activation will differ between the groups of
breast cancer survivors. Specifically, ttawer functioning breast cancer survivotsSC in
study 1) wouldactivae muscles that may be damaged by radiatimme (Lipps et al., 2017)and
activae the other musclesiore tocompensat Similar to hypothesisl, this was partially
accepted, as differences existedisubset of tasks. In muscles that are likely to be danthged
to radiation(pectoralis major (clavicular and sternal insertions) and latissimus dorsiytaeze
somestatistical diference between the HSC and LSC clustdtsing theshelf reach, forward
reach, bag lift, pitcher pour, and tray transfer tasks. All of these tasks had external weights
ranging from 15kg. Differences between the clusters for PEC(S) ranged from& 1380 C
during the pour from a pitcher and shelf reach tasks. Similarly, the LSC usel.8596MVC
more activation than the HSC while putting on a necklace and shelf reach tasks. Finally, LATS
were 2.529.85% MVC more activated in the LSC compared to the H&@d the forward and
shelf reach, tray transfer, bag lift and pour from a pitcher téiksever,this hypothesis was
rooted inthe thought that the LSC would have a higher percentage of participants receiving

radiation. This wagsot the case as 13/16 paipants in the HSC received radiation and 16/16 in
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the LSC.In the current study, activation of pectoralis mgjmyth insertions) and latissimus dorsi
remained between25% MVC for both the HSC and LS@ ADL tasks As these tasks were
low load, dailyactivities this range is expectddowever,previouslyreports indicated thar

low load functional and work tasks peslis majordecreasedctivationcompared to the
unaffected sidéBrookham et al., 2018b; Shamletal., 2007)This decrease in activatiamas
also accompanied kydecrease in size at least 15.7% of individua(&yedu, Kepenekci, Alic,
& Akyar, 2009; Shamley et al., 2007T) is possible thiathe decrease imusclesize alters
function, and may contribute to the decrease in activatibe.clirrent study did not compare to a
reference (either population or unaffected limb), but the overall low activaitipectoralis

major and latissimus darduring these taskalignswith prior literature.Further research should
explore whether a decrease in muscle size beyoraffinetedpectaalis majorexists, and
whether those who experience decreasauscle size experiendecreased activation duign

tasks to complete even low load daily tasks, such as seen in the LSC during these ADLSs.

The partially accepted portion of hypothesis two w@@spinatus, supraspinatus,
anterior deltoid, middle deltoid, and posterior deltoid would have increasedtamtiin the
lower functioning cohort (determined to be LSC in studioljotentiallycompensatfor the
less effectivalamagéd pectoralis major and latissimus dofBhe anterior deltoid required 1.89
11.99%MVC more activation of the LSC, compared ®HSC in all tasks except the tray
transfer and put on a necklace tasks. Infraspinatus was also affected in more than half of the
trials, requiring 1.68.69%MVC more activation from the LSC in all tasks except the bra fasten,
shelf reach and necklace gassks. Modest differences occurred in the supraspinatus, middle
and posterior deltoid muscles, with the LSC group requiring-0.89%MVC more activation

than the HSC. These differences occurred in the forward reach and pour from a pitcher tasks (as
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well as the bag lift task for the supraspinatii®jtal muscle efforincreased by 5.1% on the
affected side of breast cancer survivors during functional work (Bskekham et al., 2018l

an earlier investigatiarin functional and daily taskggheractivation of musclesn the affected
sideoutside the radiatiofield occurred comparet the unaffected sid@rookham et al.,

2018b; Hagstrom et al., 2018@hdcomparedo a norcancer reference populatigBrookham &
Dickerson, 2016; Galian@astillo et al., 2011; Shamley et al., 20IMH)is highermuscular
activation is accompanied with pdor many survivorgGalianaCastillo et al., 2011) ower
activationof the irradiated musclas likely due to a diminished capacity of the muscles due to
treatment, caused by both radiation and chemothékpgsen et al., 2017; Lipps et al., 2017)
The diminished capacity is evident by the decrease in strength in this pop(Bxtokham et

al., 2018b; Ebaugh et al., 2011; Maciukiewicz et al., n.d.; Perez et al., ¥018p 10%

increase in activation, survivofartherfrom treatmenexhibitedbetween 1912%lowerforce
production(Maciukiewicz et al., n.d.JThese factors all combine tausadenticaltasks to

require more effort from survivor populatignghether it be a low load functional work or daily
task, or dull-strengthexertion.In study 1, the LS®ad lowerstrength, and ithe current study,
the LSC muscles were consistently more activated than the HSC muscles across alllA®Ls.
supports th concept that after treatment, diminished capacity may exist for some individuals,
making even low load functional tasks more challenging and increases the possibility to induce

fatiguethroughtaskperformance

4.8 Limitations
Limitations from study Also influencehe results of the current study. Additionally,
only ore MVC trial was completed for each muscle, to mitigate pain or fatigue that is evident in

this populationPain is an important consideration in this population. It is feagibkepan may
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interfere with participants reaching their true maximum during MVCs. Although there is
potential that it wasnodt a true maxi mum, i
and is important to consider. Likely, pded to the greater vability in the LSC sSEMG
measuresTwo repetitions of eacADL taskswerecompleted, to minimize variability often five

or more repetitions are recommended, as well as using tools whenever fdssildeet al.,

2018) This was genaily infeasible given the weakness in the participant populatidditional
muscles around the shoulder may compeathating these tasks, but were unmonitored.
Compensation may have bemanifested agunk or neckmotions, but were also not
investigatedFinally, differences were modest, especially in muscular activation. It is difficult to
determine what the minimum clinically important difference is without specific criteria for each
scenaridCopay, Subach, Glassman, Polly, & Schuler, 208@jvever,tasks that elicit

activation below 20% MVC are thought to be ideal in early rehabilitation of shoulder related
function following injuryor surgeryUhl, Muir, & Lawson, 2010)As the ADL tasksstudied
generally remaied below this threshold, small changes in activation in these tasks are likely
more impactful, compared to small chastpesks with higherdemandsTime to complete each
task and cumulative load were not considered in the current investigation, but could also

contribute greatly to the demands in these individuals.

4.9 Conclusion

Activities of daily living are an importarlement ofsurvivorship. Although most breast
cancer survivorsancomplete these low loathily, functional or work taskghe manner of
completon wasrelatively unknown. The current study investigated 8 daily living tasks, and how
performance ofhese taskdiffered betweenwo groups of breast cancer survivors. During the,

upwards reach to a shelf, forward reach, pour from a pitcheranttansfer taskbreast cancer
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survivors with lower shouldeelated quality of life and less strength (LSC) used lower ranges of
angleslIn all tasksat leasione muscle displayed significantly increased activation of this same
group of survivorsThese differencesangedfrom 6.516.1° and0.8912% MVC. The

differences between these groups may be due to diminished capacity of the muscles leading to
increased muscular activatiohhis, combined with changes in kinematics may predispose these
individuds for increased injuries, including rotator cuff disord@itss work can be useful in
determining tasks that may be troublesome for some indigdBapanding this work to include

work tasks may assist in appropriate return to work strategies. Moretanihp, knowing these
differing strategies exist, physiotherapists may work to correct movement patterns for individuals

to avoid potential injury.
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Chapter V i Adaptation of strength production in breast cancer

survivors: a simulation analysis

5.1. Introduction

Often, physicaltraining protocols are introduced in breast cancer survivors to increase
shoulderange of motion or overall strengdls a mean® decrease dysfunctiomraining
programs vary in the types of exercises, the intensiticomemeasuresjuration and the timing
of the start of the program, and the participants who pa(&&sroef et al., 2015; McNeely et
al., 2010; Ribeiro, Moreira, et al., 2019Qommonly, resistance training prograsueceed in
regaining some strength and range of motion in survivors, but often impairments in daily life
persist.Tissues recover from treatments (specifically chemotherapy and radiation) differently
and therefore likely respond to these exercise programs diffefethiywing disparatedamage
from treatmentlt is ofteninfeasible (omuntimely) to find a large poputen of survivorswith
similar deficitswho received the same adjuvant therapy to testffiwacy of resistance training

on thosespecific deficits due to thédrm of treatment.

As previously stated, models are often used to provide insight intcepnstihat are
difficult or inaccessible with experimental dasaich as modelling clinical populatior@inical
populations pose a particularly difficult problem as it is often challenging to recruit a substantial
number of participants to investigate thany questions researchers pddéhough there is over
22, 000 patients joining the breast cancer survivor population in Canada every year, additional
barriers may deter them from participating in intervention studies, such as reduced immunity
from treatnent, or the time commitment after already taking time off work for treatment

(Brenner et al., 2020; Canadian Cancer Society, 20@0cr@ya et al., 2016; Markes et al.,
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2006) On the other hand, models are often baseckfarencepopulations (althougli cadaver
measurements are used theseoftien from olderadulss) (Dickerson et al., 2007; Veeger, Yu,
An, & Rozendal, 1997However, adjustments can be made to existing models to account for
challenges clinical populations face, such as altered kinematicsrgensation via differing
muscular activatioiiBrookham & Dickerson, 2014; Chogturley et al., 2016; Lang, Kim,
Milosavljevic, & Dickerson, 2020)0ften a combination of both techniques can help enlighten

researchers to underlying issues in these populations.

Two areas that have ubbiomechanical models to explore clinical populations are
individuals with rotator cuff pathologies and manual wheelchair users. Modetdirst adapted
to the specific population, and then used to investigate research quéBttstsrlee, Veeger, &
Chadwick, 2013)Sad et al (2011) used a previously published model to investigate rotator cuff
pathologies. Postures during rotataff surgerycan dictate postperative success, where more
abducted posturdselpedduring surgery, to ensure closure of larger gaps, butmaglead to
postoperative succesgSaul, Hapn, Smith, Tuohy, & Mannava, 201T)ubowskyet al (2008)
worked with an existing model to create patient specific musculoskeletal wheelchais.rBgdel
altering the existing model for specific patients, the moadel able to better predict
experimentaterived muscle forces (and reducing the error between the model driven results and
experimental), with a future goal of prescribing the appropriate wheelchair choice (and
particularly axle placement) to reduce joint forces for manual wheelchair(Dadyswsky,

Rasmussen, Sisto, & Langrana, 2008)

Pectoralis majors often affected by treatment in breast cancer survivors, and therefore
modifications to its typical capabilities have beeodelled in several scenarios. Stegiansen

et al. (2011)nodelled 3 portions of the pectoralis major andni@ehanicaktrainin each
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portion during a series of exercises aimed to target breast cancer survivor rehabilitation. Single
axis motions, andhotions overhead did not uniformly lengthen all 3 portions of the muscles
(SteginkJansen, Buford, Patterson, & Gould, 20IBrgeting combined movements,
specifically with extension and external rotatiwvere deemedleallengtheningexerciss for
pectoralis major, and when tolerated adding abdustionld providethe greatest benefits.
However, it is possible that the musobay not producefull force and that the tissu@say not

fully recover.ChoppHurley et al (2016modified the previodg describedSLAM model
(Dickerson et al., 2007 investigate the influence oéducedpectoralis majocapabilityon
muscular strategies fanternal and externabtation tasksBy including apectoralisspecific
capability constraint, the dysfunctiam pectoralis majoreflectedthe population more accurately
(ChoppHurley et al., 2016)Force capabilityvas modelled for 0% (total disability), 25%, 50%,
75% (partial capbilities) and 100% capability. Muscle force was underestimated compared to
measured muscle activations during submaximal efforts, however wkaatication and 25%
pectoralis major capabilities were enforced, these differences were lowethleamoded of

levels of pectoralis capabilityndicating this population is likely working with a reduced
capability in at least the pectoralis maj@hoppHurley et al., 2016)Additional muscles
surrounding thehoulder are alscommonlyaffected by treatment, both directly (radiation) or
indirectly (chemotherapy) and the effects of eigr on these compromised musédfeterms of
overall function, such as regained strengtiguld be considere&imulaing the effects of

surr ogat eceratiomraspatificrmgsoles or muscle groupay provide further

guidance ompreferredmusclego target to regain strength in a compromised system.
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5.2 Objectivesand Hypotheses

The objectives of study 3 are to:

1. Alter the muscleapacities withiran existing model to replicate the strength outputs of
thebreast cancer survivor populati¢at acorporate level)

2. Determine maximum recoverable force outputs from survivors given various scenarios
for regainedmuscle functiorpotential(radiation damage, chemotherapy damage,
combination treatment) aratross twanaximal isometric strengghositions(adduction
andinternal rotation)

3. Determine the internal muscle forassociated with generatimgichmaximalforce
output (baseline force and maximum recoverable force) and comeseto anon

cancer reference grouwyth anin-silico approach
The hypaheses for this study are as follows:

1. The maximum recoverable foreell be less thaa referencg@opulation foreach of the
fundamentabtrength measurdadductionandinternal rotationjn most scenarios.
Specifically:

a. The combined treatmestenario will have the lowest recoverable force output
b. Radiation and chemotherapy scenarios will recover similar levels of force, but
will be less than thecenario with no restrictions

2. Muscleforces will differ between scenariasross conditions

a. Theradiation scenario wilield decreasethuscle forcdrom internal rotators
and antagonighuscledo this actionwithout the contribution of pectoralis major

and latissimus dorsi
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I. Although muscle activation may increase in ta&®okham &
Dickerson, 2016; Galian@astillo et al., 2011; Shamley et al., 201Re
ability to produce force will decrease with reduced capacity (compared to
reference)
b. The clemotherapy scenario will resuit overall decreases muscleforceto

achievemaximal force out of these simulations

5.3 Methods

5.3.1 Inputs

The SLAM modelwasused in this study anequiredinput of both subject and task data.
Average athropometricgbody weight and heightpr the LSC group of survivorsvereinputted
into the SLAM mode(Table 20) Due to COVID19 an age and sex matched foamcer
reference groups was not assessed. Previously collecte@ diata2020)was useds a
surrogate. Participanis this studywere yaingwomen(Table 20, and multiple maximal force
trials were completed. Bkimal force trials collected in the same position as the current study
were usedor this thesisand filtered as in section 3.4(8age 51)Peak force (N) from those
trials were usd as norcancer reference for¢gable 21) Peak force from the LSC (detailed in

Study 1) was used as the breast cancer survivor foedde 20)

The finalSLAM inputwas kinemati§postural)data. A static trial was taken in each of
the humeraposturedor isometric strength trialcompleted during the experimental collection
(adductionandinternal rotation) Table5, page 4Y. The joint locations from this representative

trial wereused as thposturalinput.
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Table 20: Population demographics and gearce as inputs for SLAM model

Non-Cancer Breast Cancer Survivor
Reference Population| LSC Group

Age (years) 224 +23 56.73 £ 9.00

Height (cm) 164.4+£7.7 164.77 £ 6.12

Weight (kg) 62 £ 4.6 75.88 + 14.40

Adduction Force (N) | 212.22 £55.35 118.89 + 31.19

Internal Rotation 171.2 £44.15 76.62 + 40.59

Force (N)

5.3.2 Alterations of the SLAM model

The first alteration of the model wasdjustingthe location of force production.
Historically, the model acceptédreedimensionaforcesat thegrip surface of théand. Foithe
internalrotation trial, this was true and remained unaltered. Adduction forceseweredabove

the elbow with the cuffand therefore the model was altered to add the force at this location.

Severalotheralterations to the SLAM moderreceded simulations in the current study
To begin, the average peak foafehe referencgroup was input into SLAM, with no
alterations The model was unable to converge on an optinspéation. The SLAM model was
developed with the use of PSCA fr@rcadavers (ranged from-53 years old), a correction
factor was placed on these values in the original development of the model, hdwsewerst
still insufficient to produce the force of a younge&ferencepopulation.To correct for this, the
correction factor was increased from 2 to 3, where the model was able to sufficiently produce the
force exertedby the reference population in therrent study. The average force of thon

cancer reference group was used as the upper bound, or target force (Figure 33).
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Figure 33 Flowchart outlining study 3. Force inputs to the model are dictated by strength trials
collected in the experimentpfotocol, whereas the cohort of survivors modelled is determined in
study 2.

The SLAM model was #n altered to produce the force levels of the LSC group of breast
cancer survivors (Table 20Fapacity of each muscular elemerasaltered, similarly to
(ChoppHurley et al., 2016)ntil the maximunforce output from the modélithout failing)
matchedhat of theaveragdSC groupbreast cancer survivgreak force outputollectedduring
isometric strength trials istudy 1(Figure 33. A failure was determined when the model was
unable tosuccessfullyconverge on anptimal solutiorthatminimizedcubed muscle stresghile
satisfying the constraint equ@ts The capacity oéll musclesverealteredusing equatior(6),

where  is the force output from a given muscle, PGS#&thecrosssectionalarea from each
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individual muscle, T is the muscle specific tensi8n.9 N/cnf), and C is the capability of ¢h

muscle(0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0).

Frn=PCSA*T*C [Eq. (6)]

The capability of all muscles were altered together, as a simplification of the overall
capacity for breast cancer survivors. Altering muscles individually was considered, but many
combinations of muscle capacity could lead to the decreased force inGhgrau$p of breast
cancer survivors, and uncertainty would persist for any selected strategy. Therefore, it was

decided to decrease the capacity as a whol e,

After each alteration, simulationgererun to deterrime whether the modifications
matcledthe breast cancer survivor group (uttié maximum force capable edlealthat of the
breast cancer survivor grouf o ensure no over, or under correction was completed when the
model failed, the capability was inassl by 0.01 until the model convergen an optimalresult
for the given forceWhen thiswasachieved, these modificatiobecame théaseline for a
compromised systenfrigure 33 Table 22. Thiswascompleted fobothisometric strength trial

pogure

5.3.3 Scenario Simulations

Following the acceptance of altered muscle capagityious training scenariagereused
to determine the maximum foroaitputthatcouldbe achieved throughetrairing certain muscle
groups to a priori defined states of cap@pilEachscenarids outlined in Tabl@1. The
capability ofall muscles weraltered to the maximum that could be trained based on each given
scenarioA | | muscles were o6full y theénalrcapabifiteswaers ed on
established (Table 22Maximal force output for each scenario vdgesermine at the maximum

capabilities for each muscle, feach scenarid-orce was input starting at the LSC breast cancer

127



survivor level, andncreased by 10%or eachiteration until the modelasunable to produce

force at the given level witthe currenimuscle capacities modelleld was proposed that the
configuration was able to produce the force of the reference population, the minimum
capabilities tgproduce that force would be determined. However, in all scenarios, the muscles
trained maximally werenable to reach the referencepulation forceEach scenariaas
completed foboth of the aforementioneidometric strength trial§reference populato+

baseline +&cenariopX 2 strength trials= 10total).

Table 21: Training scenarios used to govern increases in force capalggiiels treatment
represents worstcasescenario where full effects of treatment on the various muscles occur)

Training Description

Scenarios

ScenarioA 1 All muscles are able to be trained, however muscles can only r
AChemotherapyo 25% ofreferencecapability from the reduced level to represent t

inability for PCSA to increase similarly to normal muscle after
damage from chemotheraf@hristensen et al., 2014)

ScenarioB 1 All muscles damaged by radiatiane unable to be trained

fiRadiationo pectoralis major, pectoralis minor, teres malatissimus dorsi
(Lipps et al., 2017)

ScenarioC 1 All muscles damaged by radiation (pectoralis major, pectoralis

ACombi nat minor, teres majorand latissimus dorsi) are unable to be trained

1 All other muscles arenly trainedup t025% from theirbaseline
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Table 22: Capacity of all muscles through each training scenario

0.53 0.78 0.53 0.53 0.41 0.66 0.41 0.41
0.53 0.78 0.53 0.53 0.41 0.66 0.41 0.41
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
. 0.78 0.53 0.53 0.41 0.66 0.41 0.41
0.53 0.78 0.53 0.53 0.41 0.66 0.41 0.41
0.53 0.78 0.53 0.53 0.41 0.66 0.41 0.41
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
| 0.53 0.78 1 0.78 0.41 0.66 1 0.66
. 0.78 1 0.78 0.41 0.66 1 0.66
0.78 1 0.78 0.41 0.66 1 0.66

0.78 1 0.78 0.41 0.66 1 0.66

0.78 1 0.78 0.41 0.66 1 0.66

0.78 0.53 0.53 0.41 0.66 0.41 0.41

. 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
0.53 0.78 1 0.78 0.41 0.66 1 0.66
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5.4 Data Analysis

A total of 10training scenarioweresimulated 8 training scenario@nd baseline and
referencey 2 isometric strength tria}sMaximum forces reported for each scenario.
Additionally, resultant shoulder torque was extracted for each scenario. In addition, percentage
of maximal force (%MVF) was extracted for each megement at the baseline and maximal
force output for each training scenario. The muscle elements are as follows: levator scapulae (1),
omohyoid (1), pectoralis minor (1), rhomboid major (1), rhomboid minor (1),
sternocleidomastoid (1), stehyoid (1),subclavius (1), coacobrachialis (1), supraspinatus (1),
teres major (1), teres minor (1), brachialis (1), brachioradialisatlysimus dorsi (2), serratus
anterior (3), trapezius (4), subscapularis (3), infraspinatus (2), pectoralis major (2), @/toid
biceps (2), and the triceps (3pMVF is expressed as a percent of the reference population

capabilityto allow comparisons between scenarios.

To examine thagreemenbf the modelvith EMG data the results were compared to
empirically measures EM@easures of the LSC breast cancer survivor group. For this
comparison %MVF was also exportedsas per cent of the given scenar
the 8 muscle elements in which %MVC can be reported. These muscles are the pectoralis major
(sternal andtlavicular insertions), latissimus dorsi (lower), deltoid (anterior, middle, posterior),
infraspinatus (lower), and supraspinatus. SEMG was filtered and analyzedectiort.4.2
SEMG Processin@page 8). Unlike Study 2, peak sEMG asextracted fromtsength trials for
comparison. The differences between the maximum for each scenario were calculated and

reported(ChoppHurley et al., 2016; Lang et al., 2020)
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5.5 Statistical Analysis

Descriptive outputsverecreated for all scenarioBorty variableswvere thusextracted for
10 simulations runZ knownforcelevels (baselin@and referengeand3 training scenarios
(radiation damage, chemotherapy damage, combination treatment déon@gepmetric
strength trials (adductioandinternal rotation). ThdO0 variables thaare reported angeak
force,peak shouwer torqueand%MVF (as a percentage of reference force capafoty@ach
muscle element (latissimus dorsi (2), serratus anterior (3), trapezius (4), subscapularis (3),
infraspinatus (2), pectoralis major (2), deltoid (3), biceps (2), triceps (3), tescpulae,
omohyoid, pectoralis minor, rhomboid major, rhomboid minor, sternocleidomastoid,
stanohyoid, subclavius, coacobrachialis, supraspinatus, teres major, tereshracbralis,
brachioradialis)Each variables reported within strength trialsy allow for visual comparison

across thescenarios

Additionally, %MVF, expressed as a percent of reduced capaasexported for all 10
simulations for comparison to experimentally derived %MVC for the LSC group of breast cancer
survivors. Only 8 mude elementsverecompared, as thoseerethe only muscles
experimentallycollected (latissimus dorsi, pectoralis major (sternal and clavicular), deltoid

(anterior, middle and posterior), infraspinatus and supraspinatus).

5.6 Results

The two forceexertonsinvestigated were adduction and internal rotatddaximal force
outputsfor each scenario (reference populatioc®C breast cancer survivor, chemotherapy
simulation, radiation simulation, and combination of chemotherapy and radiation simulation) as
well as percentage of full capacity muscle foere reported for both force directiors.

representation of each simulation can be seéigiure 34
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Figure 34 Isometricpositions for dduction (left) and internal rotation (righflhese model
outputs are representative simulations, but the posture rensiress all scenarios.

5.6.1 Adduction

With full training of all available muscles, the LSC group of breast cancer surweoes
unable to reach the full force output of thewrancer reference population (Table BERjure
35). To begin, the.SC had 55.6% of the maximal forpeoducibleof the reference group
(Figure 33. The maximal forc@roduciblefor the chemotherapy and radiation simulations were
77.9 and 80.1% of the refnce grougFigure 35. Finally, themaximal recoverable force for
the combinationsimulation was 69.5% of the reference populaiigure 39. As determined in
Study 1, the HSC produced an average of 201.4bbbntrast to th@12.22N of the reference
population(Table 16, page 64pimilarly, the LSC group had should@omentvaluesthat were
52.5% of the reference population (Table Rigure 35. The three scenarios fell between with
chemotherapy and radiation groups 75.1 and 78% of the referendatmop(Figure 39. The
combination treatment scenario had the lowest shouldenentof the scenarios, at 19.94Nm, or

66.4% of the reference populati@Figure 39.
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Figure 35 Peak force (input) (N) and peak moment (Nm) during each of duelGction
simulations run: baselingSC from Study 1)referencénoncancer reference populatiomnd
the 3 scenario&hemotherapy, radiation and the combination of both chemotherapy and
radiation)

The muscles with the biggest differeneesrescapular stabilizers, adductors and some
antagonist abducto(3able 23 Figure 3§. Generally,a lowerpercentage of maximal force
production was used stenaricsimulationscompared tdhe referace population simulation.
%MVF is representative of a full capacity musgilermalized to reference population capacity
for comparison)and therefore these valua® necessarilgelow that of the reference
population, as the input force is less anddheacity of the muscle is decreas€de LSC group
estimatedl0.947.1% MVF less than the reference gréoipthe latissimusdorsi (upper and
lower), levator scapué&omohyoid rhomboid (major and minor), trapezius (upper), deltoid
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(middle), subscapularigower), teres majorbiceps (long) and triceps (lon@)able 23 Figure

36). The chemotherapy simulatignedictedl16.925.6% MVF less than the reference group for
thelatissimusdorsi (upper and lower), levator scamjlamohyoid rhomboid (major and minor),
trapezius (upper), deltoid (middle), subscapularis (lower), biceps (long) and tricepETdhe
23, Figure 36). The radiation simulatioastimatedl6.9670.64% MVF moredr the pectoralis
minor, sternocleidomastoidrapezius (middle)teres majoand biceps (shorttompared to the
reference simulatiofiTable 23 Figure 3§. Additionally, this simulatiompredictedl7.8-45.9%
MVF less of thdatissimusdorsi (upper and loer), deltoid (middle), subscapularis (loweahd
biceps (long)compared to the reference grdjable 23 Figure 3§. Finally, the combination
simulationestimatedL.6.7-48.6% MVF more for the pectoralis minaternocleidomastoid,
trapezius (middle), anbliceps (shorttompared to the referen€Eable 23 Figure 3§. This
simulation alseestimatedl9.9-45.9%MVF lescompared to the referentar thelatissimus

dorsi (upper and lower), levator scamjlehomboid (major and minor), trapezius (upper), ddltoi

(middle), subscapularis (lower), biceps (long) and triceps (Irap)le 23 Figure 36.
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Figure 36: Predictions of each muscular elements with %MVF that differed during each of the 5 adduction simulatioaseture(
(LSC from Study 1), reference (n@ancer reference populatio@nd the 3 scenarios (chemotherapy, radiation and the combination
of both chemotherapy and radiatio®)MVF represents percentage of maximal force of the capacity of muscles ifeteace trials.
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