Quantifying and predicting upper limb capability and dysfunction of breast cancer survivors

by

Rebecca Louise Brookham

A thesis

presented to the University of Waterloo

in fulfilment of the

thesis requirement for the degree of

Doctor of Philosophy

Kinesiology

Waterloo, Ontario, Canada, 2014

© Rebecca Louise Brookham 2014



Author’s Declaration

| hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including any

required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.



Abstract

Breast cancer will affect one in every nine Canadian women during their lifetime. As diagnostic and
treatment methods improve, survival rates are approaching 90%. However, an alarming 30-82% of
survivors suffer from persistent upper limb morbidity as a result of their cancer treatments (Kwan,
Jackson, Weir, Dingee, McGregor, & Olivotto, 2002; Lauridsen, Overgaard, Overgaard, Hessov, &
Cristiansen, 2008; Rietman, Dijkstra, Debreczeni, Geertzen, Robinson, & De Vries, 2004). These
persistent disabilities compromise function and quality of life, hindering survivors from returning to
work and leading functional and independent lives. In order to prevent and rehabilitate upper limb

morbidities, quantification of the physical capabilities of this population must occur.

This thesis quantified the upper limb physical capabilities and limitations of breast cancer
survivors by producing the most comprehensive collection of 3-D kinematics, muscle activation
patterns, muscle-specific strength, and quality of life and disability measures during a wide range of
functional tasks. Compared to the contralateral limb, the affected side demonstrated reduced humeral
elevation (-6.5°) and external rotation angles (-8.9°), increased humeral internal rotation (+13.1°),
reduced scapular protraction (-3.9°) (although both sides demonstrated protraction), increased
upward rotation (+2.8°) and increased posterior tilting (+4.1°) of the scapula. These relationships
varied with the task being performed. Muscle activation patterns revealed increased total muscle
effort on the affected side during work tasks (p = 0.0258), and reductions in pectoralis major sternal
activation (p<0.0001 — p = 0.0230). Increased muscle effort, weakness and discomfort levels were

evident in both primary and secondary muscles (muscles outside the field of surgery and radiation).

Humeral internal (IR) and external rotation (ER) co-activation was defined in both healthy
(H) and breast cancer survivor populations (BCP) (H: r?=0.70 (IR) and 0.35 (ER); BCP: r* = 0.77
(IR) and 0.77 (ER)). Humeral abduction angle and task intensity were important factors in the

prediction of co-activation in both populations. Inclusion of physiological cross-sectional area



(PCSA) weightings did not sufficiently improve the representation of co-activation in the healthy
population. Healthy co-activation relationships were successfully extrapolated to a novel set of IR
exertions (r*= 0.76 IR exertions; r’= 0.40 ER exertions). Comparisons made between populations
identified differing muscle strategies used by survivors to maintain glenohumeral joint stability.
Compared to healthy population co-activation, the survivors demonstrated greater activation of IR
and ER muscles during their respective rotation type. Survivors demonstrated increased (<8.7%)

activation of pectoralis major muscle activation compared to the healthy population.

An optimization-based muscle force prediction model was used to reflect specific muscle
dysfunction of the pectoralis major muscles, and population-specific co-activation was enforced as a
constraint. Empirically measured EMG was more closely associated to muscle force predictions of
external rotator muscles (r = 0.567) than internal rotator muscles (r = 0.347). Model predictions were
influenced by exertion type, co-activation constraint, hand force and pectoralis major capability
constraints. The model predicted muscle forces more closely to empirical measurements of activation
when the co-activation constraint was enforced, emphasizing the importance of consideration of

antagonistic muscle activation in biomechanical modeling.

This comprehensive description of physical capabilities of the breast cancer population has
never been performed in such detail. This body of work has furthered the knowledge available
regarding the capacity and functional limitations of survivors and preliminary recommendations
regarding therapeutic treatment and directions for future works have been suggested. The continued
development of this research and future application of interventions designed to address these
disabilities will promote the eventual return to function and work of survivors through targeted
rehabilitation and treatment strategies. Development of effective rehabilitation and prevention
strategies could potentially lower the social and economic burdens of survivor aftercare and
dramatically enhance the quality of life of survivors, allowing them to lead highly functional and

independent lives.
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Chapter 1 Introduction

Breast cancer is a disease that often strikes women in their prime, compromising their ability to lead
rich, productive lives as a result of persistent disability related to complications of the disease and its
treatment. These persistent disabilities compromise quality of life, and arguably question successful
survivorship status when resulting in such blatant and disruptive dysfunction. The first necessary step
towards improving function and return to work of this valuable working population is comprehensive
documentation of the physical capabilities of breast cancer survivors. This thesis seeks to do this
with unprecedented quality and thoroughness, providing a strong basis for future rehabilitative and
preventative ergonomics strategies to help improve the lives of those persons who have survived
breast cancer. It is desired to make the post-cancer years count more for these affected women.
Doing so will have the potential to generate profound social and economic benefits for Ontario and

world-wide.

Section 1.1 Breast cancer statistics and impact on life

Breast cancer is the most common cancer among Canadian women (excluding non-melanoma skin
cancer), and each year 24,400 women will be diagnosed with it and 5,000 will die from it (Canadian
Cancer Society, 2014). Almost 9,000 of these new cases will be diagnosed in Ontario alone
(Canadian Cancer Society's Steering Committee, 2010). The 5-year survival rate is 88% (Canadian
Cancer Society, 2014) and amongst survivors there is a 30 - 82% prevalence of long term upper limb
morbidity, most commonly including reduced range of motion (ROM), weakness, pain, swelling and
numbness (Kwan, Jackson, Weir, Dingee, McGregor, & Olivotto, 2002; Lauridsen, Overgaard,
Overgaard, Hessov, & Cristiansen, 2008; Maycock, Dillon, & Dixon, 1998; Rietman, Dijkstra,
Debreczeni, Geertzen, Robinson, & De Vries, 2004). The prevalence of decreased ROM ranges from
2 to 51% with severe restrictions (greater than 50% reduction) in 2% of patients (Rietman, et al.,

2003). Survivors also experience decreased functional capacity, meaning they exert more effort



relative to their maximal ability to perform usual activities, therefore leading to higher levels of
fatigue (Mock, et al., 2005). Cancer treatment side effects can last days, months, and even years
(Hsieh, Sprod, Hydock, Carter, Hayward, & Schneider, 2008). These impairments interfere with
survivors’ ability to perform activities of daily life (ADL) and return to work, and negatively affect
quality of life (QoL) (Markes, Brockow, & Resch, 2006; Rietman, et al., 2003). Only 28% of new
breast cancer cases are in women older than 69 years, indicating that the majority (72%) of diagnoses
occur in the workforce-age population (Canadian Cancer Society's Steering Committee, 2010),
effectively influencing the workforce across sectors and skill levels. As diagnostic and treatment
techniques improve and survival rates increase, long-term adverse effects of adjuvant treatments are
becoming more important as they may influence ADL and QoL (Nikander, Sievanen, Ojala,
Oivanen, Kellokumpu-Lehtinen, & Saarto, 2007; Rietman, Dijkstra, Debreczeni, Geertzen,

Robinson, & De Vries, 2004).

Chronic arm morbidity is relatively understudied and is one of the most troublesome long-
term complications of breast cancer treatments (Kwan, Jackson, Weir, Dingee, McGregor, &
Olivotto, 2002). As the survival rates increase, more research needs to focus on life after diagnosis
and treatment (Sandel, Judge, Landry, Faria, Ouellette, & Majczak, 2005). Upper limb morbidity has
rarely been accurately documented (Thompson, Air, Jack, Kerr, Rodger, & Chetty, 1995), and few
have investigated the mechanisms of change associated with these morbidities (Courneya K. S.,
Mackey, Bell, Jones, Field, & Fairey, 2003). Late morbidity (symptoms appear some time after
treatment is complete) interferes with ADL and QoL, but the relationships between impairments,
disability, performance of tasks and QoL of breast cancer patients have only scarce documentation
(Rietman, et al., 2003; Rietman, Dijkstra, Debreczeni, Geertzen, Robinson, & De Vries, 2004).
Current quantitative measures of physical capacity of breast cancer populations (BCPs) consist of
basic evaluations that thwart meaningful interpretations. Variability is high in assessments of

impairments, and no uniform criteria exist for ROM, muscle strength, pain and arm volume measures



(Rietman, et al., 2003). Further, muscle coordination, muscle specific strength measures and 3-D
kinematic assessments of this population during ADL and work tasks have not been assessed. This

stark lack of description of upper limb disability requires immediate attention.

Section 1.2 Dissertation overview and context

Upper limb dysfunction within the BCP has not been systematically evaluated, which has limited
development of specific and effective preventative and treatment strategies to promote healthy return
to function and work. A prerequisite for creating these strategies is population physical capability
description. This thesis will describe upper limb capacities and dysfunctions in a female BCP in
terms of kinematics, muscle coordination and strength during ROM, ADL and work activities. These
findings will be compared between unaffected (non-cancer) and affected (cancer-affected) sides.
Further, a previously developed theoretical shoulder model will be adjusted to reflect proposed
survivor changes in specific muscular capacity in attempt to improve predicted muscle forces. An

accurate muscle force prediction model could assist in assessing return-to-work readiness.

This research will also act as a foundation for future research projects, which will ultimately
improve the eventual return to work of the BCP through improved rehabilitation and treatment
strategies. Future studies will also evolve follow-up assessments of capability to assess effective and
sustainability of integration into the workspace, as well as general longitudinal recovery. Progression
of these future studies is outlined in Figure 1. Development of effective rehabilitation and reduction
of symptoms could potentially lower the social and economic burdens of survivor aftercare and
dramatically enhance quality of life. Improving the health of this population will allow these

survivors not just the ability to live — but to live highly functional and independent lives.
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Figure 1 Flow chart depicting how future projects (Stage Il and I11) will extend from the findings of this thesis
(Stage 1).



Section 1.3 Global thesis objectives & hypotheses

This thesis is made up of four studies that seek to investigate eight major objectives with associated

hypotheses, as described below and illustrated in Figure 2.

Study 1 - Quantification of upper limb capabilities and dysfunction of breast cancer survivors, and
relationship to quality of life (QoL) and performance of activities of daily living (ADL) and work

tasks

Obijectives:

1. Describe the upper limb capabilities and dysfunction of the BCP in terms of 3-D upper limb
kinematics (specifically, motions of the humerus and scapula with respect to the thorax),
muscle activation patterns (electromyography), and muscle-specific strength (force).

2. Determine relationships between total muscle effort (a physical muscle activation quantity of
(dys)function) with subjective measur