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Abstract 

Patients with acromegaly (PWA) experience higher rates of falls and fall-related 

injuries than Canadian older adults. Therefore, the aim of the present study was to 

determine if acromegaly influenced the control of standing balance. 

Bipedal and unipedal standing balance with eyes open (EO) and eyes closed (EC) were 

evaluated in PWA and a control group of patients with non-functioning pituitary adenomas 

(PNA) using synchronized force plate and motion capture systems to measure centre of 

pressure (COP) and centre of mass (COM). 

For bipedal stance, PWA exhibited a significantly greater increase in anteroposterior 

COP mean velocity with EC compared to EO (p=0.047) and significantly greater 

mediolateral mean absolute deviation of COP and COM (p=0.005) than PNA. Unipedal 

stance time was comparable between groups and to age-group norms. 

Despite normal standing balance performance, PWA revealed impaired balance 

control for bipedal stance in the anteroposterior axis with EC and in the mediolateral axis.  



 xi 

List of Abbreviations Used 

PWA Patients with acromegaly 
PNA Patients with non-functioning pituitary adenoma 
GH Growth hormone 
GHRH Growth hormone releasing hormone 
IGF-1 Insulin-like growth factor-1 
AA Acromegalic arthropathy 
OA Osteoarthritis 
BMI Body mass index 
COM Centre of mass 
COP Centre of pressure 
COPnet Total body centre of pressure 
COPL Left foot centre of pressure 
COPR Right foot centre of pressure 
COPx Mediolateral (x-axis) centre of pressure 
COPy Anteroposterior (y-axis) centre of pressure 
GRF  Ground reaction force 
vGRF  Vertical component of the ground reaction force 
vGRFL Vertical component of the left foot ground reaction force 
vGRFR Vertical component of the right foot ground reaction force 
AP Anteroposterior 
ML Mediolateral 
CNS Central nervous system 
EO Eyes open 
EC Eyes closed 
3D Three-dimensional 
6DOF Six degrees of freedom 
GCS Global coordinate system 
SCS Segment coordinate system 
FPCS Force plate coordinate system 
ICC Intraclass correlation coefficient 
CV Coefficient of variation 
PEA Prediction ellipse area 
FFT Fast Fourier transformation 
MPF Median power frequency 
COP-COM Mean absolute deviation of centre of pressure and centre of mass 

  



 xii 

Acknowledgements 

I would like to thank my supervisor, Dr. Michel Ladouceur, for his mentorship and 

patience. I am grateful for the knowledge he has shared with me that has contributed to my 

growth as a researcher over the course of my master’s degree.  

I would like to thank my committee members, Dr. Kathleen MacLean and Dr. Syed 

Ali Imran, for their unwavering support and guidance. I am grateful for Dr. MacLean’s 

voice of reason and Dr. Imran’s clinical expertise. A special acknowledgment is given to 

Dr. MacLean for taking time out of her busy schedule to provide support throughout the 

final stages of thesis writing. 

I would like to thank everyone on the research team who contributed to the study 

conceptualization and grant and ethics writing. I would like to acknowledge my research 

partner, Yuqi Wang, for her assistance in participant recruitment and data collection, and 

Lisa Tramble, for her ongoing support with recruitment from the Halifax Neuropituitary 

Program.  

I am grateful for the camaraderie of my lab-mates as we endured the highs and lows 

of graduate school together. The hard days of a master’s degree are a lot easier when you’re 

not going through it alone. 

I want to thank my family for their unconditional love and support along the winding 

road I travelled to get here. I am grateful for the support of my friends, who were always 

there to meet up for a tea or go for a run when I needed an escape from academic stress. 

My family and friends’ willingness to listen to me vent about the drudgery of marker 

labelling did not go unnoticed. Last but definitely not least, thank you to my dog, Ava, for 

providing more emotional support than any human could possibly offer.  



 1 

Chapter 1: Introduction 

Acromegaly is a rare endocrine condition characterized by hypersecretion of growth 

hormone (GH), typically due to an adenoma of the anterior pituitary gland. Excess growth 

hormone leads to subsequent overproduction of insulin-like growth factor 1 (IGF-1), and 

elevated levels of these hormones result in somatic tissue overgrowth and impaired 

metabolic function (Melmed, 2006). Although acromegaly is of endocrine origin, it can 

affect all systems of the body, including cardiovascular, respiratory, nervous, and 

musculoskeletal systems (Abreu et al., 2016; Claessen et al., 2015; Colao et al., 2004; 

Melmed, 2006). Treatment of acromegaly may involve surgical removal of the adenoma, 

medication, and/or radiation (Katznelson et al., 2014).  

Although treatment effectiveness has improved over the past few decades, some 

complications of acromegaly, such as structural and functional abnormalities of 

musculoskeletal and nervous tissues, are not resolved with successful disease control 

(Biermasz et al., 2005, 2012; Claessen et al., 2012, 2014, 2015; Pelsma et al., 2021; Resmini 

et al., 2009; Wassenaar et al., 2009b). Many patients with acromegaly (PWA) continue to 

experience reduced physical function and quality of life despite biochemical remission 

(Biermasz et al., 2005; Fatti et al., 2019; Title et al., 2023; Wassenaar et al., 2010). PWA 

experience falls twice as often as Canadian older adults (Title et al., 2023) and have reduced 

balance confidence compared to healthy controls (Atmaca et al., 2013) and patients with 

non-functioning (non-hormone secreting) pituitary adenomas (PNA) (Title et al., 2023). 

Furthermore, a few studies have revealed significant balance dysfunction in PWA using 

force plate measurements of centre of pressure (COP) (Haliloglu et al., 2019; Homem et 

al., 2017; Lopes et al., 2014). 
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In the current literature on acromegaly, arthropathy is commonly discussed in relation 

to balance dysfunction in PWA. Over 70% of PWA in remission report joint pain and/or 

stiffness (Biermasz et al., 2005; Wassenaar et al., 2009b), and radiological evidence of 

arthropathy is observed in up to 99% of PWA (Wassenaar et al., 2009b). Acromegalic 

arthropathy (AA) is different from other forms of arthropathy such as rheumatoid arthritis 

or osteoarthritis (OA) as there is no known autoimmune involvement and articular cartilage 

degeneration is not typically observed (Claessen et al., 2017; Prencipe et al., 2020; 

Wassenaar et al., 2011). Instead, AA is characterized by joint space widening due to 

hypertrophy of articular cartilage and periarticular soft-tissue and laxity of periarticular 

ligaments (Biermasz et al., 2012; Bluestone et al., 1971; Pelsma et al., 2022; Scarpa et al., 

2004; Wassenaar et al., 2011) and is thought to be mediated by excess GH and IGF-1 

(Biermasz et al., 2009; Colao et al., 2004).  

Abnormal bone growth, including osteophytosis (outward bone growth at the articular 

surface) and enthesopathy (outward bone growth at ligament and tendon attachment sites), 

is also frequently seen in PWA despite long-term remission (Biermasz et al., 2012; 

Bluestone et al., 1971; Claessen et al., 2012, 2017; Ozturk Gokce et al., 2020; Pelsma et 

al., 2021, 2022; Podgorski et al., 1988; Rosselet et al., 1988; Wassenaar et al., 2009b, 2011). 

In OA, osteophytosis is proposed to develop in response to cartilage degeneration, but 

osteophytosis in the absence of joint space narrowing is commonly observed in AA 

(Wassenaar et al., 2011), which suggests that AA may have a different mechanism of 

osteophyte formation. GH and IGF-1 are thought to facilitate increased bone metabolism 

in PWA (Constantin et al., 2017). Excess IGF-1 levels have been shown to stimulate 

osteophyte formation in rats (Okazaki et al., 1999), and in humans, osteophytes have been 
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shown to express mRNA and receptors for IGF-1 (Jørgensen et al., 2023; Middleton et al., 

1995). Therefore, IGF-1 may play a role in osteophyte development in PWA.  

The visual, vestibular, and somatosensory systems play an imperative role in the 

control of balance, and the function of these systems may be impaired in PWA. Visual 

impairments are known to alter balance control (Bednarczuk et al., 2021; Friedrich et al., 

2008; Nashner and Berthoz, 1978) and increase risk of falls and fall-related fractures 

(Felson et al., 1989; Freeman et al., 2007; Hong et al., 2014; Ivers et al., 1998). Mass effects 

of the pituitary adenoma can result in visual field defects by compressing the optic chiasm 

(Kan et al., 2013; Ogra et al., 2014; Rivoal et al., 2000). Many patients have improved 

vision post-transsphenoidal surgery, but in some, vision remains impaired or is worsened 

post-surgery (Butenschoen et al., 2021; Castle-Kirszbaum et al., 2022; Cohen et al., 1985; 

Müslüman et al., 2011; Powell, 1995).  

Vestibular changes have not been documented in PWA. A few audiological studies 

have found overgrowth of the temporal bone or otosclerosis that may be related to hearing 

loss in acromegaly; however, findings are inconsistent between studies (Aydin et al., 2012; 

Babic et al., 2006; Baylan et al., 2011; Graham and Brackmann, 1978; Menzel, 1966; 

Richards, 1968; Tabur et al., 2017). Theoretically, if the inner ear structures were 

otosclerotic or overgrowth of the temporal bone was to impede inner ear structures, 

vestibular dysfunction could occur; however, this is yet to be confirmed in the literature.  

There is also an absence of literature on somatosensory function in PWA. Structural 

changes to muscles and tendons in PWA could potentially impair the function of muscle 

and joint receptors (Mastaglia et al., 1970; Nagulesparen et al., 1976; Onal et al., 2016; 

Ozturk Gokce et al., 2020; Podgorski et al., 1988), and increased heel pad and skin 

thickness on the plantar surface of the foot in PWA could hypothetically impair plantar 
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cutaneous sensation (Gonticas et al., 1969; Kho et al., 1970; Ozturk Gokce et al., 2020; 

Steinbach and Russell, 1964). Furthermore, many PWA have absent knee and ankle 

reflexes and diminished perception of touch, temperature, pain, and vibration (Alibas et al., 

2017; Jamal et al., 1987).  

The transmission of signals via sensory and motor nerves also must be considered in 

balance control. PWA often exhibit peripheral nerve dysfunction, characterized by reduced 

conduction velocities and action potentials and prolonged distal latencies of sensory and 

motor nerves (Alibas et al., 2017; Jamal et al., 1987; Low et al., 1974; Ozata et al., 1997; 

Pickett et al., 1975; Sasagawa et al., 2015). Additionally, proper function of muscles and 

tendons is necessary for the maintenance of standing balance. PWA have reduced muscular 

strength and endurance (Füchtbauer et al., 2017; Guedes da Silva et al., 2013; Homem et 

al., 2017; Walchan et al., 2016), which may be the result of changes to the extracellular 

matrix of muscles and tendons (Doessing et al., 2010), tendon softening (Onal et al., 2016), 

and peripheral nerve dysfunction. Therefore, several mechanisms aside from AA may 

explain balance dysfunction in PWA. 

In order to address balance through treatment interventions, the mechanism of balance 

impairment in PWA must be understood. Differences in standing balance control between 

PWA and healthy controls are most prominent in the anteroposterior (AP) direction with 

eyes open (EO) and the mediolateral (ML) direction with eyes closed (EC) (Haliloglu et 

al., 2019; Homem et al., 2017; Lopes et al., 2014). Based on known mechanisms of standing 

balance control in healthy populations, AP balance is primarily controlled by the ankle 

invertors and evertors, while loading and unloading of the lower limbs through hip 

abduction and adduction the is the main contributor of ML balance control (Day et al., 

1993; Horak and Nashner, 1986; Winter et al., 1993, 1990). Therefore, the increase in ML 
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sway when the effect of vision is controlled via EC may indicate impaired frontal plane hip 

mechanics in PWA. This is supported by the high prevalence of hip pain and dysfunction 

in PWA (Biermasz et al., 2005; Title et al., 2023). Furthermore, a recent study found that 

increased hip disability scores predicted lower balance self-confidence in PWA (Title et 

al., 2023). However, two of the studies of standing balance in PWA concurrently 

manipulated both vision and stance width (Homem et al., 2017; Lopes et al., 2014). 

Narrowing the stance width requires greater contribution of the ankle invertors and evertors 

for ML balance control (Åberg et al., 2011; Winter et al., 1996). Therefore, the increase in 

ML sway in PWA with narrower stance width and EC could indicate dysfunction of ankle 

invertors and evertors. The difference in AP balance control in the EO but not EC condition 

observed in two of the previous studies suggests the possibility of vision-related changes 

to balance control (Haliloglu et al., 2019; Lopes et al., 2014). 

Previous studies of standing balance in PWA recruited control groups of healthy 

participants (Haliloglu et al., 2019; Homem et al., 2017; Lopes et al., 2014; Sendur et al., 

2019), which failed to control for effects of the adenoma and/or adenoma removal surgery. 

Furthermore, two of the studies reported remission rates of 57% and 64% in their samples 

of PWA, and approximately 20% of PWA did not receive surgery to remove the adenoma 

(Haliloglu et al., 2019; Lopes et al., 2014). Two previous studies controlled for visual field 

defects or uncorrected visual impairment through exclusion criteria; however, neither study 

specified if all patients were systematically tested for visual impairment (Haliloglu et al., 

2019; Homem et al., 2017). This exclusion criteria limits the generalizability of their 

findings; therefore, a control group of PNA would be more suitable for controlling for 

visual field defects as well as other adenoma and surgery-related effects on standing 

balance control. 
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Many parameters are available to quantify balance, and thus researchers are tasked 

with selecting the appropriate parameters to address their research question. Prior studies 

of standing balance in PWA have analyzed time domain parameters of the COP signal, 

such as the standard deviation, range, or elliptical area of COP. While many of these time 

domain parameters are valid and reliable indicators of stability (Lafond et al., 2004), they 

cannot discern between balance control mechanisms. In contrast, frequency analysis of the 

COP signal allows for more insight into the neuromuscular control of balance. Furthermore, 

analysis of both the total body centre of mass (COM) and the COP allows for a broader 

understanding of the sensory and motor mechanisms that constitute the postural control 

system. 

Reduced physical function and poor balance control are significant predictors of falls 

and fall-related injuries, especially in older populations and populations with neurological 

disorders and visual impairments (Felson et al., 1989; Freeman et al., 2007; Hong et al., 

2014; Ivers et al., 1998; Nevitt, 1989; Nevitt et al., 1991; Pizzigalli et al., 2016; Quijoux et 

al., 2020). The relationship between falls and morbidity and mortality is well-documented 

(Do et al., 2015; James et al., 2020; Tinetti and Kumar, 2010), and experiencing a first fall, 

especially an injurious fall, is a significant predictor of subsequent falls (Nevitt, 1989; 

Nevitt et al., 1991; Peel, 2011). Additionally, fall-related injuries place a substantial burden 

on the healthcare system. Fall-related injuries in older adults result in a visit to the 

emergency room in more than 70% of incidences (Do et al., 2015), and those who fall incur 

significantly greater healthcare costs than non-fallers (Bohl et al., 2010; Burns et al., 2016; 

Hoffman et al., 2017; Rizzo et al., 1998; Shumway-Cook et al., 2009). Given that PWA 

experience twice as many falls and fall-related injuries as Canadian older adults (Title et 

al., 2023), it is imperative that balance dysfunction in PWA is addressed. 
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The specific of aim of the present study was to determine if acromegaly has an effect 

on standing balance control. This was investigated through kinematic and kinetic analysis 

of bipedal and unipedal standing balance with eyes open and eyes closed, using a control 

group of PNA. Outcome measures included time and frequency domain parameters of COP 

and parameters that quantified the relationship between COP and COM.  
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Chapter 2: Literature Review 

2.1 Acromegaly   

Acromegaly is a rare endocrine condition characterized by hypersecretion of GH, 

most often due to an adenoma of the anterior pituitary gland. Pituitary adenomas are benign 

tumours that are classified as functioning (secrete hormones) or non-functioning (do not 

secrete hormones). In acromegaly, a functioning adenoma develops due to abnormal 

proliferation of cells that secrete GH, which interrupts the normal function of the GH/IGF-

1 axis (Figure 1) (Melmed, 2006). GH and IGF-1 are hormones that regulate the growth 

and metabolism of tissues throughout the body. The central nervous system (CNS) controls 

the secretion of GH via growth hormone releasing hormone (GHRH) and somatostatin, 

secreted from the hypothalamus (Frohman and Jansson, 1986; Thorner et al., 1990). 

Additionally, ghrelin, a growth hormone secretagogue produced primarily by endocrine 

cells of the gastrointestinal tract, is involved in the regulation of GH (Kojima et al., 1999). 

GHRH and ghrelin stimulate the synthesis and release of GH, while somatostatin inhibits 

GH release (Anderson et al., 2004). Downstream, GH stimulates the liver to secrete IGF-

1. In normal function, a negative feedback loop prevents excess GH and IGF-1 release to 

carefully regulate the growth of tissues throughout the body. When GH levels are adequate, 

IGF-1 supresses GH secretion directly via inhibition of GH secretion from the anterior 

pituitary and indirectly through inhibition of GHRH secretion and activation of 

somatostatin secretion at the level of the hypothalamus (Niiori-Onishi et al., 1999; Sugihara 

et al., 1999; Yamashita and Melmed, 1987, 1986). Additionally, GH regulates its own 

secretion by supressing GHRH and activating somatostatin release (Berelowitz et al., 1981; 

Tannenbaum, 1980). In acromegaly, the GH-secreting pituitary adenoma impairs the 
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regulatory actions of the GH/IGF-1 axis (Figure 2) (Yamasaki et al., 1991). Therefore, 

excess GH signals the liver to release a surplus of IGF-1, and elevated levels of GH and 

IGF-1 result in somatic tissue overgrowth and metabolic dysfunction (Melmed, 2006). 

When acromegaly remains undiagnosed and uncontrolled, multiple systemic comorbidities 

tend to develop. 

 
Figure 1. Normal function of the GH/IGF-1 axis. Reproduced from Lu et al. (2019).  
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Figure 2. The effect of a GH-secreting pituitary adenoma on the GH/IGF-1 axis. 
Reproduced with permission from Melmed (2006), Copyright Massachusetts Medical 
Society. 
 
2.1.1 Clinical Features of Acromegaly 

The changes that develop in PWA can involve cardiovascular, respiratory, 

gastrointestinal, musculoskeletal, and endocrine systems (Abreu et al., 2016; Claessen et 

al., 2015; Colao et al., 2004; Melmed, 2006). Figure 3 lists the wide array of clinical 

features and comorbidities that PWA may experience due to excess GH and IGF-1 and 

mass effects of the tumour. Mass effects of the tumour can impair vision and lead to 

hypoproduction of hormones along other hypothalamic-pituitary axes (e.g., hypogonadism, 

hypothyroidism, hypoadrenalism) and hyperproduction of prolactin (Claessen et al., 2015; 

Colao et al., 2004). PWA also develop changes to their physical appearance, such as 

enlargement and disfigurement of the hands, feet, and face, which are associated with 

physical dysfunction, psychological distress, and poor body image (Imran et al., 2016; 

Molitch, 1992; Roerink et al., 2015; Rowles et al., 2005; Vilar et al., 2017). Symptoms and 

signs arise gradually and increase in severity over time as acromegaly remains 

uncontrolled. As shown in Figure 4, the disfiguration of facial features progresses over 

years (Molitch, 1992).  

Despite advances in diagnostic technology for acromegaly, no reductions in time 

from first symptom onset to acromegaly diagnosis have been observed (Reid et al., 2010). 

The typical delay in diagnosis for PWA is 5-10 years (Holdaway and Rajasoorya, 1999; 

Reid et al., 2010). 
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Figure 3. Clinical features and comorbidities of acromegaly. Reproduced with permission 
from Melmed (2006), Copyright Massachusetts Medical Society. 
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Figure 4. Progression of changes to facial features over 11 years in a patient with 
acromegaly. Reproduced from Molitch (1992). 
 
2.1.2 Treatment of Acromegaly 

Once diagnosed, acromegaly should be treated quickly to prevent further damage 

from excess GH and IGF-1. The typical course of treatment for PWA is displayed in Figure 

5 (Katznelson et al., 2014). The primary treatment for acromegaly is surgery to remove the 

pituitary adenoma (Katznelson et al., 2014; Melmed et al., 2018). In the latter half of the 

20th century, this procedure became less invasive through transsphenoidal technique, which 

involves removing the adenoma through the nasal cavity and sphenoid sinus using an 

endoscope or microscope. The transsphenoidal technique has reduced complications and 

improved outcomes of pituitary removal surgery. Surgery success rates are greater than 

85% for microadenomas and 40-50% for macroadenomas, and the 5-year post-operative 

recurrence of the adenoma is 2-8% (Katznelson et al., 2014). Tumours that invade the 

cavernous sinus are more difficult to access and typically cannot be removed via surgery. 

If surgery is unsuccessful or the adenoma recurs, surgery may be repeated, or other 
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treatments may be utilized. The next line of treatment is medical therapy for acromegaly. 

The main classes of medications for acromegaly include somatostatin receptor ligands, 

dopamine agonists (DAs), and Pegvisomant. Somatostatin receptor ligands are most 

commonly prescribed, and some PWA may be prescribed a combination of drug types 

(Fleseriu et al., 2021; Katznelson et al., 2014; Melmed et al., 2018). Finally, if no other line 

of treatment is effective at normalizing IGF-1 levels, the patient may receive radiation. 

Stereotactic radiation therapy is recommended over conventional radiation in PWA 

(Katznelson et al., 2014). Due to variable success rates (10-60%), higher rates of 

complications, and increased time to normalized GH levels compared to transsphenoidal 

surgery, radiation is typically the last course of treatment. 
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Figure 5. Clinical practice guidelines for treatment of acromegaly. SRL, somatostatin 
receptor ligand; DA, dopamine agonist; SRT, stereotactic radiation therapy; OGTT, oral 
glucose tolerance test. Reproduced from Katznelson et al. (2014). 
 
2.1.3 Mortality in Acromegaly 

Advances in surgical technology, radiotherapy, and medical therapies in recent 

decades have contributed to increased life expectancy for PWA. In meta-analyses of studies 

published prior to 2008, PWA had a 70-76% increased risk of mortality compared to the 

general population, while subgroup analyses of studies with high rates of treatment and 

remission showed no significant difference between mortality rates of PWA and the general 

population (Bolfi et al., 2018; Dekkers et al., 2008; Holdaway et al., 2008). A meta-analysis 

of studies published after 2008 showed no difference in mortality rates of PWA versus the 

general population (Bolfi et al., 2018). The standardized mortality rate was further reduced 

in a subgroup analysis of studies where somatostatin receptor ligands were available to 

PWA in addition to surgery and/or radiation; however, studies with surgery and radiation 

as the only treatment options had mortality rates more than double the general population. 

These findings highlight the positive impact of pharmaceutical innovations on life 

expectancy in acromegaly.  

Despite reduced mortality levels for PWA who are in remission, some 

complications, such as arthropathy, are not reversed and continue to progress (Biermasz et 

al., 2005; Claessen et al., 2012, 2015; Pelsma et al., 2021). Therefore, greater emphasis is 

needed on reducing morbidity, improving physical function, and enhancing quality of life 

for PWA. 



 15 

2.1.4 Physical Function in Acromegaly 

In recent years, researchers have begun to explore the effects of acromegaly on 

physical function. Studies have used various instruments to quantify physical function in 

PWA including self-reported questionnaires (Claessen et al., 2014; Fatti et al., 2019; Miller 

et al., 2008; Pelsma et al., 2022; Title et al., 2023; Wassenaar et al., 2009b); functional tests 

of exercise capacity, balance, and gait (Atmaca et al., 2013; Homem et al., 2017); and 

laboratory assessments of balance and muscle function (Füchtbauer et al., 2017; Guedes da 

Silva et al., 2013; Haliloglu et al., 2019; Homem et al., 2017; Lopes et al., 2016, 2015, 

2014; Omma et al., 2022; Sendur et al., 2019; Walchan et al., 2016). 

Questionnaires specific to hand and/or upper limb disability have shown moderate 

disability in PWA compared to normative values (Pelsma et al., 2022) and significantly 

greater disability in PWA than PNA (Title et al., 2023). Studies have also found greater 

disability of the lower limb in PWA compared to general population values (Fatti et al., 

2019; Pelsma et al., 2022), healthy controls (Wassenaar et al., 2009b), and PNA (Title et 

al., 2023). Prospective observation has shown worsening of upper extremity function in 

PWA, but progression of lower extremity disability was inconsistent between studies 

(Claessen et al., 2014; Pelsma et al., 2021). 

PWA have shown reduced quadriceps and/or hamstring strength and endurance 

compared to healthy controls (Füchtbauer et al., 2017; Guedes da Silva et al., 2013; Homem 

et al., 2017; Khaleeli et al., 1984; Walchan et al., 2016). PWA exhibited a reduction in hand 

grip strength during active acromegaly that was normalized following remission 

(Füchtbauer et al., 2017); however, a long-term follow-up of muscle function in PWA 

found that grip strength and pinch grip strength decreased over a 2.6-year period despite 

remission of acromegaly (Claessen et al., 2014).  
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Functional tests including the Berg Balance Scale, Performance Oriented Mobility 

Assessment, Dynamic Gait Index, and Timed Up and Go revealed reduced balance, 

mobility, and gait adaptability in PWA compared to healthy controls, all of which predict 

an increased risk of falls (Atmaca et al., 2013; Homem et al., 2017). While time to complete 

a 50-meter walk test was significantly longer in older adult PWA (≥ 60 years) compared to 

healthy older adults (Homem et al., 2017), a slightly younger cohort of PWA did not differ 

from healthy controls in 6-minute walk test distance (Guedes da Silva et al., 2013). 

Force plate analyses have revealed significant differences in standing balance 

between PWA and healthy controls for bipedal (Haliloglu et al., 2019; Homem et al., 2017; 

Lopes et al., 2014) and unipedal stance (Haliloglu et al., 2019). In acromegaly, excess GH 

and IGF-1 are thought to alter the function of the nervous and musculoskeletal systems, 

which work collectively to control posture and balance. Balance is an important component 

of physical function as balance impairments are associated with an increased risk of falls 

and fall-related injuries, and falls are related to morbidity and premature mortality (Do et 

al., 2015; James et al., 2020; Tinetti and Kumar, 2010). A recent study showed that PWA 

were approximately twice as likely to experience a fall or fall-related injury compared to 

Canadian older adults (Title et al., 2023). Therefore, it is imperative to examine the 

mechanisms of impaired balance control in PWA. 

2.2 Features of Acromegaly Proposed to Affect Balance Control 

2.2.1 Arthropathy in Acromegaly 

One of the most common complications of acromegaly is AA, which adversely 

affects physical function, psychological well-being, and quality of life in PWA (Biermasz 

et al., 2005; Fatti et al., 2019; Miller et al., 2008; Pelsma et al., 2022; Title et al., 2023; 
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Wassenaar et al., 2010). Proposed mechanisms of AA suggest that elevated levels of GH 

and IGF-1 induce laxity of periarticular ligaments and hypertrophy of articular cartilage 

and periarticular soft tissue (Colao et al., 2004).   

If early intervention is successful, AA may be partially reversible (Claessen et al., 

2016; Colao et al., 2003, 1999). Claessen and colleagues (2017) hypothesized that there are 

two components that contribute to thickened cartilage in AA: hypertrophy of cartilage 

(structural changes) and edema (increase in water content). They found that patients with 

active acromegaly had thicker cartilage and higher cartilage T2 relaxation times than 

patients in remission. Therefore, they suspected that cartilage hypertrophy is irreversible 

despite successful treatment of acromegaly, while the edema, indicated by T2 relaxation 

times, is resolved with successful treatment. Similarly, an earlier study found a reduction 

in thickness of the shoulder, wrist, and knee cartilage and heel tendon following 12 months 

of treatment with somatostatin receptor ligands; however, cartilage and tendon thickness 

did not return to normal (Colao et al., 1999).  

Due to long delays in diagnosis and treatment, PWA commonly reach a stage of 

irreversible and progressive AA. Despite long-term biochemical control of acromegaly, 

joint pain and stiffness have been shown to persist in more than 70% of PWA (Biermasz et 

al., 2005; Wassenaar et al., 2009b), and radiographic evidence of arthropathy in at least one 

joint site has been observed in 99% of PWA (Wassenaar et al., 2009b). In addition to 

cartilage and soft-tissue hypertrophy, osteophytosis and enthesopathy have also been 

observed in PWA despite long-term remission (Biermasz et al., 2012; Bluestone et al., 

1971; Claessen et al., 2012, 2017; Pelsma et al., 2021, 2022; Podgorski et al., 1988; 

Rosselet et al., 1988; Wassenaar et al., 2009b, 2011).  
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It is important to note that in many studies, the prevalence of clinical and 

radiological arthropathy may be underestimated. Many studies exploring the prevalence of 

AA use clinical and radiological scoring systems designed for OA, which use joint space 

narrowing as a criterion (Altman et al., 1991, 1990, 1986, 1995; Kellgren and Lawrence, 

1957). Similarly, many scales used to quantify joint symptoms and physical disability have 

been validated for OA but not AA (Bellamy et al., 2002, 1988; Lyman et al., 2016a, 2016b; 

van der Meulen et al., 2022; Whitehouse et al., 2008).  

2.2.1.1 Acromegalic Arthropathy in Different Joint Sites 

Radiographic arthropathy is most often seen in the hip, knee, spine, and hands 

despite remission of acromegaly (Biermasz et al., 2012; Claessen et al., 2012, 2014; Pelsma 

et al., 2021, 2022; Scarpa et al., 2004; Wassenaar et al., 2009b) Similarly, joint pain and/or 

stiffness are most common and severe in the hip, knee, and spine in PWA (Biermasz et al., 

2005; Pelsma et al., 2022; Scarpa et al., 2004; Title et al., 2023). A recent study found a 

significant interaction between acromegaly and body region on joint pain, with PWA 

experiencing more severe joint pain in the axial region (spinal joints and joints bordering 

the trunk) than appendicular region (joints of the upper and lower limbs) (Title et al., 2023). 

2.2.1.2 Acromegalic Arthropathy of the Spine 

Abnormal spine radiographs are present in almost 70% of PWA and are 

significantly more common in PWA than in healthy controls (Scarpa et al., 2004). 

Osteophytes, disc space narrowing, and/or wedge-shape vertebrae have been observed in 

62-90% of PWA at the thoracic level and 37-40% of PWA at the lumbar level (Cellini et 

al., 2021; Plard et al., 2020). Ossification of spinal ligaments has also been noted in some 

PWA (Hoshino et al., 2022). Spinal pain and/or stiffness and decreased mobility have been 
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reported at significantly higher rates in PWA compared to controls, with these symptoms 

most common in the lumbar spine (Scarpa et al., 2004).  

Abnormalities in spine and pelvis alignment in both the sagittal and frontal plane 

have been detected in PWA through radiographic imaging. Scoliosis has been observed in 

15-35% of PWA (de Azevedo Oliveira et al., 2019; Scarpa et al., 2004). Approximately 

one third of PWA exhibit thoracic hyperkyphosis, while almost 50% of PWA have 

excessive lumbar lordosis and over 40% have posterior pelvic tilt. Thoracic hyperkyphosis 

and excessive pelvic tilt were significantly more common in PWA than healthy controls 

(Cellini et al., 2021). Frontal plane postural alignment abnormalities have not been found 

via photogrammetry; however, in the sagittal plane, significant differences have been 

observed for vertical trunk alignment, hip angle, and horizontal pelvis alignment between 

PWA and healthy controls (Lopes et al., 2014).  

2.2.1.3 Comparison of Acromegalic Arthropathy to Osteoarthritis 

AA is often referred to as a type of secondary OA; however, radiographic 

assessment exhibits differences between AA and primary OA (Wassenaar et al., 2011). 

Radiographic evidence revealed that in contrast to patients with OA who exhibit joint space 

narrowing due to the degeneration of articular cartilage, the majority of patients with AA 

have widened joint spaces and preservation or hypertrophy of articular cartilage (Biermasz 

et al., 2012; Claessen et al., 2012, 2017; Detenbeck et al., 1973; Pelsma et al., 2021, 2022; 

Scarpa et al., 2004; Tagliafico et al., 2011; Tornero et al., 1990; Wassenaar et al., 2009b, 

2011). PWA have been shown to have 31% thicker joint cartilage and higher cartilage T2 

relaxation times compared to patients with primary OA, suggesting that PWA have greater 

cartilage water content and structural abnormalities (Claessen et al., 2017). Prevalence of 
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osteophytosis has been shown to be similar or higher in AA compared to OA, with 

comparable severity between the two conditions (Claessen et al., 2017; Wassenaar et al., 

2011). In OA, osteophyte formation is thought to be secondary to articular cartilage 

degeneration; however, the majority of PWA have osteophytes in the absence of joint space 

narrowing (Wassenaar et al., 2011). Therefore, it appears that the pathogenesis of 

osteophytosis in AA may be different than OA.  

Some researchers propose that osteophytosis may be the result of altered joint 

geometry due to abnormal cartilage and bone growth and increased mobility due to 

ligament laxity (Bluestone et al., 1971; Killinger et al., 2010). In rodent studies, elevated 

IGF-1 levels were shown to stimulate osteophyte formation (Okazaki et al., 1999), while 

osteophytes did not develop in cases of GH and IGF-1 deficiency despite cartilage 

degeneration (Ekenstedt et al., 2006). Human osteophytes contain osteoblasts and 

osteoclasts that express mRNA for IGF-1 and type I IGF receptors (Jørgensen et al., 2023; 

Middleton et al., 1995). However, the literature is inconclusive regarding the relationship 

between GH and/or IGF-1 concentrations and general OA (Denko et al., 1990, 1996; Dixit 

et al., 2021; Hochberg et al., 1994; Lloyd et al., 1996; McAlindon et al., 1993; Schouten et 

al., 1993). In PWA, higher pre-treatment serum IGF-1 levels appear to be associated with 

a greater risk of AA (Biermasz et al., 2009). Therefore, further investigation of the role of 

IGF-1 in osteophyte formation is necessary in PWA. 

2.2.1.4 Treatment of Acromegalic Arthropathy  

Despite the debilitating and progressive nature of AA and its high prevalence in 

patients with acromegaly, treatment of AA has been neglected in the literature. The absence 

of specific treatment guidelines for AA means that clinicians often resort to treatments 
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designed for OA to manage AA despite notable differences between the two conditions 

(Claessen et al., 2016; Pelsma et al., 2021). Hip and knee pain and dysfunction are common 

in PWA (Biermasz et al., 2005; Title et al., 2023), yet PWA receive significantly fewer hip 

and knee replacements compared to patients with hip OA, suggesting that AA may be 

undertreated (Wassenaar et al., 2011). However, hip replacements are significantly more 

frequent in PWA compared to PNA (Title et al., 2023). While those with joint surgery 

typically see improvements in pain and physical function (Akkaya et al., 2022; Rosselet et 

al., 1988), joint pain, stiffness, and functional disability remain elevated in PWA despite 

higher rates of joint surgery (Title et al., 2023). Additionally, the frequency of medication 

use for joint pain does not appear to be different between PWA and PNA albeit significantly 

higher joint pain levels in PWA (Title et al., 2023; van der Klaauw et al., 2008). This further 

supports that symptoms of AA are often poorly managed. There is limited discussion of 

non-surgical and non-pharmacological approaches to managing AA in the literature.  

In recent years, a few studies have explored the effect of rehabilitation exercise 

programs on quality of life and functional outcomes in PWA. The results of these studies 

have shown efficacy of structured exercise programs for improvement of quality of life, 

aerobic capacity, dynamic balance, quadriceps muscle strength, flexibility, lower extremity 

disability, fatigue, and body image in PWA (Haliloglu et al., 2019; Hatipoglu et al., 2015, 

2014; Lima et al., 2019, 2019). Outcomes such as handgrip and hamstring strength did not 

significantly increase with the exercise intervention (Hatipoglu et al., 2015; Lima et al., 

2019), and changes in static balance were inconsistent between studies (Haliloglu et al., 

2019; Lima et al., 2019). After a one-month washout period following the structured 

exercise program, most progress from the intervention was lost; however, lower extremity 

disability and static balance improvements were maintained a month later (Lima et al., 



 22 

2019).  Higher body mass index (BMI) was found to be a significant predictor of worse 

functional outcomes of arthropathy (Kropf et al., 2013); therefore, exercise programs could 

also help with weight management. However, body composition outcomes in PWA 

following the exercise intervention varied by study (Hatipoglu et al., 2015; Lima et al., 

2019).  

Although these findings reveal several benefits of physical rehabilitation programs 

in PWA, the studies were limited by small sample sizes. Additionally, assignment to the 

intervention and control group was through self-selection (Haliloglu et al., 2019; Hatipoglu 

et al., 2015, 2014), and one study failed to include a control group (Lima et al., 2019). 

Therefore, large-scale randomized, controlled trials are warranted.  

2.2.1.5 Possible Phenotypes of Acromegalic Arthropathy 

Some researchers have looked to genetic factors to explain why certain patients have 

unresolved arthropathy following long-term remission of acromegaly. In humans, there is 

polymorphism of GH receptors, meaning that there are different genetic expressions or 

phenotypes. A common GH receptor polymorphism, genomic deletion of exon 3, can 

increase the responsiveness of GH receptors via amplified signal transduction (Dos Santos 

et al., 2004; Pantel et al., 2000; Sobrier et al., 1993). Wassenaar and colleagues (2009a) 

found that those with exon 3 deletion had significantly higher prevalence of radiographic 

arthropathy of the hip, while another study revealed a trend towards increased frequency of 

arthropathy in PWA with exon 3 deletion (Mercado et al., 2008). When examining a 

subgroup of PWA with higher pre-treatment GH levels, those with the exon 3 deletion had 

greater arthropathy of the knee and distal interphalangeal joint (Wassenaar et al., 2009a). 
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However, the effect of exon 3 deletion on post-treatment arthropathy-related outcomes 

requires further exploration. 

In a small number of cases, approximately 10-15%, PWA reach a stage of 

degenerative joint disease (Claessen et al., 2013; Rosselet et al., 1988). Researchers have 

not yet determined whether the development of subchondral cysts and joint space 

narrowing in PWA is end-stage AA or a separate phenotype of AA. Early researchers have 

proposed that degeneration may be due to abnormal hyaline cartilage growth (Bluestone et 

al., 1971; Rosselet et al., 1988). Histological findings revealed that cartilage cells 

proliferate nonuniformly in PWA, producing excess cartilage matrix in the middle and 

basal layers (Bluestone et al., 1971). This creates greater stress in the inter-territorial 

regions and can result in cartilage ulcers. In OA, fibrocartilage is laid down over damaged 

hyaline cartilage; however, in PWA, fibrocartilage is deposited in excessive volumes in 

response to cartilage damage. Fibrocartilage creates greater friction in the joint and is prone 

to more wear than hyaline cartilage, leading to further degeneration and eventually the 

exposure of subchondral bone. Subchondral sclerosis and cysts then result. Subchondral 

sclerosis, the depositing of dense bone in locations of eroded subchondral bone, occurs in 

excess in acromegaly. A cross-sectional study showed a relationship between higher age, 

female sex, and higher BMI and joint space narrowing in PWA, which are all predictors of 

OA in the general population (Claessen et al., 2013). Knee joint space narrowing was 

associated with past knee trauma and surgery but not any variables related to acromegaly, 

suggesting that PWA who developed knee joint space narrowing may have also been 

predisposed to OA. However, hip joint space narrowing was related to higher pre-treatment 

GH and IGF-1 concentrations, longer duration of exposure to excess GH, and delayed or 

unsuccessful surgical cure of acromegaly. Furthermore, hip joint space narrowing was more 
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prevalent in PWA treated with somatostatin receptor ligands compared to those who were 

not. Considering these associations were not found for other joint sites and the hip is one 

of the most common and severe sites of AA, the relationship between hip joint space 

narrowing and acromegaly clinical characteristics should be further explored.  

2.2.2 Peripheral Neuropathy in Acromegaly 

Peripheral neuropathy has been observed in several studies of PWA (Alibas et al., 

2017; Dinn and Dinn, 1985; Jamal et al., 1987; Koçak, 2015; Low et al., 1974; Ozata et al., 

1997; Pickett et al., 1975; Sasagawa et al., 2015). Although much of the focus is on carpal 

tunnel syndrome and neuropathy of the median nerve, a small number of studies have also 

examined peripheral nerves in the lower extremity (Alibas et al., 2017; Dinn and Dinn, 

1985; Jamal et al., 1987; Low et al., 1974; Ozata et al., 1997; Stewart, 1966).  

A few studies performed biopsies of the common peroneal nerve or sural nerve in 

a small sample or single case of PWA (Dinn and Dinn, 1985; Low et al., 1974; Stewart, 

1966). Nerve enlargement due to hypertrophy of perineural and endoneural tissue was often 

observed alongside segmental demyelination and a reduction in the number of myelinated 

fibres. In two studies, hypertrophic onion bulb formations were noted, in which abnormal 

proliferation of Schwann cell processes and collagen result in a bulb-like formation 

surrounding the axon following repeated demyelination and remyelination (Dinn and Dinn, 

1985; Low et al., 1974).  

Regarding the function of peripheral nerves of the lower extremity, Jamal et al., 

(1987) observed decreased motor nerve conduction velocities and increased distal latencies 

of the common peroneal nerve in half of their sample of PWA. This observation was further 

supported by the findings of two other studies, which revealed significantly reduced 
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conduction velocities and compound motor action potentials and increased F latencies of 

the common peroneal nerve in PWA compared to healthy controls (Low et al., 1974; Ozata 

et al., 1997). In contrast, Alibas et al. (2017) found no significant differences between PWA 

and healthy controls for common peroneal nerve conduction tests; however, they did find 

significantly smaller compound motor action potentials and significantly prolonged distal 

latencies and F latencies for the tibial nerve in PWA. While only 14% of PWA in Jamal 

and colleagues’ (1987) study revealed abnormalities of sural nerve sensory action potentials 

and latencies, other studies found significantly lower conduction velocities and action 

potentials of the sural nerve and/or superficial peroneal nerve in PWA compared to healthy 

controls (Alibas et al., 2017; Ozata et al., 1997).  

Ozata et al., (1997) found longer response latencies following somatosensory 

evoked potentials of the tibial nerve in PWA compared to healthy controls, suggesting 

potential somatosensory dysfunction of the lower extremity. Somatosensory dysfunction 

could also be indicated by observations made by Jamal et al. (1987), who found absent 

ankle reflexes and absent or diminished knee reflexes in all PWA and abnormal perception 

of thermal and vibration stimuli in 62% and 37% of PWA, respectively. Similarly, another 

study found impaired sensation of pain/thermal, touch, and vibration stimuli in 60%, 15%, 

and 42% of PWA, respectively; however, they only observed diminished deep tendon 

reflexes in 19% of PWA (Alibas et al., 2017). 

Studies of lower extremity peripheral neuropathy have mostly examined PWA with 

biochemically active disease or a mixed sample of controlled and active disease. Therefore, 

the results of previous studies may not be generalizable to PWA in biochemical remission. 

Alibas et al. (2017) had the largest proportion of PWA with controlled disease (71%) of all 

previously mentioned studies, and all PWA in their study underwent transsphenoidal 
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surgery and somatostatin receptor ligand therapy. They found that polyneuropathy 

(neuropathy of at least two nerves in additional to the median nerve) was significantly more 

common in PWA who had biochemically active disease than controlled disease, while no 

differences in the rate of carpal tunnel syndrome or neuropathy symptoms and signs were 

found between PWA with biochemically controlled and active disease. In contrast, another 

study found significantly greater median nerve thickness in PWA with active disease than 

controlled disease (Koçak, 2015). Peripheral nerve enlargement has been found to be only 

partially reversible in PWA after one year of biochemical disease control, in which the 

median and ulnar nerves of PWA were significantly smaller at the one-year follow-up but 

remained significantly larger in size than healthy controls (Resmini et al., 2009). Pickett et 

al. (1975) found that the majority of PWA with carpal tunnel syndrome had an absence of 

symptoms but still had abnormal median nerve conduction tests 12-21 months after surgical 

removal of the pituitary adenoma. Although it appears that nerve function may not fully be 

restored with treatment of acromegaly, the study by Pickett et al. (1975) was conducted 

close to a half-century ago and acromegaly treatments have since improved. Additionally, 

the latter three studies only examined the peripheral nerves of the upper extremity. 

Therefore, further investigation of the effects of biochemical remission on the structure and 

function of lower extremity peripheral nerves is necessary.  

2.2.3 Changes to Muscles and Tendons in Acromegaly 

Muscle and tendon structural and functional abnormalities have been noted in several 

studies of PWA. Muscle biopsies of PWA revealed evidence of myopathy, but the specific 

findings differed by study. Two studies found a higher frequency of hypertrophy in type I 

muscle fibres, while type II muscle fibres were more commonly atrophied (Khaleeli et al., 
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1984; Nagulesparen et al., 1976). In contrast, another study found that mean fibre diameters 

were higher in PWA than healthy controls for both type I and type II muscle fibres 

(Mastaglia et al., 1970). Hypertrophy was observed alongside reduced muscle strength; 

therefore, it was suggested that GH-mediated muscle hypertrophy may reduce muscle 

contractile strength as seen in rodent studies (Bigland and Jehring, 1952). An 

ultrasonographic study did not reveal significant increases in overall muscle size of the 

quadriceps, gastrocnemius, or soleus in PWA; however, muscle fibre pennation angle of 

the vastus medialis and vastus lateralis were significantly smaller in PWA than healthy 

controls, suggesting abnormal muscle structure and lower force production capabilities of 

pennate muscles in PWA (Aagaard et al., 2001; Ozturk Gokce et al., 2020).  

Abnormal tendon structure has also been shown in PWA. Several studies have found 

sonographic evidence of significantly increased Achilles tendon thickness in PWA 

compared to healthy controls (Colao et al., 1998; Koçak, 2015; Onal et al., 2016; Ozturk 

Gokce et al., 2020). While Koçak (2015) found no significant differences in Achilles 

tendon thickness between PWA with active and controlled disease, other studies found that 

PWA with active disease had significantly higher Achilles tendon thickness than PWA with 

controlled disease (Colao et al., 1998; Onal et al., 2016). Therefore, there is limited 

consensus on whether Achilles tendon thickness is normalized with biochemical remission 

of acromegaly, and longitudinal studies evaluating tendon thickness from acromegaly 

diagnosis to long-term biochemical remission are warranted. In addition to identifying 

increased Achilles tendon thickness, Onal et al. (2016) found significantly softened 

Achilles tendons in PWA using sonoelastography. This increase in softness of the Achilles 

could potentially indicate impaired passive and active stiffness of the plantar flexor muscles 

in PWA.  
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Studies of muscle function in PWA have shown reduced quadriceps and hamstring 

strength and endurance (Füchtbauer et al., 2017; Guedes da Silva et al., 2013; Homem et 

al., 2017; Walchan et al., 2016). An earlier study reported quadriceps action potentials of 

significantly shorter duration in PWA than healthy controls (Mastaglia et al., 1970). Due 

to the presence of myopathy, arthropathy, and peripheral neuropathy in PWA, the 

mechanism of reduced muscle function is unclear. Lopes (2016) found that increased GH 

levels, female sex, and older age were predictors of decreased muscle strength and 

endurance in PWA. 

GH and IGF-1 have been proposed to be responsible for structural muscle and tendon 

changes in PWA due to their role in the regulation of collagen in the extracellular matrix 

of muscles and tendons. To examine the relationship between GH and IGF-1 and 

musculotendinous collagen production, Doessing et al., (2010) compared collagen mRNA 

expression and the rate of collagen and myofibrillar protein synthesis between PWA and 

patients with GH deficiency. They found that PWA had greater expression of collagen and 

IGF-1 mRNA in their skeletal muscles than patients with GH deficiency and that collagen 

mRNA and IGF-1 mRNA expression were significantly correlated in PWA. The rate of 

collagen and myofibril synthesis in muscle and tendon were not found to significantly differ 

between PWA and patients with GH deficiency; however, there was a trend towards greater 

collagen synthesis rates in PWA. These findings suggest that IGF-1 plays a role in 

regulation of collagen in the extracellular matrix of muscles and tendons in PWA, and the 

absence of relationship between GH/IGF-1 levels and myofibril synthesis rates suggests 

that synthesis of contractile tissue is not affected by GH/IGF-1. Therefore, this may explain 

the paradox of muscle and tendon hypertrophy in conjunction with reduced muscle 

strength; however, larger studies are necessary to further examine this theory. 
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2.3 Neuromuscular Control of Standing Balance 

Maintenance of quiet upright stance is a form of static postural equilibrium in which 

the body’s COM is maintained within the base of support, defined by the boundaries of the 

body segments in contact with the support surface (e.g., the boundaries of the feet in bipedal 

upright stance) (Horak and Macpherson, 1996). Based on anthropometric models which 

divide the body into segments at moveable joints, the COM of the body is the three-

dimensional (3D) position determined by the weighted average of the COM of each body 

segment and is the point of application of the resultant force acting on the body (Horak and 

Macpherson, 1996; Winter, 1995). To achieve static equilibrium, a force must oppose 

gravity with equal magnitude, and in quiet upright stance, this opposing force is called the 

ground reaction force (GRF). 

Standing is a task that often feels effortless for an able-bodied, healthy individual. 

However, standing demands constant neuromuscular control due to the force of gravity and 

internal physiological disturbances (Forbes et al., 2018). Furthermore, upright bipedal 

stance in humans is relatively unstable compared to quadrupedal stance in other species 

due to the smaller area of the base of support and greater height of the body’s COM (Horak 

and Macpherson, 1996). With a smaller base of support, there is less surface area in which 

the COM can travel without loss of static equilibrium. The greater height of the COM with 

respect to the base of support in humans results in increased gravitational torque of the 

body about its base of support and requires higher magnitudes of muscle torque to oppose 

the gravitational torque and maintain upright stance.  

The complexity of standing balance control becomes more apparent when key 

components of the balance control system are impaired due to factors such as older age, 

illness, or injury. The effects of balance impairment can be deleterious. Impaired balance 
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due to older age, physical limitations, and/or sensory impairment greatly increases one’s 

risk of falls, and falls are significant predictors of morbidity and mortality (Ivers et al., 

1998; Nevitt, 1989; Nevitt et al., 1991; Peel, 2011; Shumway-Cook et al., 2009).  

2.3.1 Postural Control System 

Posture can be defined by the position and alignment of body segments at a given 

point in time and is expressed relative to the line of the gravitational force (Horak and 

Macpherson, 1996; Winter, 1995). Each individual has a unique alignment of body 

segments that characterizes their postural orientation. Although an individual’s postural 

orientation is typically considered to be stable, it can face gradual alterations as 

biomechanical or neural constraints change with aging, injury, or in the rare case of 

prolonged space flight (Horak and Macpherson, 1996; Lestienne and Gurfinkel, 1988) 

Postural strategies are high-level plans that are developed and executed by complex 

sensorimotor processes (Horak and Macpherson, 1996). The overarching goal of a postural 

strategy is maintaining postural equilibrium by ensuring the COM stays within the bounds 

of the base of support; however, several underlying postural goals also exist such as 

orientating the trunk or head to a specific reference frame or minimizing energy 

expenditure. There are numerous combinations of movement patterns and muscle synergies 

that can achieve the same postural outcome; therefore, postural strategies will vary 

depending on the task, environmental conditions, and which of the underlying goals are 

prioritized. The coordination of many body systems is necessary to implement a postural 

strategy. These systems include the sensory and motor components of the peripheral 

nervous system, the CNS, and the musculoskeletal system. Thus, complex modelling is 

required to better understand postural control.  
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Early models of postural control were static and focused on only the sagittal plane 

of motion (Gordon et al., 1986; Nashner and McCollum, 1985). The models contained a 

limited selection of muscle synergies that could restore the COM. However, when 

compared to prior experimental force plate and EMG data, these models only accounted 

for the muscle activations observed in approximately half of the participants (Nashner, 

1976). Due to the numerous combinations of muscle activations capable of producing the 

same motion, modelling a limited number of muscle synergies is not generalizable. The 

difficulty of modelling all possible muscle combinations can be evaded by studying control 

of posture at the level of joint moments instead of the level of muscular synergies since the 

joint moment accounts for the net muscle activity about a joint (Yang et al., 1990). 

As shown in Figure 6, changes in posture due to internal or external forces are 

detected by three main types of sensory receptors: visual, vestibular, and somatosensory 

(proprioceptive) (Winter et al., 1990). The information from these sensory receptors is 

integrated in the CNS, and information regarding the required muscle tone to stabilize the 

COM is sent via motor neurons to the muscles. Postural adjustments also consider the 

underlying task goal. This process repeats as the sensory system continuously monitors 

postural changes and the musculoskeletal system continuously adapts to these changes to 

maintain the COM within the base of support.  

Although this review will predominantly focus on the control of unperturbed stance, 

postural strategies following external perturbations may be discussed if relevant to the 

understanding of standing balance control. 
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Figure 6. Schematic of the postural control system. Reproduced from Winter et al. (1990). 
 
2.3.2 Sensory Control of Standing Balance 

The sensory control of standing balance involves the vestibular, visual, and 

somatosensory systems, which each provide a different mode of information (Horak and 

Macpherson, 1996; Winter et al., 1990). The vestibular system is comprised of the otolith 

organs and semi-circular canals located in the inner ear, which detect linear and angular 

motion, respectively. Vestibular afferents provide information about head orientation 

relative to the gravitational line. The somatosensory system allows for perception of various 

types of stimuli external and internal to the body through different receptor types located 

inside the body and on its outer surface. The proprioceptive receptors located in the muscles 

and joints detect the length and force production of muscles and orientation of body 

segments with respect to each other. Skin receptors aid in perception of the external 

environment by detecting touch, temperature, noxious stimuli, and pressure. The visual 
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system provides information about the external environment through two different types of 

photoreceptors located in the retina, rods and cones, that provide night vision and colour 

vision, respectively. Visual afferents indicate the orientation of the head with respect to the 

environment.  

Each sensory system does not provide complete information on its own; therefore, 

integration of information from different sensory modalities is necessary for meaningful 

interpretation of body orientation (Horak and Macpherson, 1996). For example, visual 

afferents can indicate that the visual scene is moving with respect to the environment, but 

vision alone cannot determine whether the body itself is moving or whether the 

environment is moving around the body. Integration with somatosensory and/or vestibular 

afferents can help to resolve this discrepancy. Sensory integration involves identifying 

conflicting information, determining which signals are relevant, and weighting the sensory 

information according to importance in the specific environmental context. 

The contribution and interaction of each sensory system in postural control has been 

studied by controlling inputs from one or more sensory systems. Although integration of 

multiple sensory modalities increases the precision of self-perceived body orientation, 

redundancy of sensory information allows postural equilibrium to be achieved even if some 

sources of sensory input are absent or impaired. Nashner (1971) developed a platform that 

rotated forward and backward at the same frequency as postural sway to prevent angular 

motion about the ankle joint, which would typically occur during quiet stance due to 

gravitational torque. Through the platform rotations, proprioceptive cues from the ankle 

joint, the main controller of AP postural control, provided inaccurate information about the 

ankle angle and orientation of the body relative to the support surface. An additional 

component was later added to control visual inputs, which obstructed the participant’s 
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visual field with a box that could move in synchronization with the displacement of the 

head during postural sway (Nashner and Berthoz, 1978). Using these devices, those with 

functioning sensory systems only had slight increases in body sway when inaccurate visual 

or proprioceptive afferents were provided, but inaccurate information from both sensory 

systems increased postural sway by 50% (Black et al., 1988). In those with impaired or 

absent vestibular function, loss of balance occurred when both visual and somatosensory 

inputs were inaccurate; however, when only one of the two sensory systems was 

manipulated, upright stance was maintained despite increased sway. When both visual and 

proprioceptive cues were accurate, those with vestibular dysfunction had close to normal 

postural sway values. This suggests that only one functional sensory system is required to 

maintain upright stance; however, sway increases with an increase in the number of 

impaired sensory systems.  

In those with reduced vestibular function or with unilateral vestibular loss, 

conflicting information from somatosensory and visual afferents resulted in loss of balance, 

thus Nashner (1982) argued that the vestibular system is located at the top of the hierarchy 

for postural control. He suggested that sensory integration is a weighted sum of vestibular, 

somatosensory, and visual information, where body orientation determined by the 

vestibular system is the reference to which somatosensory and visually derived orientation 

is compared. Thus, an inaccurate vestibular reference would result in a flawed 

interpretation of body orientation in the context of conflicting somatosensory and visual 

information. Jeka et al. (2004) proposed that the velocity of the body’s COM is the most 

accurate information detected by the sensory system, and that the increased postural sway 

observed when information from certain sensory modalities is absent or inaccurate is due 

to a loss of COM velocity information. 
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There is also evidence of changes to sensory organization in those with impaired 

sensory systems and with aging. For example, in individuals with visual impairments, less 

postural sway is observed than in individuals with normal vision when standing on a 

compliant surface with EC, suggesting an adaptation of enhanced somatosensory and 

vestibular function in those with visual impairments (Friedrich et al., 2008). Similarly, it 

has been proposed that there is re-weighting of sensory information in order adults, who 

often experience a reduction in sensory function (Horak et al., 1989; Pasma et al., 2015; 

Woollacott et al., 1986). This has been experimentally demonstrated by increasing 

somatosensory sensory stimuli through the use of textured firm and compliant insoles, 

which decreased postural sway in older adults but not in young adults (Qiu et al., 2012). 

2.3.3 Muscular Control of Standing Balance 

Despite the stationary appearance of quiet stance, its postural control is dynamic in 

nature (Horak and Macpherson, 1996). Small continuous movements of the COM occur 

during quiet stance, reflecting the body sway caused by gravity and internal body vibrations 

from physiological processes (e.g., breathing). Muscle activation must occur to counteract 

this passive sway and restore static equilibrium. Muscle forces produce joint torques and 

lead to subsequent forces applied to the support surface that accelerate the body and help 

to restore the position of the COM. Since the GRF must be equal and opposite to the 

gravitational force in order to maintain static equilibrium, muscle activation shifts the origin 

of the GRF, which subsequently restores the COM (i.e., the point of origin of the 

gravitational force). The point of origin of the GRF is termed the COP, and its position 

changes as a result of the muscular forces that accelerate the body. 
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2.4 Inverted Pendulum Model of Standing Balance 

The inverted pendulum model of human balance describes the control of standing 

balance in relation to the trajectories of COM and COP. It is based on the theory that the 

COM oscillates during stance due to the gravitational force and physiological vibrations 

(e.g., breathing), while COP displacement results from muscle torque that attempts to 

restore the COM position (Winter et al., 1998). Therefore, COM is often considered as the 

controlled variable, whereas COP is the controlling variable. The inverted pendulum model 

has guided researchers’ understanding of the muscular mechanisms for the control of 

upright stance. 

In the sagittal plane, an ankle strategy is described for control of quiet upright stance 

in which the ankle plantar flexors/dorsiflexors are activated in response to AP changes in 

COM, resulting in a moment at the ankle which translates the COP anterior or posterior to 

the COM (Horak and Nashner, 1986; Mori, 1973; Nashner, 1970; Winter, 1995). As the 

base of support becomes narrower, such as in tandem stance, an ankle strategy no longer 

dominates AP balance control and a hip strategy takes over (Winter et al., 1996). Similarly, 

a hip strategy involving rapid hip flexion or extension is observed in the AP direction when 

the COM is close to the limits of the base of support and an anterior or posterior 

perturbation is applied in the same direction that the person is leaning (Horak and Moore, 

1993).  

 Day and colleagues (1993) studied motor mechanisms responsible for the control 

of upright stance in the ML direction. They proposed that the hip abductors/adductors and 

ankle invertors/evertors were primary involved in the ML fluctuations in COP. Winter et 

al. (1996, 1993) researched ML control of quiet stance with similar findings. By measuring 

left and right foot COP (COPL and COPR) separately using two adjoining force plates, they 
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observed synchronization between COPL and COPR in the AP direction and determined 

that total body COP (COPnet) was simply the mean of COPL and COPR; however, in the 

ML direction, changes in COPL and COPR were antiphase and had no relation to COPnet. 

Through analysis of the left and right foot vertical GRF (vGRFL and vGRFR), they found 

that in the ML direction, vGRFL and vGRFR were strongly related to COPnet, indicating a 

loading and unloading mechanism at the hip.  

2.4.1 Control of Standing Balance in the Sagittal Plane  

Figure 7 displays the ankle strategy of postural control in a person standing 

quietly on a single force platform at five points in time, while Equation 1 describes the 

relationship between the variables noted in Figure 7. 
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Figure 7. Schematic of the ankle strategy of postural control. Subject is swaying back and 
forth on a force platform at five different points in time. Variables noted are the locations 
of the centre of mass (COM) and centre of pressure (COP); gravitational force (W) and 
ground reaction force (GRF), which originate at the COM and COP, respectively; 
perpendicular distances between W and ankle joint (g) and GRF and ankle joint (p); and 
angular acceleration (a) and angular velocity (w) about the ankle joint. Reproduced from 
Winter (1995). 
 

The ankle strategy shown in Figure 7 and Equation 1 assumes an inverted pendulum 

rotating about the ankle in the AP direction with symmetric muscular contributions from 

the left and right limbs. The GRF and gravitational force (W) are equal and opposite forces 

that are assumed to remain constant during quiet stance. The product of the perpendicular 

distance between the line of action of these forces and the centre of the ankle joint (p and 

g) determines the moment of these forces. Applying this to Newton’s second law for 
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angular motion, the difference between the moments of the GRF (MGRF) and gravitation 

force (MW) is equivalent to the product of the moment of inertia of the total body about the 

ankle joint (I) and the angular acceleration of the body about the ankle joint (a):  

Σ" = 	%& 

"!"# −"$ = 	%& 

()*	+ −,- = 	%& (1) 

Therefore, the direction of the acceleration and net moment at the ankle can be determined 

by monitoring the COM and COP trajectories. Furthermore, the activation of muscle groups 

at the ankle can be predicted. For example, in Figure 7 at Time 1, anterior sway of the body 

shifted the position of the COM anterior to the COP; therefore, the moment of the GRF is 

less than the gravitational torque, resulting in clockwise angular acceleration and a 

clockwise net moment about the ankle (Winter, 1995). In order to restore the COM, the 

ankle plantar flexors must be activated, which translate the COP anteriorly. This muscle 

activation leads to the position observed at Time 2, where the COP is anterior to the COM, 

the moment of the GRF is greater than the gravitational torque, and a counter clockwise 

angular acceleration is produced. Once Time 3 is reached, the counter clockwise angular 

acceleration reverses the direction of the angular velocity, and the body begins to sway 

posteriorly. The posterior shift of the COM results in decreased plantar flexor activation 

and increased dorsiflexor activation, which translates the COP posteriorly and produces a 

clockwise angular acceleration as seen at Time 4. At Time 5, the clockwise angular 

acceleration reverses the direction of the angular velocity and the cycle of the inverted 

pendulum repeats.  
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From Equation 1, the difference between COP and COM can be estimated. 

Applying the knowledge that the tangential acceleration of a point mass constrained to a 

circular path is proportional to its angular acceleration by a factor of the circle radius, the 

angular acceleration about the ankle is equivalent to the horizontal acceleration of the COM 

(ax) divided by the distance from the centre of the ankle joint to the COM (d). It is also 

known that in quiet stance, the magnitude of the GRF and gravitational force are equal. 

Finally, if the global origin is located at the ankle, then COP is equivalent to p and COM is 

equivalent to g. Therefore, Equation 1 can be rearranged to define the difference between 

the COM and COP in the AP direction. 
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Equation 2 shows that the difference between the COP and COM is proportional to the 

horizontal acceleration of the COM, which Winter (1995) described as the error in the 

balance control system. When measured experimentally over a 120 second duration of quiet 

stance, a high negative correlation (r=-0.91 to r=-0.94) was found between the difference 

between COP and COM and the horizontal COM acceleration, providing evidence of 
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validity of the inverted pendulum model (Gage et al., 2004; Winter et al., 1998). A 

comparison of the COP and COM signals in the sagittal plane over the course of 7 seconds 

is shown in Figure 8. The COP signal has both a higher amplitude and frequency than the 

COM, which is consistent with the theory that the COP is the controlling variable and COM 

is the controlled variable and that COP must travel anterior or posterior to the COM to 

reverse the direction of the COM acceleration. 

 
Figure 8. Comparison of COP and COM in the AP direction with respect to the ankle joint 
during quiet upright stance. Reproduced from Winter (1995). 
 
2.4.2 Application to Frontal Plane and Asymmetric Loading 

 The ankle strategy previously described assumes a whole body COP measured from 

a single force platform with symmetrical control from the left and right ankles, which is 

not generalizable to frontal plane mechanics or individuals with limb dominance or 

unilateral pathologies (Winter, 1995). The mechanism for control of upright stance in the 
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ML direction is different from the ankle control strategy defined for the AP direction and 

requires separate analysis of the COPL and COPR using two contiguous force plates due to 

the hip load-unload mechanism (Winter et al., 1996, 1993). Equation 3 describes the 

relationship between COPnet and COPL and COPR in either AP or ML directions 

567&'( = 567)
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+ 567"
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where vGRFL and vGRFR are the vertical GRF acting on the left and right feet, respectively. 

In Equation 3, COPL and COPR represent the muscular control at the ankle, while 

vGRFL/(vGRFL+vGRFR) and vGRFR/(vGRFL+vGRFR) represent the proportion of total 

body weight loaded under the left and right feet. Therefore, COPnet is a weighted average 

of COPL and COPR. In the AP direction with the assumption of symmetric load bearing and 

muscle activity between limbs, COPnet is simply the mean of COPL and COPR since vGRFL 

and vGRFR are assumed to be equal in magnitude. In the ML direction, COPL and COPR 

are controlled by the ankle invertors and evertors. However, previous studies have shown 

that changes in load bearing between limbs are anti-phase in the ML direction, meaning 

that as one limb increases its load, the other limb decreases its load by the same proportion 

of body weight. This loading and unloading mechanism, represented by 

vGRFL/(vGRFL+vGRFR) and vGRFR/(vGRFL+vGRFR), is controlled by the hip abductors 

and adductors and thus modifies the amount of weight given to COPL and COPR when 

determining COPnet. For example, activation of the right abductors or left adductors would 

increase vGRFR and subsequently decrease vGRFL by the same magnitude, increasing the 

contribution of COPR and decreasing the contribution of COPL to COPnet.  

The waveforms of COPL, COPR, and COPnet in the AP direction reveal that all three 

signals change in phase with one another (Figure 9) (Winter et al., 1993). COPnet lies almost 
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directly between COPL and COPR, which is consistent with the theory that COPnet is the 

mean of COPL and COPR in the AP direction. In contrast, COPL and COPR changes in the 

ML direction are anti-phase and have no relationship to COPnet (Figure 10). However, the 

waveforms of vGRFL and vGRFR (Figure 11), which are also anti-phase, change in 

amplitude at approximately the same time points as the changes in amplitude of the COPnet 

waveform in the ML direction (Figure 10). Since there is a stronger relationship between 

vGRFL, vGRFR, and COPnet than COPL, COPR, and COPnet in the ML direction, this implies 

a greater contribution of the hip ab/adductors than the ankle evertors/invertors to the control 

of COPnet in the ML direction during quiet stance. 

 
Figure 9. Left, right, and net COP displacement in the AP direction during bipedal stance. 
Reproduced from Winter (1995). 
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Figure 10. Left, right, and net COP displacement in the ML direction during bipedal 
stance. Reproduced from Winter (1995). 
 

 
Figure 11. Left and right vertical GRF as a percentage of total body weight during bipedal 
stance. Reproduced from Winter (1995). 
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 Similar to the AP direction, modifying the stance width changes the relative 

contributions of ankle and hip muscles to ML control of standing balance. There is 

increased contribution of the ankle evertors/invertors to ML balance control in narrow or 

single leg stance, while stances wider than hip distance show improved coupling between 

the ankle and hip muscles, creating greater passive stiffness and improved effectiveness of 

COM restoration via the moment generated about the hip (Åberg et al., 2011; Bingham et 

al., 2011; Day et al., 1993; Goodworth and Peterka, 2010; Winter et al., 1996). 

2.4.3 Open Loop versus Closed Loop Control of Quiet Stance 

Based on the trajectories of the COP and COM, researchers sought to investigate 

whether muscular control of quiet upright stance entailed an open loop system involving 

passive muscle stiffness or a closed loop system involving reactive feedback control. This 

question has been explored through modelling and experimental studies.  

Winter and colleagues (1998) experimentally measured a 4 ms lag of the COP 

behind the COM. They proposed a passive stiffness model rather than reactive muscular 

control as the latency of sensory feedback and reactive muscular activation is known to be 

upwards of 100 ms (Horak and Nashner, 1986; Rietdyk et al., 1999; Winter et al., 2001). 

Moreover, Winter et al. (1998) negated the involvement of visual feedback in quiet stance 

as they saw no difference in sway patterns between EO and EC conditions, and they ruled 

out involvement of the vestibular system and proprioceptive joint receptors as the small 

displacements and accelerations in quiet stance do not reach these receptors’ activation 

thresholds.  

This was challenged by researchers who suggested that the inverted pendulum of 

the human body could not be stabilized solely by passive muscle stiffness as the estimates 
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of passive ankle stiffness are not sufficient to counteract gravitational body sway (Casadio 

et al., 2005; Loram and Lakie, 2002a; Morasso and Sanguineti, 2002; Morasso and 

Schieppati, 1999). Morasso and colleagues (1999) argued that the zero-phase delay 

between COP and COM is related to the inherent instability of the inverted pendulum 

system and, therefore, that the zero-lag does not justify a theory of passive stiffness.  

Collins and De Luca (1993) proposed a novel method of balance assessment that 

related human control of quiet stance to Brownian motion theory and was based upon the 

experimental measurement of ~1 s unidirectional movements in the AP axis during quiet 

stance that were unaffected by the absence of visual feedback. They proposed the 

involvement of both open and closed loop feedback controllers in quiet stance, where the 

open loop process controlled the sway occurring over a ~ 1 s time scale and the closed loop 

process controlled the sway happening over longer time scales. The theory of a hybrid 

controller in quiet stance has been adopted in models by other researchers (Lakie et al., 

2003; Loram et al., 2005; Loram and Lakie, 2002b; Morasso and Sanguineti, 2002; 

Morasso and Schieppati, 1999; Peterka, 2000). Winter et al. (2003, 2001) argued that 

Morasso and Schieppati’s (1999) hybrid model disregarded the latencies of afferent and 

efferent signals, and thus, the muscular control variable in their model would have a delay 

of at least 50-70 ms behind the COM, which contradicts Winter's experimentally measured 

lag of 4 ms.  

The theory of feedforward control suggests that postural strategies are not selected 

in response to individual changes in the COM position but are predetermined based on 

knowledge from prior sensory feedback and previous motor responses to various types of 

COM perturbations and sensory conditions (Gatev et al., 1999; Horak and Nashner, 1986; 

Macpherson et al., 1989; Moore et al., 1986; Nashner, 1976). This theory is in agreement 
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with both Winter’s (1998) theory of passive ankle stiffness and studies that have shown 

increased sway in those with sensory dysfunction. Therefore, in accordance with Winter’s 

(1998) passive stiffness theory, the amount of passive muscle stiffness required to maintain 

upright stance in a given sensory environment would be pre-set based on predictions made 

from prior sensory information. 

Regardless of the explanation for the minimal phase lag between the COP and 

COM, it is clear from experimental studies that the sensory system is involved in 

maintaining quiet stance. 

2.5 Measurement of Standing Balance 

2.5.1 Measurement of Centre of Pressure  

Force platforms are considered the gold standard instrumentation for COP 

measurement. Force plates which contain strain gage load cells are ideal for standing 

balance assessment due to their ability to accurately measure static forces that are sustained 

over a long duration (Robertson et al., 2013). Strain gages are a type of resistive sensor, 

and in the case of a force plate, produce electrical signals which are proportional to the 

applied force (Winter, 2009). Strain gages function according to the stress-strain 

relationship. Stress is defined as the amount of force per unit area of force application, 

while strain is the amount of deformation or change in length of a material caused by the 

applied force. The slope of the elastic region of a stress-strain curve is based on a material’s 

elastic modulus, a coefficient representing the ratio of stress to strain, and allows for the 

applied force to be predicted based on the amount of deformation of the material. When an 

external force is applied to the force plate, a fine wire inside the strain gage changes in 

length and experiences a proportional change in its electrical resistance (Webster, 2009). 



 48 

Since the strain does not exceed the wire’s elastic limit, the wire returns to its normal length 

when the external load is removed.  

In a force plate load cell, four strain gages are arranged in type of circuit called a 

Wheatstone bridge, which contains four active resistive arms (R1, R2, R3, and R4) (Figure 

12). A Wheatstone bridge can be considered as two parallel voltage dividers, with R1 and 

R2 comprising one voltage divider and R3 and R4 comprising the other. A signal conditioner 

supplies an excitation voltage to the strain gage unit. Zeroing the signal conditioner 

balances the bridge, meaning the ratio of the resistances in each voltage divider are equal 

(R1/R2=R3/R4) and the output voltage is zero. When the wire in a strain gage undergoes 

deformation due to an external load, a change in the wire’s electrical resistance occurs. This 

results in a difference in electrical potential between the two sides of the bridge; therefore, 

an output voltage is produced. The relationship between the output voltage and the 

resistance of each wire is defined by 
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where )0, )/, )-, and ). are the resistance of wires, >,& is the excitation voltage, and >*+( 

is the output voltage.  

The output voltage is amplified by the signal conditioner, and the analog signals are 

digitized by an analog to digital converter. A calibration matrix provided by the force plate 

manufacturer allows for conversion of the output voltage into force (N) and moment of 

force (Nm) units based on known properties of the strain gage load cells. 
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Figure 12. Four strain gages arranged in a Wheatstone bridge. Vin is the excitation voltage 
supplied by the signal conditioner, Vout represents the difference in electrical potential 
between the two sides of the bridge, and R1, R2, R3, and R4 are the resistance of each .strain 
gage. 
 

Force plates can contain four load cells, one in each corner of the force plate, or one 

load cell in the centre of the force plate (Robertson et al., 2013; Winter, 2009). Modern 

force plates typically contain four load cells due to greater accuracy in measuring forces 

that are applied further from the center of the plate. The remainder of this paper will 

reference a four load cell force plate that outputs the ground reaction force and moment of 

the ground reaction force in the x, y, and z axes, with the force plate origin located below 

the centre of the force plate surface by a known vertical offset, dz. This type of force plate 

outputs the GRF and the moment of the GRF in the x, y, and z axes (Figure 13). 
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Figure 13. An AMTI strain gage force plate that measures the GRF and moment of the GRF 
in the x, y, and z axes. Reproduced from Robertson et al. (2013). 
 

The COP is the average position of pressure distributed over the surface area in 

contact with the support surface, which is the intersection of the GRF vector with the 

support surface (Robertson et al., 2013; Winter, 2009). The COP position is typically 

expressed with respect to the centre of the top surface of the force plate; therefore, only the 

x and y coordinates are calculated, and the vertical component of COP is assumed to be 

zero. However, in experiments that use synchronized force plate and motion capture data, 

the COP may be expressed with respect to the global coordinate system (GCS) or the 

projection of the ankle joint centre on the support surface. The equations for calculating 

COP can be found in section 4.8.4. 

COP signals can be analyzed in both the time domain and frequency domain. 

Common time domain parameters of COP include root mean square amplitude, AP or ML 

range, 95% PEA, and mean velocity. In the frequency domain, median power frequency 

(MPF), mean power frequency, total power, and fractal dimension of the COP are often 
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used. Time domain parameters are commonly reported as they are easiest to calculate and 

provide a reliable indication of stability during quiet stance (Lafond et al., 2004; Ruhe et 

al., 2010). Frequency domain parameters require transformation of the time-varying COP 

signal to the frequency domain using transformations such as a fast Fourier transformation 

(FFT) or wavelet transformation. Despite the more complex analysis, frequency domain 

COP parameters provide more insight into the sensory control of balance. 

Frequency analysis of the COP signal allows for insight into the relative 

contributions of the three sensory systems in the control of balance. Each of the sensory 

systems are proposed to operate within specific frequency ranges; however, these ranges 

have not been explicitly confirmed in the literature. Changes in COP position in response 

to visual feedback are thought to occur at frequencies below 0.1 Hz (Dichgans and Brandt, 

1978; Horak and Macpherson, 1996). A frequency range of 0.03-0.1 Hz for visual control 

of balance was experimentally determined using Fourier transform of the COP signal in 

eight different frequency windows and comparing the difference between adjacent 

frequency windows between participants with visual impairments and normal vision 

(Friedrich et al., 2008). Similarly, higher mean and median power frequencies have been 

observed in EC compared to EO conditions, suggesting that visual control operates at lower 

frequencies than other sensory systems (Davis et al., 2009; Sozzi et al., 2021). Lestienne et 

al. (1977) experimentally derived a frequency range of 0.02-0.2 Hz representing postural 

readjustments in response to a moving visual scene. They also observed sharp peaks at 

higher frequencies of approximately 0.15-0.5 in response to the moving visual scene; 

therefore, there may be a second frequency range representing visual feedback that is 

slightly higher in frequency. Frequencies above 0.1 Hz have been linked to vestibular 

function during postural control; however, the otoliths may only provide accurate 
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information at sway frequencies below 0.5 Hz as higher sway frequencies may prevent the 

otoliths from differentiating between tangential acceleration of the head versus tilting of 

the head (Nashner, 1971, 1972; Nashner et al., 1989). Medium to high frequencies of 

approximately 0.5-1 Hz are linked to somatosensory and lower extremity muscular control 

(Diener et al., 1984; Nashner et al., 1982; Oppenheim et al., 1999). High frequency bursts 

during stance that are greater than 1 Hz are thought to be provoked by CNS dysfunction. 

COP parameters typically increase in reliability with longer test durations. Test 

durations of 90 to 120 seconds are recommended to achieve an ICC ≥ 0.75 for most COP 

parameters (Carpenter et al., 2001; Ruhe et al., 2010). Additionally, averaging multiple 

trials over a single day or multiple days increases reliability (Lafond et al., 2004; Santos et 

al., 2008). The data acquisition settings can influence the reliability and validity of COP 

measures. A sampling frequency of at least 100 Hz is recommended, while recommended 

lowpass filter cut-off frequencies range from 3-10 Hz (Gage et al., 2004; Ruhe et al., 2010). 

2.5.2 Measurement of Centre of Mass 

Three-dimensional motion capture systems are the gold-standard for kinematic 

analysis of human movement. Passive optical motion capture systems use multiple cameras 

that emit and capture infrared light and retroreflective markers that are placed on specific 

anatomical landmarks on the subject being measured. The cameras are arranged around the 

periphery of the capture volume so that each camera has a unique viewpoint, and each 

marker is visible by two or more cameras (Figure 14). The infrared light emitted from each 

camera is reflected off the markers, and 2D marker positions in the camera’s coordinate 

system are determined by capturing the reflected infrared light (Robertson et al., 2013; 

Winter, 2009). Direct linear transformation of the 2D marker coordinates from two or more 
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synchronized cameras allows for the output of 3D marker coordinates in the GCS using the 

assumption that a marker’s 2D coordinates in two or more different camera coordinate 

systems are linearly related to the marker’s 3D position in the GCS (Adbel-Aziz and 

Karara, 1971).  

 
Figure 14. An arrangement of six motion capture cameras around the periphery of the 
capture volume. Reproduced from Robertson et al. (2013). 
 

Although several methods have been proposed to estimate the total body COM from 

a force plate to reduce the cost and time associated with data collection and processing, 

these methods only allow for estimation of COM in one dimension (Lafond et al., 2004). 

In contrast, the segmentation technique, which is based upon the definition of COM, uses 

motion capture analysis to allow for COM estimation in 3D (Winter, 2009). Time-series 

position data collected during motion capture analysis can be paired with anthropometric 

models and measurements to estimate total body COM using the segmentation method. The 

equation for calculating COM is shown in section 4.7.4. 
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The mean absolute error in the anthropometric measurements required for the 

segmentation method were shown to range from 1.9-7.4 mm (Hasan et al., 1996a). Accurate 

marker placement on anatomical landmarks and validity of the anthropometric model(s) 

for the study population are important factors in the accuracy of the segmentation method 

(Lafond et al., 2004). Motion capture sampling rates are typically greater than 20 Hz for 

analysis of quiet stance, and recommended low-pass filter cut-off frequencies range from 

1.5-5 Hz based on residual analysis (Corriveau et al., 2000; Gage et al., 2004; Hasan et al., 

1996b, 1996a). 

2.6 Balance in Acromegaly 

2.6.1 Balance Confidence and Falls 

Balance confidence scales are valid and reliable measures of fear of falling, which 

can predict fall risk in various populations (Menezes et al., 2020; Peretz et al., 2006; 

Schepens et al., 2010; Tsang et al., 2022). Previous studies have shown significantly 

reduced balance confidence in PWA compared to PNA (Title et al., 2023) and healthy 

controls (Atmaca et al., 2013). In contrast, a study of older adult PWA (≥ 60 years) found 

no decrease in balance self-confidence compared to healthy older adults; however, this may 

partially be explained by a smaller sample size compared to the previously mentioned 

studies (Homem et al., 2017). 

In PWA, hip functional disability predicted low balance confidence, while older 

age, female sex, and poor foot and ankle function were predictors of reduced balance 

confidence in both PWA and PNA (Title et al., 2023). Additionally, lower balance 

confidence was a predictor of poorer performance on the Berg balance scale, which is a 

functional balance test that predicts fall risk (Atmaca et al., 2013). Higher age, more falls 
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in the past year, increased depression and anxiety scores, longer 50-meter walk duration, 

and shorter one-leg stance duration were also correlated with reduced balance confidence 

in PWA. These findings suggest relationships between balance self-confidence, physical 

function, balance performance, and falls in PWA.  

Although there was no difference in the number of falls between PWA and PNA 

(Title et al., 2023) or healthy controls (Atmaca et al., 2013), PWA experienced twice as 

many falls as Canadian older adults (Title et al., 2023). Additionally, it is possible that falls 

may not have occurred yet as balance confidence scales have been shown to predict future 

falls (Tsang et al., 2022). 

2.6.2 Laboratory Assessment of Standing Balance Control 

Few studies have performed laboratory assessment of balance control in PWA 

(Haliloglu et al., 2019; Homem et al., 2017; Lopes et al., 2014; Sendur et al., 2019). Lopes 

and colleagues (2014) found significant differences between PWA and healthy controls of 

similar age, sex, and BMI in the EO, feet apart condition. These differences were found in 

both AP and ML axes for the SD and range of COP displacement and in scalar 

measurements of COP mean speed, COP length, and elliptical and rectangular areas of 

COP. However, in the EC, feet together condition, the COP length, speed, and AP 

displacement parameters were no longer significantly different between groups.  

When examining an older adult cohort of PWA and healthy controls, Homem et al. 

(2017) found differences in ML COP range between groups, and these differences were 

apparent in both EO, feet apart and EC, feet together conditions. No differences between 

groups in AP balance measures were indicated for either condition. 
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Haliloglu and colleagues (2019) compared several COP parameters between PWA 

and healthy controls in bipedal stance with EO and EC and unipedal stance with EO. Unlike 

previously mentioned studies, stance width was not narrowed in the bipedal EC condition. 

The significant variables found during bipedal stance were AP COP displacement in the 

EO condition and ML COP mean velocity in the EC condition. In unipedal stance, AP COP 

displacement was significantly different between groups for the left foot, while a significant 

difference between groups in ML COP displacement was found for the right foot.  

In contrast with all other studies, Sendur et al. (2019) found no difference in COP 

displacement between PWA and healthy controls; however, their study was limited by the 

use of pressure sensing insoles, which have been shown to have poor agreement with force 

plate measurements of COP, especially in the ML direction (Chesnin et al., 2000; Chevalier 

et al., 2010; DeBerardinis et al., 2020; Oerbekke et al., 2017). Furthermore, the mean vGRF 

measured from static analysis in this study appears to be inaccurate based on the reported 

mean body weight of participants. It is not possible for the vGRF to be greater than 1.3 

times body weight during a static measurement; therefore, this study likely contains 

methodological flaws. 

2.6.3 Potential Mechanisms of Balance Impairment in Acromegaly 

Several complications of acromegaly may be involved in balance control. Features 

of arthropathy such as joint pain and widened joint spaces have often been the focus of 

balance control studies in PWA. In other clinical populations such as chronic low back pain 

and OA, pain is associated with abnormal balance control in both young and older adults 

and in both bipedal and unipedal stance (Caffaro et al., 2014; Da Silva et al., 2018, 2016; 

Della Volpe et al., 2006; Hassan, 2001; Hirata et al., 2019; Lafond et al., 2009). More 
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difficult sensory conditions, such as compliant surfaces and closing the eyes, have been 

shown to increase stiffness and decrease sway in patients with symptomatic knee OA 

(Hirata et al., 2019). In patients with chronic low back pain, prolonged standing for 30 

minutes increased postural sway compared to healthy controls, while a shorter stance 

duration of 60 seconds revealed reduced sway compared to controls (Lafond et al., 2009). 

Researchers have attributed decreased lumbar proprioception and increased activation of 

low back muscles to an impaired hip loading mechanism and greater stiffness in patients 

with low back pain (Mok et al., 2004). Therefore, the joint pain experienced by PWA may 

contribute to impaired balance control. Additionally, PWA often undergo joint surgeries, 

including hip and knee replacements (Title et al., 2023). Hip joint surgery has been shown 

to alter balance control, with total hip arthroplasty possibly relating to an impaired hip 

loading and unloading mechanism (Rougier et al., 2008). 

Peripheral nerve dysfunction is common in PWA and has been shown to delay nerve 

conduction and reduce action potential amplitudes of sensory and motor nerves that supply 

the lower extremities (Alibas et al., 2017; Jamal et al., 1987; Low et al., 1974; Ozata et al., 

1997). Somatosensory function of the foot and ankle may be impaired as PWA have been 

found to present with absent ankle reflexes and impaired thermal and vibration sensation 

at the ankle and tarsal bone (Jamal et al., 1987). Furthermore, plantar cutaneous sensation 

could be affected by increased skin and heel pad thickness on the plantar surface of the foot 

(Gonticas et al., 1969; Kho et al., 1970; Ozturk Gokce et al., 2020; Steinbach and Russell, 

1964). Therefore, diminished or delayed sensory feedback and muscular responses related 

to peripheral neuropathy in PWA could contribute to impaired balance control.   

Standing balance may also be affected by the reduction in quadriceps and hamstring 

strength and endurance in PWA (Guedes da Silva et al., 2013; Homem et al., 2017; Khaleeli 
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et al., 1984; Walchan et al., 2016), which may be partially related to peripheral neuropathy, 

but also could be influenced by the changes to muscle size and structure (Mastaglia et al., 

1970; Nagulesparen et al., 1976); joint pain (Biermasz et al., 2005; Pelsma et al., 2022; 

Scarpa et al., 2004; Title et al., 2023; Wassenaar et al., 2010); and enthesopathy (Bluestone 

et al., 1971; Podgorski et al., 1988). 

Visual field defects often occur in PWA due to the adenoma compressing the optic 

chiasm (Kan et al., 2013; Ogra et al., 2014; Rivoal et al., 2000). Although visual field 

defects are often resolved following transsphenoidal surgery, in some cases they may 

persist or worsen (Butenschoen et al., 2021; Castle-Kirszbaum et al., 2022; Cohen et al., 

1985; Müslüman et al., 2011; Powell, 1995). Vision plays a significant role in the sensory 

control of standing balance (Bednarczuk et al., 2021; Friedrich et al., 2008; Horak and 

Macpherson, 1996; Nashner and Berthoz, 1978), and visual field defects are associated 

with increased risk of falls (Freeman et al., 2007; Hong et al., 2014; Ivers et al., 1998).  

Additionally, PWA may take nonsteroidal anti-inflammatory drugs or opioids to 

manage joint pain and may be prescribed anti-hypertensive medication due to elevated rates 

of hypertension in PWA (Katznelson et al., 2014; Mosca et al., 2013). Opioids, anti-

inflammatory drugs, and anti-hypertensive medications, such as calcium channel blockers, 

have been shown to increase risk of falls (Juraschek et al., 2019; Kosk et al., 1996; Virnes 

et al., 2022; Woolcott, 2009). Finally, obstructive sleep apnea is a common comorbidity in 

PWA (Parolin et al., 2020; Wennberg et al., 2019). Obstructive sleep apnea increases the 

risk of falls (Stevens et al., 2020), and a few studies have shown impaired balance control 

in patients with obstructive sleep apnea (Degache et al., 2016; Micarelli et al., 2017; Yilmaz 

Gokmen et al., 2021). 
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The significant difference in ML COP measures but not in AP COP measures 

between PWA and healthy controls during EC conditions suggests that the absence of 

vision may highlight impairments in ML balance control in PWA. As ML standing balance 

is primarily controlled by the muscles of the hip (Day et al., 1993; Winter et al., 1996, 1993) 

and evidence of pathology, symptomology, and functional impairments of the hip are well-

established in PWA (Johanson et al., 1983; Title et al., 2023; Wassenaar et al., 2009b), it is 

probable that changes to hip joint structure and function in PWA may contribute to 

impaired ML control of balance. Furthermore, hip function has been shown to be a 

significant predictor of balance confidence in PWA (Title et al., 2023). Sagittal plane 

postural abnormalities in PWA, including thoracic kyphosis, lumbar lordosis, and pelvic 

tilt (Bluestone et al., 1971; Cellini et al., 2021; de Azevedo Oliveira et al., 2019; Lopes et 

al., 2014; Podgorski et al., 1988; Scarpa et al., 2004), could contribute to altered hip 

mechanics during stance.  

However, in two of the previously mentioned studies, stance width was 

simultaneously manipulated with vision (Homem et al., 2017; Lopes et al., 2014). A 

narrower stance width would be expected to require greater contribution of the hip flexors 

and extensors in the AP axis and ankle evertors and inverters in ML axis (Åberg et al., 

2011; Winter et al., 1996); therefore, the increased ML sway in PWA in the narrow stance 

EC condition may be explained by ankle invertor/evertor dysfunction in PWA. Dysfunction 

of the ankle invertors and evertors could be related to decreased motor nerve conduction 

velocities and action potentials of the common peroneal nerve as well as reduced sensory 

nerve conduction and action potentials of the sural nerve in PWA (Jamal et al., 1987; Ozata 

et al., 1997).  
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AP COP displacement and COP speed appear similar between PWA and healthy 

controls for the EO condition in studies that controlled for visual impairment through 

exclusion criteria (Haliloglu et al., 2019; Homem et al., 2017) and in the EC condition in 

all three studies (Haliloglu et al., 2019; Homem et al., 2017; Lopes et al., 2014), which 

suggests a potential influence of vision on balance control in PWA. To further explore the 

effect of vision on balance control in PWA, stance width should be kept constant between 

EO and EC conditions. 

Based on these findings, PWA have impaired standing balance control compared to 

healthy participants, especially in the ML direction, which could indicate a mechanism 

related to impaired frontal plane hip or ankle mechanics. When vision is controlled, AP 

balance appears to be similar between PWA and healthy controls, suggesting the possibility 

of a visual mechanism. However, the methodologies of previous studies failed to control 

for the effects of the adenoma and provided limited insight into the mechanisms of balance 

impairment in PWA. 
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Chapter 3: Specific Aim 

3.1 Specific Aim 

PWA experience balance dysfunction and low balance confidence; however, 

potential mechanisms of balance dysfunction in PWA have not been examined. Clinical 

evidence of radiographic and symptomatic arthropathy, abnormal muscle structure and 

function, peripheral nerve dysfunction, and bone overgrowth are well-documented in PWA 

and have the potential to influence balance control. While many of these changes to 

musculoskeletal and nervous tissue are proposed to be mediated by excess GH- and IGF-1 

during the time of active acromegaly, mass effects of the pituitary adenoma or pituitary 

adenoma removal surgery have not been ruled out as a mechanism of balance impairment. 

For example, compression effects of the pituitary adenoma may result in visual field 

defects, which are often but not always resolved post-adenoma removal surgery.  

Poor standing balance control and low balance confidence are associated with 

increased risk of falls and fall-related injuries. While PWA have been shown to have 

reduced balance confidence compared to PNA, previous studies that identified standing 

balance impairments in PWA have used healthy controls and, thus, have failed to control 

for effects of the pituitary adenoma and adenoma removal surgery. Therefore, the specific 

aim of the present study was to establish if acromegaly modifies standing balance 

control. To control for the adenoma-related effects and, therefore, isolate the effects 

specific to acromegaly, a sample of PNA were selected for the control group. 

3.2 Hypotheses 

To address the specific aim, the present study manipulated the effect of vision and 

controlled for the effects of the pituitary adenoma through a control group of PNA, while 
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selecting outcome variables that provided insight into different aspects of standing balance 

performance and control (see Table 1, Section 4.9).  

Regarding balance performance outcome measures, it was hypothesized that there 

would be a significant interaction effect of acromegaly and vision on standing balance, 

such that PWA would have a greater increase in COP 95% PEA and a greater decrease in 

unipedal stance time than PNA in EC compared to EO. Significant main effects of group 

and vision were hypothesized such that PWA would exhibit a larger COP 95% PEA and 

shorter unipedal stance time than PNA and that the EC condition would reveal a larger 

COP 95% PEA and shorter unipedal stance time than the EO condition. 

For uniaxial balance performance, it was hypothesized that PWA would have a 

greater increase in both AP and ML COP range than PNA in EC compared to EO. COP 

range was hypothesized to be larger in PWA than PNA and in EC compared to EO in both 

the AP and ML axes. 

It was hypothesized that there would be a significant interaction effect of 

acromegaly and vision on outcome measures of balance control. AP and ML COP mean 

velocity; COP MPF; and the cross-correlation, time lag, and mean absolute deviation of 

COP and COM were all hypothesized to increase to a greater extent for PWA than PNA 

with EC compared to EO. It was also hypothesized that PWA would exhibit worse balance 

control (larger outcome measures) than PNA and that the balance control outcome 

measures would increase in the EC condition compared to the EO condition. 
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Chapter 4: Methods 

4.1 Ethics 

The study protocol received approval from the Nova Scotia Health Authority and 

Western Ontario University Health Sciences Research Ethics Boards (NSHA REB 

ROMEO, File no. 1025532; UWO HSREB, File no. 119246). All participants provided 

written informed consent prior to data collection. The consent form is located in Appendix 

A. 

4.2 Participants 

4.2.1 Recruitment 

Participants were recruited from the Halifax Neuropituitary Program for a two-part 

study. While completing the survey portion of the project (Part 1), participants had the 

option to consent to participate in the biomechanical laboratory assessment (Part 2). Twelve 

PWA and 11 PNA (control group) who provided consent were selected to participate in 

Part 2 of the study. The participants were selected based on the inclusion and exclusion 

criteria outlined in section 4.2.2, residence in Nova Scotia, ability to travel to Halifax for 

data collection, and similar ranges of age, sex, and BMI within each group. 

4.2.2 Inclusion and Exclusion Criteria 

The inclusion criteria for the study were a diagnosis of either acromegaly (PWA 

group) or a non-functioning pituitary adenoma (PNA group). Participants were excluded if 

they had inflammatory arthritis, neurological or vestibular disorders, significant orthostasis, 

drug or alcohol abuse, amputations, weight change greater than 5% of their body weight 

over the past 12 months, or inability to ambulate. 
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4.3 Research Design 

The present study used a quasi-experimental design to assess the interaction effect of 

acromegaly and vision on standing balance. For the between-subjects factor, participants 

were assigned to the PWA or PNA group based on a prior diagnosis of acromegaly or non-

functioning pituitary adenoma. The within-subjects factor, vision, was manipulated via 

repetition of each trial with EO and EC. The interaction effect of acromegaly and vision on 

the balance outcomes was analyzed. Task difficulty was also manipulated through the use 

of bipedal and unipedal stance trials; however, this factor could not be included in the 

statistical model due to low sample sizes for unipedal stance, especially for the EC trial.  

The original proposed study planned to match PWA and PNA by age, sex, and BMI, 

allowing for the use of a repeated measures model. The repeated measures model would 

have increased statistical power; however, recruiting an adequate sample size of matched 

pairs was not possible. Additionally, a missing data point for one participant meant that the 

matched participant also had to be excluded from the analysis. Therefore, the decision was 

made to no longer match the groups and instead recruit participants with similar age, sex, 

and BMI across groups to allow for a larger sample size. The larger sample helped to 

counterbalance the loss of power from switching to a mixed model. 

4.4 Experimental Protocol 

Each participant visited the laboratory on one occasion for data collection. The 

experimental procedure described in this section includes the first and third steps of the 

procedure for the larger study (Figure 15).  
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Figure 15. Experimental procedure of the larger study. Steps 1 and 3 are relevant to the 
proposed study. 
 

Upon arrival, participants reviewed and signed the consent form. Participants were 

asked to wear tight clothing, preferably shorts and a sleeveless shirt, to enable accurate 

marker placement.  

The participants’ weight and height were recorded without shoes, while wearing the 

same clothing worn during the balance assessment. Lower extremity segment lengths and 

proximal segment diameters were also collected (see data collection sheet in Appendix B 

for list of anthropometric measurements).  

Retroreflective markers were placed on the participants according to the six degrees 

of freedom (6DOF) marker set for the lower body, and additional markers were placed to 

define the segments of the upper body. Ten rigid bodies, each containing four non-collinear 

markers, were placed on the posterior head, posterior trunk, and lateral portion of the left 

and right thigh, shank, upper arm, and forearm. Thirty-six retroreflective markers were 

placed on the following anatomical landmarks on the left and right sides: temporal process, 
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acromion process, lateral and medial humeral epicondyles, radial and ulnar styloid 

processes, second and fifth metacarpal heads, anterior and posterior superior iliac spines, 

lateral and medial femoral epicondyles, lateral and medial malleoli, calcaneal tuberosity, 

first and fifth metatarsal heads, and distal hallux (Figure 16 and 17). 

 
Figure 16. Diagram of 6DOF marker set. Anterior view from superior to inferior: 
RFHD/LFHD, Right/left temporal process; RSAJ/LSAJ, Right/left acromion process; 
R/LUA, Right/left upper arm rigid body marker cluster; TRUNK, Trunk rigid body marker 
cluster; R/LHLE, Right/left humeral lateral epicondyle; R/LHME, Right/left humeral 
medial epicondyle; R/LFA, Right/left forearm rigid body marker cluster; R/LIAS, Right/left 
anterior superior iliac spine; R/LRSP, Right/left radial styloid process; R/LUSP, Right/left 
ulnar styloid process; R/LTHIGH, Right/left thigh rigid body marker cluster; R/LFLE, 
Right/left femoral lateral epicondyle; R/LFME, Right/left femoral medial epicondyle; 
R/LSHANK, Right/left shank rigid body marker cluster; R/LFAL, Right/left lateral 
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malleolus; R/LTAM, Right/left medial malleolus; R/LFM5, Right/left 5th metatarsal head; 
R/LFM1, Right/left 1st metatarsal head; R/LTOE, Right/left distal hallux. Posterior view 
from superior to inferior: HEAD, Head rigid body marker cluster; R/LIPS, Right/left 
posterior superior iliac spine; R/LHM5, Right/left 5th metacarpal head; R/LHM2, Right/left 
2nd metacarpal head; R/LFC, Right/left aspect of Achilles tendon insertion on calcaneus. 
 

 
Figure 17. Markers and rigid bodies according to the 6DOF marker set. 

 
The following experimental procedure is shown in Figure 18. A calibration trial was 

carried out for 10 seconds in T-pose with both the tracking markers and rigid bodies (Figure 

16: green markers and blue rigid bodies) and the calibration markers (Figure 16: red 

markers). For the balance trials, all calibration markers were removed.  

Six different balance conditions were tested: bipedal stance EO, bipedal stance EC, 

unipedal stance EO (left and right sides), and unipedal stance EC (left and right sides). Each 

bipedal trial had a 90-second duration, while unipedal trials had a maximum duration of 90 

seconds and were terminated prior to 90 seconds if the participant touched their non-

Anterior Posterior Lateral
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supporting foot down to the floor or placed their hand on a support surface positioned at 

hand-height in front of the participant.  

For the bipedal stance trials, the participants were instructed to stand with one foot 

on each force plate, with feet parallel and hip width apart. Their arms were placed by their 

side to emulate their natural stance. The participant was instructed to stand as still as 

possible for 90 seconds, with EO for the first trial and EC for the second trial. The 

participant was provided a countdown to initiate the start of each trial.  

For the unipedal trials, the participant began with both feet on the ground (one foot 

on each force plate) and arms positioned by their side. At the end of the countdown, they 

were asked to lift the non-supporting leg off the force plate. Participants were allowed to 

move their arms during the unipedal stance trials to help maintain balance. If the participant 

felt as though they were going to lose balance, they were instructed to place their non-

supporting foot on the force place and/or hand on the support surface in front of them. The 

first unipedal trial was performed with EO and the left foot supporting their body mass. 

The second unipedal EO trial switched to the right foot as the supporting limb. The third 

and fourth unipedal trials were performed with EC, first with the left foot and then the right 

foot as the supporting limb. Any trials with a duration of less than 5 seconds were excluded 

from the analysis. 

 
Figure 18. Experimental procedure for the standing balance assessment 
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4.5 Instrumentation 

4.5.1 Motion Capture System 

Kinematic analysis of standing balance was performed using a 14-camera 

OptiTrack motion capture system (OptiTrack, NaturalPoint, Inc., OR, USA) at a sampling 

frequency of 200 Hz. One camera from the motion capture system was used to capture 

video, while the remaining 13 cameras collected marker position data. Motive software 

(version 2.1.1, NaturalPoint, Inc., OR, USA) was used for both data acquisition and post-

collection marker labelling.  

4.5.2 Force Plate System 

Two AMTI multi-axis strain gauge force plates (OR6-5-2000, Advanced 

Mechanical Technology, Inc., MA, USA) were used to collect kinetic data at a sampling 

frequency of 2000 Hz. The two force plates were contiguous and built into the floor, located 

at approximately the centre of the motion capture volume (Figure 19). Mr. Kick data 

acquisition software was used to acquire the force plate signals and export raw force plate 

signals as a MATLAB data file. Force plate acquisition was switched to custom MATLAB 

software for later participants. The two force plate amplifiers (MiniAmp MSA-6, Advanced 

Mechanical Technology, Inc., MA, USA) provided ± 10 V excitation voltage to the force 

plates and 1000x gain to each force plate channel. 
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Figure 19. Location of the two force places within the motion capture volume 

 
4.5.3 Motion Capture and Force Plate Synchronization 

The analog signals from each force plate were synchronized with the motion capture 

system using the eSync 2 (NaturalPoint, Inc., OR, USA) synchronization hub. The 12 

analog force plate channels (six channels per force plate) were connected to a BNC 

connector box (BNC-2090A, National Instruments Corporation, TX, USA), which was 

wired to a PCIe DAQ device (PCIe-6321, National Instruments Corporation, TX, USA) 

that was interfaced with the motherboard of the computer that contained the Mr. Kick data 

acquisition software. The PCIe device contained a 16-bit analog-to-digital converter 

(ADC), which digitized the analog force plate signals. The BNC connector box was 

connected to the ‘Isolated Sync In’ port on the eSync 2 synchronization hub, while the 

motion capture cameras were connected to the ethernet switch, from which an ethernet 

cable was connected to the eSync 2 device. To connect the cameras to the computer that 

contains Motive software, another ethernet cable extended from the ethernet switch to the 

computer. Figure 20 displays the motion capture and force plate synchronization set-up. 

For later data collections, the BNC connector box and PCIe DAQ device were replaced 

with two 16-bit ADCs (USB-6341, National Instruments Corporation, TX, USA) that were 

connected to the computer containing the custom MATLAB force plate acquisition 

software (Figure 21). 
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Figure 20. Schematic of the original motion capture and force plate synchronization set-
up. Adapted from OptiTrack Documentation (NaturalPoint, Inc., OR, USA) 
 

 
Figure 21. Schematic of the modified motion capture and force plate synchronization set-
up. Adapted from OptiTrack Documentation (NaturalPoint, Inc., OR, USA) 
 

BNC connector box

BNC-2090A Quick Start Guide 2 ni.com

Installing the BNC-2090A
To connect the BNC-2090A to your DAQ device, refer to Figure 2 as you 
complete the following steps. Consult your computer user manual or 
technical reference manual for specific instructions and warnings.

Note If you have not already installed your DAQ device, refer to the DAQ Getting Started 
Guide for instructions.

Figure 2.  Connecting the BNC-2090A to Your DAQ Device

1. Place the BNC-2090A near the host computer or mount the 
BNC-2090A into a 19 inch rack. If you do not rack-mount the 
accessory, attach the four adhesive rubber feet included in the 
BNC-2090A kit to the bottom of the accessory.

2. Connect the BNC-2090A to the DAQ device using the front or rear 
68-position connector, shown in Figure 1. Refer to Table 1 to verify 
that you have the appropriate cable for your DAQ device.

1 BNC-2090A
2 Shielded Cable

3 E/M Series DAQ Device
4 Personal Computer
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2

3
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4.6 Anthropometry 

The participants’ height, weight, and lower extremity segment lengths and proximal 

diameters were collected at the beginning of the data collection session and were used in 

conjunction with anthropometric models to estimate the inertial properties of the body 

segments (see data collection sheet in Appendix B). Dempster’s (1955) regression 

equations were used to estimate the mass of each segment. The 3D position of each segment 

COM was estimated using Hanavan’s (1964) geometric model.  

4.7 Kinematic Data Processing 

4.7.1 Signal Processing of Kinematic Data 

Missing data points in the marker trajectories were interpolated via cubic spline. 

The marker trajectories were then filtered using a 4th order, 6 Hz, zero-phase lag, low-pass 

Butterworth filter to attenuate noise at frequencies above 6 Hz. 

4.7.2 Six Degrees of Freedom Model 

The 6DOF marker set was selected to allow independent tracking of each segment 

and 6DOF at each joint. The principle of 6DOF is that the pose of each segment is defined 

by six variables, three coordinates that describe the segment origin and three vectors that 

describe its rotation about the axes of the segment coordinate system (SCS). The 6DOF 

marker set includes calibration markers that are placed on bony landmarks during the static 

trial but removed during the movement trials and rigid body marker clusters placed on each 

segment for segment tracking during movement trials. As seen in Figure 16, the green 

markers and blue rigid body marker clusters were used for both segment definition and 

tracking, while the red markers were used only for segment definition during the calibration 

trial. In the present study, each rigid body marker cluster contained four non-collinear 



 73 

markers as recommended by Cappozzo et al. (1997). Segment tracking requires a minimum 

of three tracking markers; therefore, a 4-marker rigid body allows for segment tracking 

even if one marker on the rigid body becomes occluded. Since rigid body marker clusters 

can be placed anywhere on the segment, they can be placed on the lateral portion of the 

segment to prevent marker occlusion that typically occurs with medially placed tracking 

markers (Żuk and Pezowicz, 2015). Additionally, rigid body markers can be placed in 

locations that experience less soft-tissue artifact (i.e., tracking markers can be placed where 

there is less skin movement relative to the underlying bone), which is typically the distal 

portion of the limb segments (Cappozzo et al., 1996; Manal et al., 2000). Studies have 

shown comparable accuracy of the 6DOF marker set when compared to the conventional 

gait model marker set and high reliability of the 6DOF marker set (Collins et al., 2009; Żuk 

and Pezowicz, 2015). Additionally, construct validity is greater in the 6DOF marker set 

compared to the conventional gait model due to independence of segments and the absence 

of joint constraints (Collins et al., 2009). 

4.7.3 Defining Segment Coordinate Systems 

Kinematic data analysis began by defining the segment coordinate system (SCS) 

for the head and neck, trunk, pelvis, and the left and right upper arm, forearm, hand, thigh, 

shank, and foot. The calibration trial marker positions were used to calculate the origin and 

rotation matrix for each segment, which are required to transform marker positions from 

the GCS to the SCS. The origin of each segment was defined at the proximal end of the 

segment at the joint centre. For the trunk, the proximal segment end was defined by its 

attachment with the pelvis. The SCS for the pelvis and right thigh, shank, and foot were 

defined according to the equations outlined by Robertson and colleagues (2013). The left-
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sided calculations were performed similarly to the right-sided equations; however, the 

direction of unit vector ;B was reversed by subtracting the markers in the opposite order. 

The pelvis segment was modeled as the CODA pelvis, and the hip joint centre was first 

calculated relative to the pelvis SCS using the regression equations derived by Bell et al. 

(1989). To define the proximal end of the trunk, the left and right iliac crest landmarks were 

estimated using equations derived from anthropometric data in the Terry Database (Kepple 

et al., 1997; Rab et al., 2002). The shoulder joint centre was estimated relative to the 

acromion marker as a fraction of the distance between left and right acromion markers (Rab 

et al., 2002). Sample calculations for defining the origins and rotation matrices of the pelvis 

and right thigh SCS can be found in Appendix C. 

4.7.4 Pose Estimation using Segment Optimization Method 

A segment optimization procedure was used for pose estimation. Segment 

optimization, also termed the 6DOF method, estimates the pose of a segment using at least 

three non-collinear tracking markers that are assumed to be located rigidly on the segment 

at a fixed position in the SCS (Lu and O’Connor, 1999; Spoor and Veldpaus, 1980). It is 

termed the 6DOF method as it defines the pose of the segment through six variables which 

include the three coordinates that describe its origin (translation from GCS to SCS) and the 

three vectors that describe its rotation about the axes of the SCS. Segment optimization is 

often preferred over direct methods of pose estimation as segment optimization tracks each 

segment independently, while direct methods model the segment based on the joint centre 

locations estimated from markers at the proximal joint. Therefore, when using direct 

methods of pose estimation, errors at proximal segments can propagate down the chain as 

each distal SCS is computed (Buczek et al., 2010; Schmitz et al., 2016; Stagni et al., 2000). 
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Segment optimization does not place any constraints on the joints that connect adjacent 

segments and thus segments can move independently of one another based on the joint 

motion detected in the motion capture collection. Although global optimization procedures 

that use joint constraints may reduce soft-tissue artifacts and other sources of error to a 

greater extent than segment optimization in healthy populations, the joint constraints used 

in global optimization may mask pathological joint motion. Therefore, due to known joint 

pathology including widened joint spaces, hypertrophied cartilage, osteophytosis, and 

increased ligament laxity in PWA, segment optimization was selected over global 

optimization for this study.  

Segment optimization uses the least squares approach to estimate the pose of a 

segment (Robertson et al., 2013; Spoor and Veldpaus, 1980). The known parameters in the 

least squares model include the location of the three or more tracking markers in the SCS 

determined from calibration trial marker positions (see section 4.7.3 and Appendix C) and 

the position of the tracking markers in the GCS measured by the motion capture system 

during the balance trials. Therefore, for each frame captured by the motion capture system, 

the origin (translational vector) and rotation matrix defining the orientation of the SCS in 

the GCS must be solved for. The goal of the optimization procedure is to minimize the sum 

of squares error expression to diminish the effect of noise or artifact on pose estimation. 

Additionally, the vectors in the 3x3 rotation matrix must be orthogonal; therefore, an 

orthonormal constraint is applied to the problem. This constrained optimization problem 

has infinite solutions for the origin and rotation matrix; therefore, the Lagrange multiplier 

technique is used to obtain a unique solution. 
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4.7.5 Centre of Mass 

The 3D position of total body COM was determined by the segmentation method, 

which is the weighted average of the COM location of 14 body segments (head, trunk, and 

left and right upper arm, forearm, hand, thigh, shank, and foot). The mass of each segment 

was determined by Dempster’s (1955) segment mass ratios. The position of each segment’s 

COM was determined using anatomical landmark positions and equations from Hanavan’s 

(1964) geometric model of the human body. The x and y coordinates of the COM position 

were determined by the sum of the products of each segment’s COM position and mass 

divided by total body mass: 

COM(F) =
1
"
GCOM,(F)H,

0.

,10

(5) 

COM(J) =
1
"
GCOM,(J)H,

0.

,10

 

where M is the total body mass, 56", is the position of the Kth segment, and H, is the mass 

of the Kth segment. 

4.7.6 Error Detection and Correction within the Centre of Mass Signals 

All further reduction of kinematic data was performed in MATLAB.  

Despite efforts to correct marker label assignment errors using the labelling 

functions within the motion capture software, some instances of extreme spikes were 

observed when plotting the time-series COM signals. Therefore, a code was written in 

MATLAB to detect any frames in the signal where the marker jumped more than 5 mm 

from the position in the previous frame (velocity > 1 m/s). If the previous frame had a 

missing value, the position in the current frame was compared to the position up to 10 
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frames prior (velocity > 0.1 m/s). If the value was determined to exceed these thresholds, 

the frame was deleted. Any missing frames were then interpolated using a cubic spline. 

4.7.7 Translation of Centre of Mass 

The COM trajectory was translated from the GCS to the origin defined by the 

projection of the ankle position vector onto the support surface. The ankle position vector 

was defined as the position vector from the GCS to the midpoint of the two ankle joint 

centres for bipedal trials, the left ankle joint centre for left foot unipedal trials, and the right 

ankle joint centre for right foot unipedal trials. The projection of the ankle position vector 

onto the support surface was calculated by taking the difference between the ankle position 

vector and the projection of the ankle position vector onto the support surface normal 

vector: 

+LMN22(1⃑) = 1⃑ − +LMN&3⃑ (1⃑) = 1⃑ − (1⃑ ∙ QB)QB = 1⃑ − 15QB (6) 

where +LMN22(1⃑) is the projection of the ankle position vector onto the support surface, 

+LMN&3⃑ (1⃑) is the projection of the ankle position vector onto the support surface normal 

vector, 1⃑ is the ankle position vector, and QB is the unit vector of the support surface normal 

vector. 

The projection of the ankle position vector onto the support surface normal vector 

describes a vector parallel to the support surface normal vector, with a magnitude and 

directional sign given by the dot product of the ankle position vector and the unit vector of 

the support surface normal vector. Since the support surface is located within the x,y-plane 

of the GCS, the unit vector of the support surface normal vector is the GCS z-axis unit 

vector, 9S=(0,0,1), and the dot product of the ankle position vector and z-axis unit vector is 

equal to the z-component of the ankle position vector. Therefore, the projection of the ankle 
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position vector onto the support surface is the difference between the ankle position vector 

and the product of the GCS z-axis unit vector and the z-component of the ankle position 

vector (Figure 22).  

 

Figure 22. The projection of the ankle position vector onto the support surface, 
+LMN22(1⃑),	is the difference between the ankle position vector, 1⃑,	and projection of the ankle 
position vector onto the support surface normal vector, +LMN&3⃑ (1⃑) 
 

The translation of the COM position vector from the GCS to the origin located at 

the projection of the ankle position vector onto the support surface was calculated by 

subtracting the average position vector of the new origin in the GCS from the trajectory of 

the COM position vector in the GCS: 

56"67*8!!(:3⃑ ) = 56"!<2 − +LMT22(1⃑)!<2UUUUUUUUUUUUUUUUU (7) 

 

where 56"67*8!!(:3⃑ ) is the COM position vector relative the projection of the ankle position 

vector onto the support surface, 56"!<2 is the COM position vector in the GCS, and 

+LMT22(1⃑)!<2UUUUUUUUUUUUUUUUU is the average position of the projection of the ankle position vector onto the 

support surface in the GCS. 
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4.8 Kinetic Data Processing 

4.8.1 Zeroing the Kinetic Data 

The first 1000 samples were averaged from a trial when the force plate was empty. 

This value was subtracted from the 12 raw force plate signals for each of the six balance 

trials to zero the data. 

4.8.2 Signal Processing of Kinetic Data 

The 12 force plate signals (six from each force plate) were filtered using a 4th order, 

6Hz, zero-phase lag, low-pass Butterworth filter. Each force plate signal was down sampled 

by a factor of 10 from 2000 Hz to 200 Hz to match the sampling frequency of the motion 

capture data. 

4.8.3 Force Plate Signal Conversion 

The force plate data was exported from Mr. Kick and imported in Visual 3D. The 

force plate signals required conversion from mV to N or Nm as well as scaling to adjust for 

the excitation voltage and amplifier gain. The calibration matrix and true origin (offset) of 

the force plates were obtained from the manufacturer calibration. The six signals from each 

of the two force plates were converted from mV to V, multiplied by the transpose of the 

calibration matrix, and divided by the product of the excitation voltage and the channel gain 

of the ADC. This process converted the first three channels of each force plate to N (GRF) 

and the latter three channels of each force plate to Nm (moment of the GRF). 

4.8.4 Centre of Pressure Calculation 

The COP was calculated for both force plates. To calculate the COP with respect to 

the centre of the top surface of the force plate, the true origin (offset from the centre of the 

top surface of the force plate) was obtained from the manufacturer calibration. The z-
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coordinate of the COP was assumed to be zero. The x- and y-components of the COP were 

calculated using the following equations:  

567% =
*%25 −"=

*5
(8) 

567= =
*=25 +"%

*5
 

where *% and *= are the x- and y-components of the GRF with respect to the true origin, 

"% and "= are the x- and y-components of the moment of the GRF about the true origin, 

and 25 is the vertical offset of the true origin of the force plate.  

Since the COP is located on the surface of the force plate, the z-component of the 

COP was assumed as zero.  

4.8.5 Transformation to the Global Coordinate System 

The GRF and COP must be transformed from the FPCS to the GCS in order to pair 

the kinematic and kinetic data. The positions of the four corners of each force plate in the 

GCS were used to determine the origin and rotation matrix that define each force plate in 

the GCS. The origin of the force plate in the GCS (*76LK-KQ!<2)	was calculated by taking 

the average position of the four corners of the force plate (50, 	5/, 	5-, 	and	5.). 

*76LK-KQ!<2 = 0.25 ∗ (50 + 5/ + 5- + 5.) (9) 

The rotation matrix was composed of the three orthogonal unit vectors that define the 

rotation from the GCS to the FPCS. The unit vector _,̂ directed anteriorly across the surface 

of the force plate, was determined by finding the directional vector from the 3rd to the 4th 

corner of the force plate and then dividing the vector by its norm. 
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_̂ = 	
(	5. − 5-)
|5. − 5-|	

(10) 

A unit vector along the surface of the force plate in the lateral direction was calculated by 

determining the vector from the 3rd to 2nd force plate corners and dividing the vector by its 

norm. 

;B = 	
(	5/ − 5-)
|5/ − 5-|	

(11) 

Next, the cross product of unit vectors _ ̂and ;B	was used to define unit vector 9S, which is 

directed superior and normal to the surface of the force plate. 

9S = _̂ 	× 	;B (12) 

A unit vector, T,̂ that is orthogonal to unit vectors _̂ and 9S and completes the right-handed 

coordinate system defining the orientation of the force plate was determined by. 

T̂ = 9S 	×	 _̂ (13) 

The unit vectors _,̂ T̂, and 9S  were horizontally concatenated to form the matrix )#>, defining 

the rotation from the GCS to the FPCS. 

)#> = c
_%̂ _̂= _̂5
T%̂ T=̂ T5̂
9S% 9S= 9S5

d (14) 

The force plate origin in the GCS and transpose of the rotation matrix were used to 

transform the GRF and COP from the FPCS to the GCS using the following equations, 

which were performed for each force plate and each trial. 

()*!<2 = )?#> ∗ ()*#><2	 (15) 

567!<2 = )?#> ∗ 567#><2	 + *76LK-KQ!<2 (16) 
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4.8.6 Calculating Net Centre of Pressure for Bipedal Stance 

Measuring bipedal balance using two separate force plates allows for assessment of 

asymmetries in limb loading. Since asymmetries in balance control were suspected in 

PWA, a weighted average was used to determine COPnet from COPL and COPR for both 

AP and ML directions (Winter et al., 1996, 1993): 

567&'( = 567)
;()*)

(;()*)	+	;()*")
+ 567"

;()*"
(;()*)	+	;()*")

(3) 

where vGRFL and vGRFR are the vertical GRF acting on the left and right feet, respectively. 

4.8.7 Translation of Centre of Pressure 

All force plate data reduction beyond this point was performed in MATLAB.  

The COP trajectory was translated from the GCS to the coordinate system defined 

by the projection of the ankle position vector onto the support surface. This was achieved 

using the same procedure described in section 4.7.7 for the COM trajectory.  

4.8.8 Determining Start and End of Unipedal Stance 

Many participants were not able to hold unipedal stance for 90 seconds. Therefore, 

the unipedal stance trials were truncated at the points in time when the foot was lifted off 

the force plate and when the foot touched back down on the force plate. The video 

recordings for each trial were scanned frame by frame to visually determine the 

approximate frame when foot lift-off and foot touchdown (or hand touchdown on a raised 

surface in front of the participant) occurred. For participants whose hand touched down 

first or whose foot touched down off the force plate, the visual estimation was used to 

determine foot touchdown. For all other participants, visual estimation was used only as a 

reference value.  
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The vGRF was used to determine foot lift-off and touchdown. Foot lift-off was 

determined by the first sample when the vGRF was equal to zero, while foot touchdown 

was defined by the first sample after foot lift-off when the vGRF was greater than zero. All 

MATLAB derived lift-off and touchdown points were verified with the visually derived 

points prior to proceeding.  

Once these points were determined and verified, the onset of loss of balance was 

estimated. The following protocol to determine loss of balance was a modified version of 

the algorithm proposed by Hasan and colleagues (1990). The reference value for balance 

control in each participant was determined by the interquartile range of the vGRF of the 

supporting leg over the first half of the duration from foot lift-off to touchdown or the first 

five seconds if unipedal stance duration was greater than 10 seconds. All samples in the 

second half of the unipedal stance trial were scanned for the first instance in which the 

vGRF was greater than the sum or less than the difference of the median vGRF and 1.5 

times the interquartile range of the vGRF. Once the onset of loss of balance was determined, 

the signal was truncated at the point of foot lift-off and the onset of loss of balance, if a loss 

of balance occurred. 

4.9 Primary Outcome Measures 
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Table 1. Outcome measures 
 

Characterization 
of Balance 
Performance 

Characterization of 
Uniaxial Balance 
Performance 

Characterization 
of Balance Control 

COP time 
domain 

95% prediction 
ellipse area (cm2) 

AP and ML range 
(cm) 

AP and ML mean 
velocity (cm/s) 

COP 
frequency 
domain 

  
AP and ML median 
power frequency 
(cm) 

Relationship 
between COP 
and COM 

  
AP and ML mean 
absolute deviation 
(cm)   
AP and ML cross-
correlation 

AP and ML time lag 
(ms) 

Temporal 
measure 

Unipedal stance 
time (s) 

  

 
4.9.1 Centre of Pressure 95% Prediction Ellipse Area 

The COP 95% prediction ellipse area (PEA) is a measure of sway and indicates the 

variability of the COP position over the course of a balance trial. A larger COP 95% PEA 

indicates a larger spread of the COP position and thus greater sway during balance.  

Several previous studies that calculated COP ellipse area have mistaken a 

confidence ellipse for a prediction ellipse or used the terms interchangeably; however, these 

two measures have different computations and interpretations. Schubert and Kirchner 

(2014) outlined the differences in the calculation and interpretation of the confidence 

ellipse and prediction ellipse. Although the confidence ellipse and prediction ellipse are 

both centred at the sample mean, the confidence ellipse contains the true population mean 

with 100(1-&)%	probability, while the prediction ellipse contains a future observation with 
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100(1-&)%	probability. The calculation of the confidence ellipse area differs from the PEA 

by a factor of 1/n, meaning that the confidence ellipse is smaller than the prediction ellipse 

and the confidence ellipse decreases as sample size increases. Since the present study had 

a sampling frequency of 200 Hz and trial durations of up to 90 seconds, the confidence 

ellipse would be smaller than the prediction ellipse by a factor of 1/18000 for 90-second 

trials. Furthermore, the confidence ellipse area would not be appropriate for comparison 

between trials of different duration, which occurred in the present study since the duration 

of unipedal stance trials varied depending on how long the participant could maintain 

unipedal stance. Therefore, the prediction ellipse is most suitable for quantifying the 

covariation of the AP and ML COP position in the present study. 

The 95% PEA was calculated using the methods outlined by Schubert and Kirchner 

(2014). Principal component analysis was used to obtain the eigenvalues and eigenvectors 

of the variance-covariance matrix of AP and ML COP time-series data, which indicated the 

magnitude and direction of the orthogonal axes of the ellipse that best fit the COP data 

points in the transverse (x,y) plane. The 95% prediction ellipse was approximated using the 

critical value of the inverse chi-square cumulative distribution function with two degrees 

of freedom for &=0.05 (fA.CD,// ≈ 5.99). The length of the semi-major and semi-minor axes 

of the 95% prediction ellipse were defined as the square root of the product of the chi-

square critical value and eigenvalue. The area of an ellipse is calculated by 

h = i1j 

where 1 is the length of the semi-major axis and j is the length of the semi-minor axis. The 

length of the axes in a 95% prediction ellipse are approximated by 

1	 ≈ kfA.CD,/
/ l0 
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j ≈ kfA.CD,/
/ l/ 

and therefore, the approximation for the 95% PEA is  

7mhA.CD ≈ ikfA.CD,// l0kfA.CD,// l/ = fA.CD,// inl0l/ ≈ 5.99inl0l/ (17) 

where fA.CD,//  is the critical value of the inverse chi-square cumulative distribution function 

with two degrees of freedom for &=0.05, and l0 and l/ are the eigen values from the 

variance-covariance matrix of AP and ML COP. 

 The COP 95% PEA was shown to have poor test-retest reliability in EO conditions 

for participants with musculoskeletal disorders, with an intraclass correlation coefficient 

(ICC) of 0.33; however, the ICC almost doubled in the EC condition (ICC=0.64) (Salavati 

et al., 2009). The coefficient of variation (CV) indicated a large amount of error between 

trials for both visual conditions (EO, CV=27.4%; EC, CV=24.4%).  

4.9.2 Centre of Pressure Range 

The COP range is a commonly used parameter to quantify the sway of the COP in 

the AP or ML axis. As the control of standing balance involves different mechanisms in 

the AP versus ML axes, analyzing the COP sway uniaxially may allow for better insights 

into the mechanisms of balance control for PWA. The COP range along the AP and ML 

axes were calculated by taking the difference between the maximum and minimum AP 

components of COP and the maximum and minimum ML components of COP. 

Low to moderate ICCs were observed for the intersession reliability of COP range 

in the AP and ML axes (Lafond et al., 2004). The ICCs increased as the trial duration 

increased from 30 s (AP, ICC=0.29; ML, ICC=0.44) to 60 s (AP, ICC=0.38; ML, 

ICC=0.57) to 120 s (AP, ICC=0.52; ML, ICC=0.62). Another study found that COP range 
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had moderate intersession reliability for trials of 10-second duration, with ICCs of 0.43 

with EO and 0.65 with EC in the AP axis and 0.71 with EO and 0.51 with EC in the ML 

axis (Doyle et al., 2005). Despite the moderate ICCs, the CV indicated a large amount of 

error between measurements (AP EO, CV=38.9%; AP EC, CV=24.1%; ML EO, 

CV=32.2%; ML EC, CV=37.4%). 

4.9.3 Centre of Pressure Mean Velocity 

COP mean velocity was selected as an outcome variable due to its ability to 

distinguish between fallers and non-fallers (Pizzigalli et al., 2016; Quijoux et al., 2020) and 

its excellent re-test reliability, with ICCs higher than other COP parameters for the average 

of two 120-second trials in bipedal stance (AP, ICC=0.83; ML, ICC=0.94) (Lafond et al., 

2004) and the average of three 30-second trials in unipedal stance (AP, ICC=0.85; ML, 

ICC=0.82) (da Silva et al., 2013). COP mean velocity has also been shown to discriminate 

between visual conditions better than other COP parameters (Baig et al., 2012). 

COP velocity was calculated in both the AP and ML directions using the central 

difference approximation of the derivative of COP displacement:  

;%" =
F,F0 − F,F0

2∆p
(18) 

;=" =
J,F0 − J,F0

2∆p
 

where ;%" and ;=" are the velocity of COP in the ML and AP directions at time sample K, 

F,F0  and J,F0 are the ML and AP COP positions at time sample K + 1, F,G0 and J,G0	are 

the ML and AP COP positions at time sample K − 1, and 2∆p is the change in time between 

sample K + 1 and K − 1, which is equivalent to the duration of two sampling periods.  

The mean COP velocity in the AP and ML axes was determined by calculating the 

mean of the absolute value of the COP velocity at each time sample 
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;̅% =
1
Q
Gr;%"r
&

,10

(19) 

;̅= =
1
Q
Gr;="r
&

,10

 

where ;̅% and ;̅= are the sample mean of COP velocity in the ML and AP directions, r;%"r 

and r;="r are the absolute value of the COP velocity in the ML and AP directions at time 

sample K, and Q is the number of samples. 

4.9.4 Cross-correlation of Centre of Pressure and Centre of Mass 

Time-series data is often reduced to a single data point for further analysis, which 

although effective at answering certain research questions, tends to lead researchers to 

overlook important information contained in the time-series signal. Cross-correlation is a 

method that is used to measure association between time-series signals without the need to 

reduce the signals to a discrete data point (Derrick and Thomas, 2004). The cross-

correlation is calculated like the Pearson product moment correlation, where the covariance 

of the two signals is divided by the product of each signal’s standard deviation; however, 

the correlation coefficient is expressed as a function of the signal lag. In the present study, 

the cross-correlation of COP and COM in the AP axis and ML axis were calculated using 

the following equation (shown only for the ML axis) 

s<H>#<HI#(ℓ) =
∑ (567%"$ℓ − 567%UUUUUUU)(56"%" − 56"%UUUUUUUU)&G0
,1A

k∑ (567%"$ℓ − 567%UUUUUUU)/&G0
,1A k∑ (56"%" − 56"%UUUUUUUU)/&G0

,1A

(20) 

where s<H>#<HI#(ℓ) is the cross-correlation of the ML components of 567	and 56"	as a 

function of lag, ℓ;	56"%" is 56"% at time sample K for 0 ≤ K ≤ n-1; 567%"$ℓ is 567% at time 

sample K + ℓ for 0 ≤ K ≤ n-1 and -(n-1) ≤ ℓ ≤ n-1; and 	567%UUUUUUU and 56"%UUUUUUUU are the sample mean 
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of 567% and 56"%, and Q is the number of samples in the trial. The same method was used 

to calculate the cross-correlation of COP and COM in the AP axis. 

The output of the cross-correlation analysis was a set of correlations of the two 

signals for a series of time lags. The time lag between the COP and COM has been 

referenced in several theories of the motor control of standing balance (see section 2.4.3). 

In the present study, the time lag corresponding to the highest correlation coefficient was 

determined as the time lag between COP and COM. If the time lag was positive, COP was 

said to lead ahead of COM, while a negative time lag indicated that COP lagged behind the 

COM. 

4.9.5 Mean Absolute Deviation of Centre of Pressure and Centre of Mass 

Winter (1998) proposed that the difference between COP and COM during quiet 

stance represents the error in the balance control system and showed a strong negative 

correlation (r = -0.91 to -0.94) between the difference between COP and COM and the 

horizontal acceleration of the COM.  

In healthy older adults, the difference between COP and COM has moderate to 

excellent intra-session reliability, with ICCs from a 30-second trial of 0.79 and 0.69 for the 

AP and ML directions, respectively (Corriveau et al., 2000). The average of four 30-second 

trials increased ICCs to 0.94 in the AP direction and .90 in the ML direction. The standard 

error for a single trial was estimated to be 0.10 mm for the AP direction and 0.17 mm for 

the ML direction, and the 95% confidence interval representing the minimal metrically 

detectable change was ±0.19 mm and ±0.28 mm for the AP and ML directions, respectively. 

The mean absolute deviation of the COP and COM (COP-COM) was calculated in 

both the AP and ML directions as follows (equation shown for ML axis): 
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567% − 56"% =
1
Q
Gr567%" − 56"%"r
&

,10

(21) 

where 567% − 56"% is the mean absolute deviation of the ML components of the COP 

and COM,	567%" is the ML component of the COP position at time sample K, 56"%" is the 

ML component of the COM position at time sample K, and Q is the number of samples in 

the trial. 

4.9.6 Median Power Frequency of Centre of Pressure 

The COP MPF was selected as an outcome measure for the present study due to its 

ability to detect changes in sensory control mechanisms (see section 2.5.1). 

The AP and ML COP signals were transformed from the time domain to the 

frequency domain using an FFT. Sample power spectral density plots derived from the FFT 

can be found in Appendix D. The power spectral densities were trimmed at an upper limit 

of 2 Hz based on the findings by Sozzi et al. (2021), which found that only 0.7% the COP 

95% PEA remained after applying a high-pass filter at a cut-off frequency of 2 Hz. The 

power spectral densities had frequency resolutions of 0.006 Hz for the bipedal trials and 

0.006-0.195 Hz for the unipedal trials depending on unipedal stance duration. The MPF 

(Hz) was defined as the frequency below which 50% of the total power distribution lies 

(Figure 23).   

 



 91 

 
Figure 23. Example of a time-varying signal (top) converted to a power spectral density 
(bottom) via fast Fourier transformation. The median power frequency (MPF; Hz) is 
indicated by the green vertical line on the power spectral density plot. 
 
 Figure 23 displays the heavy-tailed distribution of a COP power spectral density 

plot; therefore, the MPF provides a more accurate representation of central tendency than 

the mean power frequency. 

In healthy older adults, the MPF calculated from a single 120-second trial had an 

intrasession reliability defined by ICCs of 0.34 and 0.47 in AP and ML directions, 

respectively, while to achieve an ICC greater than 0.9, averaging 18 120-second trials in 

the AP direction and 10 120-second trials in the ML direction were necessary (Lafond et 

al., 2004). Decreasing the trial duration to 30 seconds had similar ICCs of 0.32 and 0.41 

for AP and ML directions, respectively. However, when intersession reliability was 

assessed using a different method of reliability analysis that partitioned systematic and 

random error, the MPF in the AP and ML directions only required six and three 60-second 
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trials, respectively, to achieve an index of dependability (same interpretation as ICC) 

greater than 0.75 (Santos et al., 2008). In an EC condition, only four trials were needed in 

both AP and ML directions to achieve the same reliability index. The standard error of 

measurement, expressed as a percentage of the grand mean across days (same interpretation 

as CV), was 9.3% (AP) and 10.9% (ML) for EO and 10.2% (AP) and 11.5% (ML) for EC. 

4.9.7 Unipedal Stance Time 

Unipedal stance time was selected as an outcome measure due to its ease of 

measurement and excellent test-retest reliability in both young (ICC=0.75) and older adults 

(ICC=0.87) (da Silva et al., 2013). Unipedal stance time was calculated from foot lift off to 

foot touchdown of the non-supporting leg for both EO and EC trials. 

4.10 Statistical Analysis 

Normality was assessed via histograms, QQ-plots, and Shapiro-Wilks test, and 

homoscedasticity was examined using Levene’s test. Residual analysis was performed to 

assess model fit. 

For the analysis of participant characteristics, PWA and PNA were compared using 

Welch’s t-tests for normally distributed continuous variables, Wilcoxon rank sum tests for 

ordinal or non-normally distributed variables, and Fisher exact tests for nominal variables. 

Two-way [2 Group (PWA/PNA) x 2 Vision (EO/EC)] mixed non-parametric 

ANOVA-type tests were used to explore the interaction effect between acromegaly and 

vision on the COP 95% PEA, COP range, COP mean velocity, COP MPF, cross-correlation 

of COP and COM, time lag between COP and COM, and COP-COM during bipedal stance. 

The tests were performed for each outcome measure apart from the COP 95% PEA in both 



 93 

the AP and ML axes. Significant interaction effects were further explored via data 

visualization. 

All unipedal balance trials with a duration of less than five seconds were excluded, and 

the average was taken from the left and right sides for each visual condition. Welch’s t-

tests were used to examine the effect of acromegaly on COP 95% PEA, COP range, COP 

mean velocity, and COP MPF during unipedal stance with EO. Due to small sample sizes 

(PWA, n=3; PNA, n=1), inferential statistics were not conducted for unipedal stance with 

EC. Each outcome measure was analyzed in the AP and ML axes, except for the COP 95% 

PEA. The interaction between acromegaly and vision on unipedal stance time was assessed 

using a two-way [2 Group (PWA/PNA) x 2 Vision (EO/EC)] mixed ANOVA.  

R statistical software (R Foundation for Statistical Computing, Vienna, Austria) was 

used for all statistical analyses. The nparLD package in R was used to compute non-

parametric ANOVA-type statistics (Noguchi et al., 2012). Significance was set at &=0.05.  
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Chapter 5: Results 

5.1 Group Characteristics 

Data were collected on 12 PWA and 11 PNA. Table 2 and Table 3 display 

characteristics for each group. Both groups had similar proportions of female participants 

(PWA,  42% female; PNA, 45% female; p=1, OR=0.863) and similar distributions of age 

(PWA, M=54.9y, SD=12.2y; PNA, M=56.1y, SD=10.3y; t(20.87)=-0.25, p=0.804, d=-0.10) 

and BMI (PWA, M=33.3kg/m2, SD=5.5kg/m2; PNA, M=31.63kg/m2, SD=6.83kg/m2; 

t(19.31)=0.65, p=0.526, d=0.27).  

Both groups were similar in age at diagnosis (PWA, M=42.8y, SD=14.9y; PNA, 

M=49.4y, SD=9.4y; t(18.70)=1.76, p=0.220, d=-0.52), and at the time of the study, the 

mean duration since diagnosis was greater for PWA than PNA, although not significant 

(PWA, M=12.1y, SD=10.1y; PNA, M=6.7y, SD=2.8y; t(12.80)=1.76, p=0.103, d=0.72). 

All participants underwent surgery to remove the pituitary adenoma. Pituitary radiotherapy 

was received by 33% of PWA and 0% of PNA (p=0.093, OR=Inf). Medical therapy for 

acromegaly was utilized by 25% of PWA (n=3), of which 67% (n=2) used somatostatin 

receptor ligands. At the time of the study, all PWA were in remission based on most recent 

IGF-1 levels, with a mean duration in remission of 8.5 years (SD=5.9y). Of PWA with 

available bloodwork records (GH, n=8; IGF-1, n=9), mean pre-treatment GH and IGF-1 

levels expressed as a percent of the upper limit of normal were 147.8% (SD=229.3%) and 

221.3% (SD=66.8%), respectively.  

There were no differences between groups in rates of secondary hypoadrenalism, 

hypothyroidism, or hypogonadism, and all participants with these diagnoses received 

hormone replacement therapy. PWA and PNA had no significant differences in use of anti-
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hypertensive, sleep, or analgesic medication. PWA had significantly higher rates of 

obstructive sleep apnea compared to PNA (PWA, 66.7%; PNA, 0%; p=0.001, OR=Inf), 

and all patients with obstructive sleep apnea were treated. 

Rates of joint surgery were similar between groups (PWA, 33.3%; PNA, 36.4%; p=1, 

OR=0.88). There were no significant differences between groups for joint surgery of any 

body-region or type of surgery. In PWA, one participant had a total knee replacement, and 

one had a total hip replacement, whereas no PNA had joint replacement surgery. 

Table 2. Group characteristics (continuous variables) 

 PWA 
[M (SD)] 

PNA 
[M (SD)] t-stat df p-value d 

Age (years) 54.9 (12.2) 56.1 (10.3) -0.25 20.87 0.804 -0.10 

BMI (kg/m2) 33.3 (5.5) 31.6 (6.8) 0.65 19.31 0.526 0.27 
Height (m) 1.7 (0.1) 1.7 (0.1) 0.10 20.91 0.917 0.04 

Weight (kg) 97.0 (18.9) 92.1 (22.0) 0.57 19.85 0.575 0.24 
Age at Dx (years) 42.8 (14.9) 49.4 (9.4) -1.27 18.70 0.220 -0.52 
Duration since Dx 
(years) 

12.1 (10.1) 6.7 (2.8) 1.76 12.80 0.103 0.72 

Duration in 
Remission (years) 

8.5 (5.9)      

GH at Dx 
(%ULN) 

147.8 (229.3)      

IGF-1 at Dx 
(%ULN) 

221.2 (66.8)      
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Table 3. Group characteristics (categorical variables) 

  PWA  
[n (%)] 

PNA  
[n (%)] p-value OR 

Sex (Female) 5 (41.7) 5 (45.5) 1 0.86 

Pituitary Surgery 12 (100.0) 11 (100.0) 1 0 

Pituitary Radiation 4 (33.3) 0 (0.0) 0.093 Inf 

Acromegaly Remission 12 (100.0)    

Acromegaly Medication 3 (25.0)    

SRL 2 (16.7)    

DA 0 (0.0)    

Pegvisomant 0 (0.0)    

SHA 1 (8.3) 1 (9.1) 1 0.91 

Adrenal HRT 1 (8.3) 1 (9.1) 1 0.91 

SHT 4 (33.3) 5 (45.5) 0.68 0.61 

Thyroid HRT 4 (33.3) 5 (45.5) 0.68 0.61 

SHG 3 (25.0) 3 (27.3) 1 0.89 

Gonadal HRT 3 (25.0) 3 (27.3) 1 0.89 
Anti-hypertensive 
Medication 

5 (41.7) 3 (27.3) 0.667 1.85 

OSA 8 (66.7) 0 (0.0) 0.001 Inf 

OSA Therapy 8 (66.7) 0 (0.0) 0.001 Inf 

Sleep Medication 0 (0.0) 0 (0.0) 1 0 

Analgesic Medication 5 (41.7) 4 (36.4) 1 1.24 

Joint Surgery 4 (33.3) 4 (36.4) 1 0.88 

Hip 1 (8.3) 1 (9.1) 1 0.91 

Knee 1 (8.3) 1 (9.1) 1 0.91 

Ankle/Foot 0 (0.0) 1 (9.1) 0.478 0 

Back 0 (0.0) 0 (0.0) 1 0 

Neck 0 (0.0) 0 (0.0) 1 0 

Shoulder 0 (0.0) 0 (0.0) 1 0 

Elbow 0 (0.0) 0 (0.0) 1 0 

Hand/Wrist 4 (33.3) 3 (27.3) 1 1.32 

Arthroscopy 0 (0.0) 1 (9.1) 0.478 0 

Bone 1 (8.3) 3 (27.3) 0.317 0.26 

Carpal Tunnel 4 (33.3) 1 (9.1) 0.317 4.68 

THR 1 (8.3) 0 (0.0) 1 Inf 

TKR 1 (8.3) 0 (0.0) 1 Inf 

Soft-tissue 4 (33.3) 3 (27.3) 1 1.32 

SRL, somatostatin receptor ligand; DA, dopamine agonist; SHA, secondary 
hypoadrenalism; SHT, secondary hypothyroidism; SHG, secondary hypogonadism; 
HRT, hormone replacement therapy; OSA, obstructive sleep apnea; THR, total hip 
replacement; TKR, total knee replacement. 
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Table 4 displays the group comparison of joint pain scores measured on a visual 

analog scale. PWA had significantly higher joint pain scores than PNA for the back (PWA, 

Mdn=50, IQR=50.2; PNA, Mdn=0, IQR=12; W=114, p=0.003, r=0.63), hip (PWA, 

Mdn=33.8, IQR=41.9; PNA, Mdn=0, IQR=1; W=106.5, p=0.010, r=0.54), and knee (PWA, 

Mdn=39.2, IQR=29.5; PNA, Mdn=0, IQR=25.2; W=105.5, p=0.015, r=0.51). There were 

no significant differences in pain scores between groups for the ankle/foot, elbow, 

hand/wrist, or neck. 

Table 4. Group comparison of joint pain scores measured on a visual analog scale 

 PWA  
[Mdn (IQR)] 

PNA  
[Mdn (IQR)] W-stat p-value r 

Ankle/Foot 10.5 (25.1) 0.0 (8.8) 89.0 0.153 0.30 

Back 50.0 (50.2) 0.0 (12.0) 114.0 0.003 0.63 
Elbow 0.0 (4.5) 0.0 (3.5) 68.5 0.889 0.04 

Hand/Wrist 11.2 (39.9) 0.0 (5.2) 96.0 0.058 0.40 
Hip 33.8 (41.9) 0.0 (1.0) 106.5 0.010 0.54 

Knee 39.2 (29.5) 0.0 (25.2) 105.5 0.015 0.51 

Neck 17.5 (25.2) 0.0 (34.0) 87.0 0.193 0.28 
Shoulder 13.2 (38.4) 0.0 (3.8) 94.0 0.077 0.38 

 

The group comparison of functional ability questionnaire scores is shown in Table 

5. PWA had significantly greater functional ability of the upper limb (QuickDASH) than 

PNA (PWA, Mdn=79.5, IQR=21; PNA, Mdn=97.9, IQR=4.8; W=24, p=0.010, r=0.54). No 

significant differences were found between groups for balance confidence (ABC-6), foot 

and ankle functional ability (Quick-FAAM), hip functional ability (HOOS, JR), and knee 

functional ability (KOOS, JR); however, there was a trend towards greater knee and hip 

functional disability in PWA compared to PNA. There was no difference in number of falls 

in the past 12 months between groups. 
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Table 5. Group comparison of functional ability scores 
 

PWA 
[Mdn (IQR)] 

PNA  
[Mdn (IQR)] W-stat p-value r 

ABC-6 77.5 (50.8) 95.0 (19.2) 46.5 0.236 0.25 
QuickDASH 79.5 (21.0) 97.7 (4.8) 24.0 0.010 0.54 
Quick-FAAM 87.5 (30.2) 100.0 (18.2) 36.0 0.103 0.36 
HOOS, JR 73.6 (39.0) 100.0 (22.2) 37.0 0.070 0.38 
KOOS, JR 70.8 (15.9) 100.0 (29.2) 35.5 0.059 0.40 
Falls in past 12 
months 

0.0 (2.5) 0.0 (0.0) 87.5 0.094 0.36 

ABC-6, 6-item Activities-specific Balance Confidence scale; QuickDASH, 11-item 
Disabilities of the Arm, Shoulder, and Hand outcome measure; Quick-FAAM, 12-item Foot 
and Ankle Mobility measure; HOOS, JR, 6-item Hip dysfunction and Osteoarthritis Outcome 
Score for Joint Replacement; KOOS, JR, 7-item Knee injury and Osteoarthritis Outcome 
Score for Joint Replacement. 

 

5.2 Bipedal Standing Balance 

5.2.1 Centre of Pressure 95% Prediction Ellipse Area  

The COP 95% prediction ellipse for a representative participant can be found in 

Appendix E (Figure 41A and 41B). 

There was no significant interaction effect between group and vision or main effect 

of group on the COP 95% PEA (Table 6). However, there was a trend towards a main effect 

of vision (ATS(1)=3.60, p=0.058). In Figure 24, the COP 95% PEA increased marginally 

for both groups with EC compared to EO, with a slightly greater increase for PWA than 

PNA. 

Table 6. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP 95% prediction ellipse area (cm2) during 90-second bipedal 
stance 

 ATS df1 df2 p-value 

Group 0.26 1 20.14 0.615 
Vision 3.60 1  0.058 
Group:Vision 0.21 1  0.644 
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Figure 24. COP 95% prediction ellipse area (cm2) during 90-second bipedal stance with 
eyes open (EO) and eyes closed (EC) 
 
5.2.2 Centre of Pressure Range 

There was no significant interaction of group and vision on the COP AP range, and 

neither of the main effects were significant (Table 7). Figure 25 shows a small increase in 

the COP AP range for PWA but a minimal change for PNA when going from EO to EC.  

Table 7. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP range (cm) in the AP axis during 90-second bipedal stance 

 ATS df1 df2 p-value 

Group 0.23 1 20.66 0.635 
Vision 2.63 1  0.105 
Group:Vision 1.68 1  0.195 

 

No significant interaction of group and vision on the COP ML range was found 

(Table 8). A main effect of vision was detected for COP ML range (ATS(1)=5.20, p=0.023), 

but there was no main effect of group. In accordance with the main effect of vision, Figure 
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25 reveals that COP ML range increased for both groups when going from EO to EC, with 

a slightly higher COP ML range in both visual conditions for PWA than PNA.  

Table 8. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP range (cm) in the ML axis during 90-second bipedal stance 

 ATS df1 df2 p-value 

Group 0.29 1 20.89 0.595 
Vision 5.20 1  0.023 
Group:Vision 0.01 1  0.935 

 

 

Figure 25. COP range (cm) in the anteroposterior (AP) and mediolateral (ML) axes during 
90-second bipedal stance with eyes open (EO) and eyes closed (EC) 
 
5.2.3 Centre of Pressure Mean Velocity 

There was a significant interaction of group and vision (ATS(1)=3.95, p=0.047) and 

a significant main effect of vision (ATS(1)=77.94, p=<0.001) on the COP mean velocity in 

the AP axis (Table 9). There was no significant main effect of group. Although both groups 

revealed an increase in AP COP mean velocity in the EC compared to EO condition, this 

increase occurred to a greater extend in PWA than PNA (Figure 26). 
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Table 9. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP mean velocity (cm/s) in the AP axis during 90-second bipedal 
stance 

 ATS df1 df2 p-value 

Group 0.19 1 18.58 0.669 
Vision 77.94 1  <0.001 
Group:Vision 3.95 1  0.047 

 

No significant interaction of group and vision was found for COP mean velocity in 

the ML axis (Table 10). There was a main effect of vision (ATS(1)=14.17, p=<0.001) but 

no main effect of group on ML COP mean velocity. Figure 26 shows a trend towards lower 

ML COP mean velocity in PWA compared to PNA. 

Table 10. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP mean velocity (cm/s) in the ML axis during 90-second bipedal 
stance 

 ATS df1 df2 p-value 

Group 0.93 1 19.67 0.346 
Vision 14.17 1  <0.001 
Group:Vision 2.55 1  0.110 
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Figure 26. COP mean velocity (cm/s) in the anteroposterior (AP) and mediolateral (ML) 
axes during 90-second bipedal stance with eyes open (EO) and eyes closed (EC). 
 
5.2.4 Centre of Pressure Median Power Frequency 

The COP power spectral density for a representative participant is displayed in 

Figure 40, Appendix D.  

There was no significant interaction of group and vision on COP MPF in the AP 

axis (Table 11). The main effect of vision was significant (ATS(1)=14.97, p=<0.001), while 

there was no significant main effect of group. Both groups displayed an increase in AP 

COP MPF when going from EO to EC, with a slightly larger increase for PNA than PWA 

(Figure 27). 

Table 11. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the median power frequency (Hz) of COP in the AP axis during 90-
second bipedal stance 

 ATS df1 df2 p-value 

Group 7.43e-4 1 20.68 0.978 
Vision 14.97 1  <0.001 
Group:Vision 0.10 1  0.755 

 

No significant interaction or main effects were found for COP MPF in the ML axis 

(Table 12). Figure 27 shows minimal difference in ML COP MPF between the EO and EC 

condition for both groups. 

Table 12. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the median power frequency (Hz) of COP in the ML axis during 90-
second bipedal stance 

 ATS df1 df2 p-value 

Group 0.20 1 17.82 0.658 
Vision 0.23 1  0.634 
Group:Vision 4.34e-3 1  0.947 



 103 

 

 

 

Figure 27. COP median power frequency (Hz) in the anteroposterior (AP) and 
mediolateral (ML) axes during 90-second bipedal stance with eyes open (EO) and eyes 
closed (EC). 

 

5.2.5 Cross-correlation of Centre of Pressure and Centre of Mass 

The COP and COM signals for three different participants are shown in Appendix 

F (Figure 42-44).  

There was no significant interaction of group and vision on the cross-correlation 

between COP and COM in the AP axis (Table 13). There was a significant main effect of 

vision (ATS(1)=24.68, p=<0.001), while no significant main effect of group was found. The 

correlation between COP and COM decreased for both groups with EC compared to EO, 

with a greater decrease observed in PWA than PNA (Figure 28A).   

There was no significant interaction effect or main effect of group and vision on the 

cross-correlation between COP and COM in the ML axis (Table 14). Figure 28A displays 

a slight decrease in the correlation between COP and COM for PWA with EC compared to 
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EO, while a slight increase in the correlation between COP and COM was observed for 

PNA with EC compared to EO. 

Table 13. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the cross-correlation coefficient between COP and COM in the AP 
axis during 90-second bipedal stance 

 ATS df1 df2 p-value 
Group 0.02 1 20.10 0.892 
Vision 24.68 1  <0.001 
Group:Vision 3.35 1  0.067 

 

Table 14. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the cross-correlation coefficient between COP and COM in the ML 
axis during 90-second bipedal stance 

 ATS df1 df2 p-value 
Group 1.14 1 20.14 0.297 
Vision 0.16 1  0.692 
Group:Vision 0.28 1  0.596 

 

No significant interaction effect or main effect of group and vision was found for 

the time lag between COP and COM in the AP or ML axes (Table 15 and Table 16). Figure 

28B reveals a negligible time lag between COP and COM for both groups in both visual 

conditions in the AP axis. In the ML axis with EO, COP lags slightly behind COM for PNA 

but not PWA, whereas with EC, both groups display negligible time lag between COP and 

COM.  

Table 15. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the time lag (ms) between COP and COM in the AP axis during 90-
second bipedal stance 

 ATS df1 df2 p-value 
Group 0.08 1 19.53 0.774 
Vision 0.13 1  0.721 
Group:Vision 0.68 1  0.408 
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Table 16. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of the time lag (ms) between COP and COM in the ML axis during 90-
second bipedal stance 

 ATS df1 df2 p-value 
Group 2.52 1 19.33 0.129 
Vision 1.77 1  0.184 
Group:Vision 1.64 1  0.200 
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Figure 28. Cross-correlation (A) and time lag (ms; B) of COP and COM in the 
anteroposterior (AP) and mediolateral (ML) axes during 90-second bipedal stance with 
eyes open (EO) and eyes closed (EC) 
 
5.2.6 Mean Absolute Deviation of Centre of Pressure and Centre of Mass 

There was no significant interaction of group and vision or significant main effect of 

group or vision on COP-COM in the AP axis (Table 17). Figure 29 indicates that in the AP 

axis, there was negligible change in COP-COM between visual conditions for both groups. 

However, there was a trend towards a main effect of group, where median COP-COM was 

higher in PWA than PNA. 

Table 17. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP-COM in the AP axis during 90-second bipedal stance 

 ATS df1 df2 p-value 
Group 2.22 1 20.70 0.152 
Vision 0.15 1  0.697 
Group:Vision 0.01 1  0.903 

 

There was no interaction of group and vision on COP-COM in the ML axis (Table 

18). There was a main effect of group on COP-COM in the ML axis (ATS(1,20.63)=9.73, 

p=0.005), but no main effect of vision was found. The main effect of group for COP-COM 

in the ML axis can be observed in Figure 29, where COP-COM is larger in magnitude for 

PWA than PNA. 

Table 18. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] non-parametric mixed 
ANOVA-type test of COP-COM in the ML axis during 90-second bipedal stance 

 ATS df1 df2 p-value 
Group 9.73 1 20.63 0.005 
Vision 1.12e-4 1  0.992 
Group:Vision 0.47 1  0.492 
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Figure 29. The mean absolute deviation between COP and COM (cm) in the 
anteroposterior (AP) and mediolateral (ML) axes during 90-second bipedal stance with 
eyes open (EO) and eyes closed (EC). 
  

Figure 30 exhibits the distance of COP and COM from the midpoint of the left and 

right ankle joint centres, showing the difference between the locations of COP and COM 

for each participant in PWA and PNA. In the AP axis (Figure 30A), the COM is anterior to 

the COP in approximately half of PWA in both visual conditions, while COM is anterior 

to the COP in the majority of PNA in both visual conditions. In the mediolateral axis 

(Figure 30B), all but one participant has a COM that is located to the right of the COP, and 

this trend appears to be independent of group and vision.  
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Figure 30. The distance of COP (cm) and COM (cm) from the midpoint of the left and right 
ankle joint centres in the anteroposterior (AP; A) and mediolateral (ML; B) axes during 
90-second bipedal stance with eyes open (EO) and eyes closed (EC). 
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5.3 Unipedal Standing Balance 

5.3.1 Unipedal Stance Time 

No significant interaction between group and vision was found for unipedal stance 

time (Table 19). As observed in Figure 31, there was a significant decrease in unipedal 

stance time in both groups with EC compared to EO (F(1,18)=47.61, p=<0.001). No 

significant main effect of group was found. Figure 31 displays a trend towards a longer 

unipedal stance time for PWA than PNA in the EO condition, but the groups show similar 

unipedal stance times in the EC condition. 

 
Figure 31. Comparison of unipedal stance time (s) between groups and visual conditions 
 
Table 19. Two-way [2 group (PWA/PNA) x 2 vision (EO/EC)] mixed ANOVA of unipedal 
stance time (s) 

Effect dfn dfd F-stat p-value v2 

(Intercept) 1 18 51.17 <0.001  
Group 1 18 2.45 0.135 0.07 
Vision 1 18 47.61 <0.001 0.50 
Group:Vision 1 18 2.23 0.152 0.03 
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5.3.2 Eyes Open 

The results presented in the following subsections reflect the analyses performed 

on a subset of participants who maintained unipedal stance with EO for at least five seconds 

(PWA, n=10; PNA, n=9). Two PWA were unable to attempt the unipedal stance trials due 

to pain or fear of falling. One PNA completed the unipedal stance trials but was excluded 

as the force plate data was lost. The other PNA was excluded as they could not hold 

unipedal stance for at least five seconds.  

5.3.2.1 Centre of Pressure 95% Prediction Ellipse Area 

The COP 95% prediction ellipse for unipedal stance with EO for a representative 

participant can be found in Appendix E (Figure 41C and 41D). 

There was no significant difference between PWA and PNA in the unipedal COP 

95% PEA with EO (Table 20). The group medians for COP 95% PEA were similar, with 

greater variability observed in PWA than PNA (Figure 32). 

Table 20. Welch’s t-test of COP 95% prediction ellipse area (cm2) during unipedal stance 
with eyes open 

PW
A (n) 

PNA 
(n) 

PWA 
(M) 

PNA 
(M) 

Mean Diff  
[95% CI] 

t-stat df p-value d 

10 9 12.72 10.34 2.37 [-1.53, 6.27] 1.29 16.08 0.216 0.59 
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Figure 32. COP 95% prediction ellipse area (cm2) during unipedal stance with eyes open 
 

5.3.2.2 Centre of Pressure Range 

The unipedal COP range did not significantly different between groups for the EO 

condition in either the AP or ML axes (Table 21). Figure 33 displays that both groups had 

similar COP range in the AP axis, but a trend towards higher COP range values for PWA 

than PNA was observed in the ML axis. 

Table 21. Welch’s t-test of COP range (cm) in the anteroposterior (AP) and mediolateral 
(ML) axes during unipedal stance with eyes open 

Axis 
PWA 

(n) 
PNA 
(n) 

PWA 
(M) 

PNA 
(M) 

Mean Diff  
[95% CI] 

t-stat df p-value d 

AP 10 9 5.32 4.99 0.33 [-1.35, 2.01] 0.41 16.65 0.686 0.19 
ML 10 9 3.9 3.51 0.38 [-0.10, 0.86] 1.75 11.6 0.107 0.79 
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Figure 33. COP range (cm) in the anteroposterior (AP) and mediolateral (ML) axes during 
unipedal stance with eyes open 
 

5.3.2.3 Centre of Pressure Mean Velocity 

There was no significant difference in unipedal COP mean velocity between groups 

for the EO condition in either the AP or ML axes (Table 22). There was less variability of 

the COP mean velocity in the AP axis for PWA compared to PNA (Figure 34). In the ML 

axis, COP mean velocity trended lower for PWA than PNA.  

Table 22. Welch’s t-test of COP mean velocity (cm/s) in the anteroposterior (AP) and 
mediolateral (ML) axes during unipedal stance with eyes open 

Axis 
PWA 

(n) 
PNA 
(n) 

PWA 
(M) 

PNA 
(M) 

Mean Diff 
[95% CI] t-stat df p-value d 

AP 10 9 3.35 3.60 -0.25 [-1.62, 1.11] -0.40 12.65 0.694 -0.19 
ML 10 9 3.53 4.08 -0.55 [-1.42, 0.32] -1.33 15.64 0.201 -0.62 
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Figure 34. COP mean velocity (cm/s) in the anteroposterior (AP) and mediolateral (ML) 
axes during unipedal stance with eyes open 
 
5.3.2.4 Centre of Pressure Median Power Frequency 

The COP power spectral density for a representative participant is shown in Figure 

40, Appendix D.  

There was no significant difference between groups in the unipedal COP MPF for 

the EO condition in either the AP or ML axes (Table 23). Figure 35 shows a trend towards 

a lower COP MPF in the AP axis and higher COP MPF in the ML axis for PWA compared 

to PNA. 

Table 23. Welch’s t-test of COP median power frequency (Hz) in the anteroposterior (AP) 
and mediolateral (ML) axes during unipedal stance with eyes open 

Axis 
PWA 

(n) 
PNA 
(n) 

PWA 
(M) 

PNA 
(M) 

Mean Diff 
[95% CI] 

t-stat df p-value d 

AP 10 9 0.11 0.14  -0.03 [-0.09, 0.03] -1.17 12.07 0.265 -0.55 
ML 10 9 0.44 0.41 0.03 [-0.08, 0.15] 0.59 15.97 0.561 0.27 
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Figure 35. COP median power frequency (Hz) in the anteroposterior (AP) and 
mediolateral (ML) axes during unipedal stance with eyes open 
 
5.3.3 Eyes Closed 

The figures presented in the following subsections display trends in the outcome 

variables for a subset of participants who maintained unipedal stance with EC for at least 

five seconds (PWA, n=3; PNA, n=1). These participants were all males and tended to be 

of younger age and lower BMI compared to the group means. The PWA had no history of 

joint surgery, while the PNA underwent ankle tendon repair. PWA tended to have pain 

scores above the group median for the back, hip, and knee, while the PNA had higher back 

and ankle pain scores than the group median. The majority of these participants had higher 

balance confidence (ABC-6) than the group medians. One of three PWA experienced a fall 

over the past 12 months, while the PNA did not sustain a fall. All PWA had greater 

disability of the knee (KOOS, JR) than the group median, while two PWA had greater 

disability of the hip (HOOS, JR) and foot/ankle (Quick-FAAM) than the group median. 

The hip, knee, and foot/ankle disability scores for the PNA indicated optimal joint health. 
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5.3.3.1 Centre of Pressure 95% Prediction Ellipse Area  

As shown in Figure 36, the COP 95% PEA during unipedal stance with EC trended 

higher for PWA than PNA. 

 
Figure 36. COP 95% prediction ellipse area (cm2) during unipedal stance with eyes closed 
 
5.3.3.2 Centre of Pressure Range 

Figure 37 indicated a greater COP range for PWA than PNA during unipedal stance 

with eyes closed in both the AP and ML axes. 
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Figure 37. COP range (cm) in the anteroposterior (AP) and mediolateral (ML) axes during 
unipedal stance with eyes closed 
 
5.3.3.3 Centre of Pressure Mean Velocity 

COP mean velocity appeared similar between groups in both axes (Figure 38). 

 
Figure 38. COP mean velocity (cm/s) in the anteroposterior (AP) and mediolateral (ML) 
axes during unipedal stance with eyes closed 
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5.3.3.4 Centre of Pressure Median Power Frequency 

As seen in Figure 39, COP MPF was similar between groups in the AP and ML 

axes, with a higher MPF of COP in the ML axis than AP axis for both groups. 

 
Figure 39. COP median power frequency (Hz) in the anteroposterior (AP) and 
mediolateral (ML) axes during unipedal stance with eyes closed 
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Chapter 6: Discussion 

The aim of the present study was to determine if acromegaly had an effect on standing 

balance control. This aim was investigated using a study design that included a control 

group of PNA to control for the effects of the pituitary adenoma and included an EO and 

EC trial to control for the effect of vision while measuring COP and COM via synchronized 

force plate and motion capture analysis. The mechanisms of standing balance control were 

assessed not only through the manipulated variable of vision and the control group, but also 

by including outcome measures which are theorized to relate to different aspects of 

neuromuscular control of balance. While COP time domain parameters provide 

information regarding the extent or rate of body sway during standing balance, frequency 

domain parameters may help to elucidate the sensory mechanisms involved in balance 

control. Furthermore, assessment of the relationship between COP and COM can provide 

insight into the muscular control of the body’s COM. Outcome measures were assessed for 

both bipedal and unipedal stance. 

6.1 Bipedal Standing Balance 

6.1.1 Centre of Pressure Time Domain Measures 

Time domain parameters analyzed in the present study included COP 95% PEA, COP 

range, and COP mean velocity. COP 95% PEA was used to provide a measure of 

covariability of the AP and ML COP, while COP range was selected to indicate the 

variability of COP along the AP or ML axis. COP mean velocity was included to specify 

the rate of change in the COP position along the AP or ML axis.  

In bipedal stance, a significant interaction between group and vision was found for AP 

COP mean velocity, where a greater increase in velocity with EC compared to EO was 
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observed for PWA than PNA, which was in support of the research hypothesis regarding 

the interaction of group and vision on standing balance control. Significant main effects of 

vision were found for ML COP range, AP COP mean velocity, and ML COP mean velocity, 

and independent of group, all three measures increased with EC compared to EO, which 

was in agreement with the research hypothesis regarding the main effect of vision. 

Additionally, there was a trend towards a main effect of vision for COP 95% PEA, with a 

larger sway area observed for EC compared to EO. In contrast to the research hypothesis, 

no significant main effect of group was found for any of the time domain COP parameters. 

When comparing PWA to healthy controls, previous studies found significant 

differences in COP time domain measures between groups in EO with feet apart (Haliloglu 

et al., 2019; Homem et al., 2017; Lopes et al., 2014), EC with feet apart (Haliloglu et al., 

2019), and EC with feet together (Homem et al., 2017; Lopes et al., 2014). In contrast, the 

present study found no group effects, with the exception of the interaction of group and 

vision for COP mean velocity in the AP axis. The predominant differences between the 

present study and previous studies is that the present study controlled for the effects of the 

pituitary adenoma by comparing PWA to a control group of PNA and the present study 

included only participants who underwent pituitary surgery and were in biochemical 

remission. The inclusion of PWA with active disease in prior studies may have revealed 

more severe balance impairments; however, depending on the cause of balance impairment, 

disease control could have little influence as some changes to musculoskeletal tissue in 

PWA have been shown to be irreversible (Biermasz et al., 2005; Claessen et al., 2012, 2015; 

Pelsma et al., 2021). Furthermore, the similarities between PWA and PNA in the present 

study may reveal that the balance impairments observed in previous studies of PWA could 

in part be related to lingering effects of the adenoma or adenoma removal surgery. 
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Previous studies of standing balance in PWA did not examine the interaction between 

acromegaly and vision; therefore, it is difficult to directly compare findings with the present 

study. When closing the eyes or when closing the eyes and concurrently narrowing the 

stance width, previous studies showed significant differences between PWA and healthy 

controls for measures of COP in the ML axis, but the measures of COP in the AP axis were 

not different between groups (Haliloglu et al., 2019; Homem et al., 2017; Lopes et al., 

2014). In the present study, a significant interaction of effect group and vision was found 

in the AP axis, where AP COP mean velocity increased significantly more in PWA than 

PNA with EC compared to EO. This finding opposes all previous studies of balance in 

PWA and may indicate the need to control for effects of the pituitary adenoma to reveal 

additional mechanisms of balance impairment in PWA. 

COP mean velocity has been shown to have greater reliability and greater ability to 

discern between different visual conditions than other COP parameters (Baig et al., 2012; 

Lafond et al., 2004). Additionally, this measure has been shown to discriminate between 

fallers and non-fallers (Pizzigalli et al., 2016; Quijoux et al., 2020). Therefore, based on the 

severe implications of falling, especially in clinical populations with increased levels of 

frailty, the significant interaction effect of group and vision on COP mean velocity should 

be considered clinically relevant. 

Due to the main effect of vision on AP COP mean velocity, where velocity increased 

in EC compared to EO irrespective of group, visual impairment is unlikely as closing the 

eyes would theoretically decrease COP velocity for those with visual impairment. 

Furthermore, the larger increase in AP COP mean velocity with EC than EO in PWA 

compared to PNA may suggest that PWA have greater reliance on vision for the 

maintenance of quiet stance than PNA. Those with somatosensory or vestibular impairment 
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tend to reweight sensory information to prioritize the accurate sensory signals (Black et al., 

1989). Somatosensory or vestibular impairment in PWA could potentially increase reliance 

on visual afferents and therefore increase COP velocity to a greater extent than PNA when 

visual feedback is absent. 

Previous studies have suggested that increased sway in PWA may be related to 

impaired proprioception as a result of abnormal joint structure. However, joint receptors 

are only activated towards the end range of motion of a joint; therefore, they would not be 

involved in the control of quiet stance due to the small changes in joint position (Proske, 

2023). If the argument was to be made that impaired somatosensory function influenced 

COP velocity in PWA, then it is more probable that it involves the muscle spindles, Golgi 

tendon organs, or plantar cutaneous receptors.  

Hypertrophy and abnormal structure of muscles and tendons (Koçak, 2015; Mastaglia 

et al., 1970; Nagulesparen et al., 1976; Onal et al., 2016; Ozturk Gokce et al., 2020; Stern 

et al., 1974), and reduced muscular strength and endurance (Füchtbauer et al., 2017; Guedes 

da Silva et al., 2013; Homem et al., 2017; Walchan et al., 2016) have been reported in 

PWA. Although there is an absence of studies that examine muscle spindles and Golgi 

tendon organs in PWA, there is the potential that changes to muscle size and composition 

in PWA could alter the function of receptors located in the muscles and tendons of PWA. 

Several studies have found significantly thicker Achilles tendons in PWA compared to 

healthy controls (Colao et al., 1998; Koçak, 2015; Onal et al., 2016; Ozturk Gokce et al., 

2020). Onal et al., (2016) found that Achilles tendons were significantly softer in PWA 

than healthy controls, which may suggest impaired passive and active stiffness of the 

plantar flexor muscles. Jamal (1987) noted that all PWA in their sample had absent ankle 

reflexes, which could suggest dysfunction of the Golgi tendon organs located in the tendons 
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that cross the ankle, perhaps related to the abnormal thickening or softening of the Achilles 

tendons in PWA. Furthermore, neuropathy of peripheral nerves may impair the 

transmission of sensory feedback from the cutaneous plantar receptors, muscle spindles, 

and Golgi tendon organs (Alibas et al., 2017; Ozata et al., 1997). Ozata et al. (1997) found 

greater latencies of the somatosensory evoked potentials in the tibial nerve in untreated 

PWA compared to controls, which is the nerve responsible for transmitting cutaneous 

information from the plantar surface of the foot. The link between AP COP velocity and 

plantar cutaneous sensation is supported by the findings of a study that examined the role 

of plantar cutaneous receptors in standing balance by using injections of local anaesthetic 

into the entire plantar surface of the foot (Meyer et al., 2004). The study revealed significant 

increases in AP COP velocity in EC but not EO conditions and no significant effect of 

impaired plantar cutaneous sensation on COP displacement, which are similar findings to 

the present study. 

Vestibular function has not been addressed in the literature on acromegaly; however, 

there is a small body of literature that has performed audiological examinations of PWA. 

Although this research has not addressed vestibular function directly, some studies note 

hypertrophy of the temporal bone or otosclerosis, which could theoretically affect the 

function of middle or inner ear structures (Babic et al., 2006; Graham and Brackmann, 

1978; Menzel, 1966; Richards, 1968). As overgrowth of facial bones is commonly reported 

in PWA (Abreu et al., 2016; Melmed, 2006; Reid et al., 2010), it may be worth investigating 

the vestibular function of PWA even if symptoms are not reported. 

Lastly, PWA reported significantly higher pain scores for the back, hip, and knee than 

PNA. In a study of similar size to the present study, patients with low back pain exhibited 

a greater increase in AP COP mean velocity in more difficult stance conditions than healthy 
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participants, but no significant interaction of low back pain and task difficulty was found 

for ML COP mean velocity (Della Volpe et al., 2006). Although they found no significant 

differences between groups with EO or EC while standing on a stable surface, a trend could 

be observed where closing the eyes increased velocity for low back pain patients to a greater 

extent than healthy participants. 

The absence of an interaction effect between group and vision or main effect of group 

on COP 95% PEA and AP and ML COP range suggests that there are similarities in balance 

control between PWA and PNA, which is in contrast to the research hypothesis. It should 

be noted that COP range has a high coefficient of variation (Doyle et al., 2005), likely due 

to the influence of noise on the magnitude of the COP range parameter. COP 95% PEA 

also has high degrees of error and may not be capable of detecting balance impairments 

specific to one axis of motion (Salavati et al., 2009). Although these findings may suggest 

similarities in balance performance between PWA and PNA, it is difficult to make any 

inferences regarding whether these balance parameters are within normal range without an 

additional control group of healthy participants. The high BMI in both groups would 

suggest greater instability compared to a normal BMI population (Hue et al., 2007; Neri et 

al., 2019; Teasdale et al., 2007); thus, comparison to a healthy population, who by 

definition typically have a normal BMI, would not allow for control of the effect of BMI 

on balance. Furthermore, it is difficult to find a set of normative values in the literature that 

come from a sample with similar BMI that are otherwise considered healthy.  

It was hypothesized that there would be an effect of vision independent of group as 

many clinical populations are shown to have increased sway when closing the eyes (Caffaro 

et al., 2014; Da Silva et al., 2018; Masui et al., 2006). This hypothesis was supported by 

significant main effects of vision for AP and ML COP mean velocity and ML COP range. 
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These findings suggest that both groups of pituitary patients may not continue to experience 

significant visual impairment once the adenoma has been surgically removed. If visual 

impairment were present, increased sway with eyes open and decreased sway with eyes 

closed would likely be observed (Bednarczuk et al., 2021). 

6.1.2 Centre of Pressure Median Power Frequency 

Frequency analysis of the COP signal allows for discernment between different 

sensory mechanisms of balance control. For example, response to visual feedback has been 

proposed to primarily produce COP frequencies below 0.1 Hz (Dichgans and Brandt, 1978; 

Horak and Macpherson, 1996), while COP frequencies resulting from vestibular feedback 

are thought to occur below 0.5 Hz for the otolith organs (linear motion or head tilt) and in 

the range of 0.1-1 Hz for the semicircular canals (rotational motion) (Nashner, 1971; 

Nashner, 1972; Nashner et al., 1989). Somatosensory feedback is proposed to result in COP 

frequencies above 0.5 Hz, with frequencies above 1 Hz considered to be indicative of CNS 

dysfunction (Diener et al., 1984; Nashner et al., 1982; Oppenheim et al., 1999).  

In the present study, no significant interactions of vision or group were found for 

COP MPF in either the AP or ML axis. There was a significant main effect of vision in the 

AP axis, in which AP COP MPF was significantly higher in EC than EO irrespective of 

group. No significant effect of group was found for either axis.  

It was hypothesized that COP MPF would be significantly different between groups 

and the removal of visual feedback with EC would further differentiate groups. However, 

there were no interactions of group and vision or main effects of group for COP MPF in 

the AP or ML axis. This contradicts the finding of a significant interaction effect of vision 

and acromegaly on AP COP mean velocity, which suggested that there may be vestibular 
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or somatosensory impairment in PWA. Since mean velocity quantified the displacement 

per second of COP and MPF quantified the oscillations per second of COP, it is possible 

that PWA experienced the same number of oscillations per second as PNA but PWA had 

oscillations of higher amplitude than PNA, indicating a faster velocity of COP.  

Closing the eyes has been shown to increase the MPF of the AP and ML COP power 

spectral densities in those with normal vision (Sozzi et al., 2021), which is in accordance 

with the theory that visual feedback produces lower frequencies of COP than feedback from 

other sensory systems. Increased MPF in EC compared to EO was observed in the AP axis 

but not the ML axis in the present study. Although the absence of difference between EO 

and EC COP MPF in the ML axis could indicate visual impairment, other findings of the 

present study are in disagreement. Future studies that compare the power across different 

frequency windows for various sensory conditions may be necessary to clarify the 

interpretation of this finding. 

6.1.3 Comparison of Centre of Pressure and Centre of Mass 

The relationship between the COP and COM can provide insight into the 

neuromuscular control of the body’s COM. The present study performed a cross-correlation 

of COP and COM in the AP and ML axes to quantify the correlation and time lag between 

COP and COM. Additionally, the present study examined the difference between COP and 

COM in the AP and ML axes.  

The correlation coefficient for the relationship between COP and COM in the AP 

axis was high (>0.9) in both groups with EO and EC. Despite the high correlation in both 

visual conditions, there was a significant main effect of vision, in which the correlation 

coefficient decreased with EC compared to EO independent of group. The median time lag 
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in both groups and visual conditions was zero, meaning that the COP and COM signals 

tended to be in phase with one another. No significant interaction of group and vision or 

main effect of group or vision was found for the time lag between COP and COM.  

COP and COM signals have been shown to have a time lag of 4 ms in healthy 

participants (Winter et al., 1998). As the time resolution in the present study was 5 ms, the 

finding of no phase lag between COP and COM is in agreement with previous findings.  

A previous study also explored the cross-correlation of COP and COM along the 

AP axis and the effect of vision on this correlation (Gatev et al., 1999). Similar to the 

present study, they found no time lag and a high positive correlation between COP and 

COM in the AP axis. However, they found no significant effect of vision on the correlation 

between COP and COM, which contradicts the findings of the present study. This further 

alludes to the previously proposed mechanism (see section 6.1.1) in which PWA and 

perhaps also PNA may experience dysfunction of the vestibular and/or somatosensory 

system. Vestibular or somatosensory dysfunction during quiet stance is thought to promote 

sensory re-weighting, in which greater dependency is placed on visual cues; therefore, the 

absence of visual feedback would influence balance control to a greater extent in 

individuals with vestibular or somatosensory dysfunction than individuals with normal 

sensory function (Black et al., 1988). However, without a healthy control group in the 

present study, it was difficult to determine if PWA and PNA show balance impairments 

that significantly differ from a healthy population. 

In the AP axis, the present study found no interaction of group and vision on COP-

COM. There was a trend towards a main effect of group, where PWA had a greater COP-

COM than PNA, but there was no effect of vision. Although no interaction of group and 

vision or main effect of vision was found for ML COP-COM, a significant main effect of 
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group was revealed for COP-COM in the ML axis, which supports the research hypothesis 

regarding the main effect of group.  

COP-COM has been referred to as the error in the balance control system and has 

been shown to be proportional to passive muscle stiffness and the horizontal acceleration 

of COM (Winter et al., 1998). Additionally, approximately half of the variance in COP-

COM has been explained by somatosensory function in the AP axis and muscle strength in 

the ML axis (Corriveau et al., 2004). Furthermore, COP-COM has been shown to be 

discriminate between clinical populations and healthy controls, including diabetic 

neuropathy (Corriveau et al., 2000), visual impairment (Russo et al., 2017), and stroke 

(Corriveau et al., 2004). 

PWA had significantly higher COP-COM in the ML axis and a trend towards higher 

COP-COM in the AP axis. Several variables could potentially explain this finding. 

Impaired plantar flexor muscle stiffness due to increased softness of Achilles tendons in 

PWA could increase the difference between COP and COM in the AP axis (Onal et al., 

2016), while impaired somatosensory function due to peripheral neuropathy could explain 

increased COP-COM in both axes as observed in patients with diabetic neuropathy 

(Corriveau et al., 2000). The increase in COP-COM in the ML axis may be related to an 

impaired hip loading and unloading mechanism, possibly due to the significantly higher 

levels of low back and hip pain in PWA. The relationship between pain and an impaired 

frontal plane hip strategy while standing has been shown in patients with low back pain 

(Mok et al., 2004). 

In the present study, both PWA and PNA had COP-COM values above those 

reported in healthy individuals. Hasan et al. (1996a) also calculated the mean absolute 

deviation of COP and COM and reported the mean values for six healthy, male, young 
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adults who each performed six 10-second trials of EO and EC bipedal stance. For EO, COP-

COM was 0.48 mm in the ML axis and 0.82 mm in the AP axis, and for EC, COP-COM 

was 0.52 mm in the ML axis and 1.05 mm in the AP axis. In the present study, the mean 

values of COP-COM for each group were 5-20 times higher than the values reported by 

Hasan et al. (1996a). Furthermore, closing the eyes increased COP-COM to a greater extent 

in the ML axis than the AP axis in the present study, with almost no change between visual 

conditions in the AP axis, while Hasan et al. (1996a) found a greater increase in COP-COM 

with EC in the AP axis than ML axis. 

In healthy participants, the COP will cross and overshoot the COM in each direction 

to control the COM position (see section 2.4.1). Therefore, the mean of the COP and COM 

trajectories are approximately equal despite the greater amplitude and frequency of COP. 

However, in the present study, many participants had COP and COM that never crossed in 

the AP axis. In approximately half of the participants, COP was always anterior to the 

COM, while in the other half, COP was always posterior to the COM. It was anticipated 

that participants with a larger BMI, who typically had more adiposity distributed on the 

anterior portion of the body around the abdomen, would have their COM anterior to their 

COP. However, although not significant, those with a larger BMI tended to have their COP 

anterior to their COM (Figure 45; Appendix G). This may reflect an error in the estimation 

of the COM as Hanavan’s (1964) geometric model cannot account for additional mass 

distributed on the anterior portion of the trunk. This error would cause the COM estimate 

to be posterior to its true location and produce a greater difference between the COP and 

COM. For participants with COM anterior to COP, thoracic hyperkyphosis could be a 

possible explanation as it is highly prevalent in PWA (Cellini et al., 2021; de Azevedo 

Oliveira et al., 2019; Scarpa et al., 2004) and could shift the COM in the anterior direction. 
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6.2 Unipedal Standing Balance 

6.2.1 Unipedal Stance Time 

The present study did not find an interaction between group and vision or main effect 

of group on unipedal stance time; however, a significant main effect of vision indicated 

that independent of group, unipedal stance times were longer with EO than EC. A floor 

effect was observed for unipedal stance with eyes closed. All but four participants (PWA, 

n=3; PNA, n=1) were unable to hold unipedal stance for at least five seconds. Correlation 

analysis showed a significant relationship between unipedal stance time with age (see 

Figure 46, Appendix H), but not with BMI, height, weight, or sex of participants. This is in 

agreement with studies of healthy participants that show significantly shorter unipedal 

stance times in older adults compared to younger adults (da Silva et al., 2013).  

Similar to the present study, Atmaca et al. (2013) found no significant difference in 

unipedal stance times between PWA and healthy controls. However, unipedal stance times 

were only recorded up to maximum of 30 seconds, which appeared to have created a ceiling 

effect in both groups.  

Normative unipedal stance times for adults between the ages of 50-59 years, which 

is the age range represented by the mean age of participants in the present study, are 37 s 

for EO and 4.8 s with EC (Springer et al., 2007). With EO, PWA in the present study had 

above average unipedal stance times (M=54.1s; SD=30.8s), while PNA had similar stance 

times (M=34.7s; SD=24.8s) compared to normative values. In the EC condition, both 

groups had similar stance times to normative values (PWA, M=5.9s; SD=6.3s; PNA, 

M=3.7s; SD=2.4s). Therefore, it appears that PWA and PNA are similar to healthy 
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individuals in terms of their ability to maintain unipedal stance. However, unipedal stance 

times alone provide little information about unipedal balance control mechanisms. 

6.2.2 Centre of Pressure Time and Frequency Domain Measures 

COP range, mean velocity, and MPF in the AP and ML axes and COP 95% PEA 

were compared between PWA and PNA during EO unipedal stance. No significant effects 

of group were found for any COP measures during unipedal balance, which opposed the 

research hypothesis regarding a significant group effect.  

The floor effect observed in both groups for unipedal stance with EC prevented 

analysis of the interaction of group and vision on COP measures of unipedal balance 

control. The absence of significant findings for unipedal stance could be due to the further 

reduction in sample size for unipedal balance trials; however, it is also possible that 

unipedal balance control is similar between PWA and PNA. Therefore, larger studies 

comparing unipedal stance in PWA and PNA are warranted. 

Haliloglu et al. (2019) found significantly increased COP sway during unipedal 

stance in the AP and ML axes in PWA compared to healthy controls. However, PWA in 

the present study did not have significantly different COP range in the AP or ML axes 

compared to PNA. As the COP values were not reported in the previous study of PWA, 

comparison cannot be made with the COP range values obtained in the present study.  

Compared to healthy younger adults and older adults (da Silva et al., 2013), PWA 

and PNA revealed COP 95% PEA values slightly closer to the values of healthy older adults 

than younger adults, which was expected as the majority of participants in the present study 

were middle age. Regarding COP mean velocity, the mean values for PWA and PNA in 

the AP and ML axes were lower than values for both healthy younger and older adults (da 
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Silva et al., 2013). Therefore, PWA and PNA appear to have a similar magnitude of sway 

to healthy populations, but the velocity of sway appears to be reduced in PWA and PNA. 

6.3 Balance Performance versus Balance Control 

In both bipedal and unipedal stance, PWA and PNA did not exhibit differences in 

measures of balance performance. This is in contrast to previous studies which have shown 

worse balance performance in PWA compared to healthy controls (Haliloglu et al., 2019; 

Homem et al., 2017; Lopes et al., 2014). Since the present study controlled for both the 

effects of the pituitary adenoma and active acromegaly, it is possible that the reduction in 

balance performance observed in previous studies was related to one or both of these 

effects. 

 In contrast to the findings for balance performance, PWA and PNA revealed 

differences in balance control for bipedal stance. This may suggest that in PWA, balance 

control is influenced by previous exposure to excess GH and IGF-1 since factors related to 

the pituitary adenoma and active disease were controlled in the present study. Contrary to 

bipedal stance, unipedal stance did not reveal any differences in balance control between 

groups. This could be related to the difference in muscular control strategies between 

bipedal and unipedal stance (García‐Massó et al., 2016; Tropp and Odenrick, 1988). It 

should also be noted that the unipedal analysis had a smaller sample size, did not analyze 

the interaction of acromegaly and vision, and did not explore the relationship between COP 

and COM. 
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6.4 Limitations 

The predominant limitation of the present study was the underpowered statistical 

analysis. A larger sample size may indicate significant effects that were missed or observed 

as trends in the present study.  

The present study showed some similarities between PWA and PNA; however, 

without the addition of a healthy control group, it was difficult to discern whether patients 

with pituitary adenomas experience differences in balance control from a healthy 

population.  

Although vision was manipulated in the present study, other sensory challenges were 

not included. Since somatosensory conditions, such as compliance of the support surface, 

were not manipulated in the present analysis, it was difficult to discern which sensory 

system was responsible for the increased AP COP velocity in PWA with EC. 

 This was the first study to perform a kinematic analysis of COM in PWA and PNA. 

Therefore, the validity of anthropometric models used to derive COM have not been 

evaluated in PWA or PNA. Dempster’s regression equations (1955) are known to poorly 

estimate body segment parameters in young to middle-age adults, obese individuals, and 

females as the equations were derived using the anthropometric measurements of a sample 

of cadavers from Caucasian, male, older adults with low body mass (Durkin and Dowling, 

2003). Furthermore, the segment inertial properties in Hanavan’s geometric model (1964) 

are not representative of different body types as segment inertial properties vary by body 

composition and body mass distribution (Durkin and Dowling, 2003; Matrangola et al., 

2008). As the present study contained both male and female participants with a high BMI, 

the validity of these models in the study population may be poor. Furthermore, due to 

hypertrophy and irregular composition of somatic tissues in PWA, there is the potential that 
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the inertial properties defined in these anthropometric models may not be generalizable to 

the acromegaly population. 

 The present study modelled the body as 14 rigid segments. The rigid segment 

assumption is fairly valid for a bony segment without moveable joints. However, in the 

present study, a few segments containing multiple joints were assumed to be rigid, 

including the joints of the head and cervical spine modelled as a single head segment and 

the joints of the thoracic and lumbar spine modelled as a single trunk segment. Therefore, 

the position of the COM may not accurately capture all changes in body position.  

 Soft-tissue artifact is a significant source of error in motion capture analysis and 

occurs due to movement of soft-tissues (e.g., skin, muscle, adipose tissue) that produces 

relative motion of the markers with respect to the underlying bone (Cappozzo et al., 1996). 

Soft-tissue artifact increases with an increase in BMI, especially for markers placed on the 

anterior superior iliac spines (Camomilla et al., 2017). Therefore, the COM estimates in the 

present study were likely limited by soft-tissue artifact. 

6.5 Future Directions 

Larger studies are necessary to further understand the relationship between 

acromegaly and standing balance control and the mechanisms involved. Biomechanical 

data collection and reduction are time demanding processes, thus sample sizes tend to be 

small. Furthermore, recruitment of PWA can be difficult due to the small population. To 

ease this difficulty, a multicentre study that recruits from several healthcare centres and 

performs data collection in several biomechanics laboratories would allow for a larger 

sample size and perhaps a more diverse sample of PWA. 
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 In order to reveal neuromuscular mechanisms of balance control, future studies 

should manipulate variables related to different types of sensory feedback and consider 

including perturbations. Including the manipulation of both visual and somatosensory 

variables may help decipher whether PWA have sensory dysfunction and if so, which 

sensory systems are affected. The addition of anticipatory movements (e.g., voluntary 

movement of the arm) and external perturbations (e.g., unexpected push) that require 

feedforward and reactive balance control, respectively, may be necessary to observe 

deficits in neuromuscular control of standing balance in PWA (Horak and Macpherson, 

1996). Finally, analyses that compare the total power in different frequency ranges of the 

COP power spectral density between various sensory conditions may provide further 

insight into mechanisms of standing balance control in PWA. 
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Chapter 7: Conclusion 

The present study explored several novel aspects of standing balance control in PWA. 

This study was the first to perform a kinematic analysis of standing balance in PWA and 

thus, the first to examine the relationship between the trajectories of the COP and COM in 

PWA. Additionally, this was the first study to analyze the power spectrum of COP in PWA, 

which provided new insights into the sensory mechanisms of balance control in PWA. 

Finally, by using a control group of PNA, the present study was able to control for effects 

of the pituitary adenoma and its removal surgery on standing balance. 

The findings of the present study suggest that PWA may experience impaired control 

of bipedal standing balance, particularly in the AP axis with EC and in the ML axis. 

Measures of bipedal and unipedal balance performance and unipedal balance control 

indicated similarities in standing balance between PWA and PNA. Larger studies that 

manipulate several sensory variables and that include an additional healthy control group 

are necessary to elucidate the neuromuscular mechanisms of standing balance control in 

PWA. 
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Appendix A: Informed Consent Form 

 

                                                                                                    

 
 

Informed Consent Form Non-Interventional Study 
 

STUDY TITLE:  
 

The comparison of standing posture and 
walking patterns between acromegaly 
patients and able-bodied individuals. 
 
 

PRINCIPAL INVESTIGATOR: Dr. Michel Ladouceur 
School of Health and Human Performance 
Dalhousie University 
Phone: (902) 494-2754 
Yuqi Wang, Michaela Title  
Graduate Student 
Department of Health and Human 
Performance, Dalhousie University 
Phone: (902) 401-6753, (902) 293-0616 

 

1. Introduction 
You have been invited to take part in a research study. A research study is a way of gathering 
information on a treatment, procedure or medical device or to answer a question about something 
that is not well understood.  Taking part in this study is voluntary. It is up to you to decide 
whether to be in the study or not. Before you decide, you need to understand what the study is 
for, what risks you might take and what benefits you might receive. This consent form explains 
the study. The research team will tell you if there are any study timelines for making your 
decision. 
 
Please ask the research team to clarify anything you do not understand or would like to know 
more about.  Make sure all your questions are answered to your satisfaction before deciding 
whether to participate in this research study.   
 
The researchers will: 

• Discuss the study with you 
• Answer your questions 
• Be available during the study to deal with problems and answer questions 

 
You are being asked to consider participating in this study because you are between the ages of 
18-65 and were diagnosed with acromegaly, also, you do not have any physical disability not 
related to acromegaly, neurological or vestibular disorders, inflammatory arthritis, amputation or 
drug or alcohol abuse.  
  
If you decide not to take part or if you leave the study early, your usual health care will not be 
affected. 



 167 

 

  
 

Page 2 of 7 
 
 

 

Romeo File No. xxxxxx  2020/01/26 

2. Why is there a need for this study? 
The purpose of the study is to observe the differences of standing posture and walking patterns 
between acromegaly patients and able-bodied individuals and find out possible mechanical 
changes leading to the differences. Posture and balance are necessary to human’s ability to 
perform normal gait and activities of daily living and play an important role in prevent falls and 
injuries. It is important to explore whether the standing posture and walking patterns reveal 
significant differences between acromegaly patients and able-bodied individuals and what 
possible factors leading to the differences so that find out more applicable physiotherapy 
interventions to help the patients rehabilitate. 
 
There has been limited research investigating the static posture, static balance and dynamic 
balance of acromegaly patients. Several previous studies have found possible mechanical factors 
leading to imbalance of acromegaly patients for static balance, such as different joint alignment 
and weaker muscle function. However, for dynamic balance, most of the studies used subjective 
methods to assess the participants’ dynamic balance. The majority of the methods used in 
previous studies to assess dynamic balance were based on tester’s subjective interpretation, the 
results are obtained by observing the movements of the subjects and then giving them a score, 
which lacks theoretical stringency, compared with some tests that provide objective data. Thus, 
in our experiment, we will use a force plate system and motion capture system to obtain 
objective data and do a full kinematic and kinetic gait analysis to evaluate individuals’ dynamic 
balance during walking and obstructed walking. Additionally, none of the studies has considered 
the impact of joint laxity on acromegalic patients’ posture and gait. Therefore, we will use well-
established clinical tests to manually evaluate joint laxity. 

3. How Long Will I Be In The Study? 
All of the tests will be completed in only one session. The total duration from the time of entry 
into the Lab to the end of the experiment will be no longer than 150 minutes. The results should 
be known in 1 year.   

4. How Many People Will Take Part In This Study? 
It is anticipated that about 5 people will participate in this study at BEN lab of the department of 
Kinesiology of Dalhousie University.  

5. How Is The Study Being Done?  
The study will involve one session in which you will be asked to complete timed up and go test, 
dynamic gait index test, posturography, Romberg test, and do the 10-meter walking and 
obstructed walking. We will be using Motion capture system (14-camera system which only 
captures the movement of markers) and force plate system (a rectangular plate embedded in the 
floor) to assess your standing posture and walking patterns. The total duration from the time you 
enter the Lab to the end of the experiment will be no longer than 150 minutes.  
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6. What Will Happen If I Take Part In This Study? 
If you agree to take part in this study, you will be asked to do the following tests. 
Timed up and go test: stand up from chair, walk straight for 3 meters, turn around, walk back 
and sit down 
Dynamic gait index test: modify gait based on 8 different instructions, such as change in gait 
speed, gait with horizontal head turn, step over obstacle 
Posturography: patient standing in anatomical position for 3 seconds 
Dual leg stance & Single leg stance: stand still to maintain balance in both eyes open condition 
and eyes close condition 
10-meter walking and obstructed walking: the participants are expected to walk a 10-meter 
walkway with and without obstacles for 10 times each. The participants will do several practice 
trials (not recorded) before the formal trial to familiarize them with the setting.  
 
You may choose not to continue participating in the study at any time. If you decide not to take 
part in the study or if you leave the session early, your data will automatically be withdrawn 
from the study. Additionally, you may choose to withdraw after participating in the study, but 
this will not be possible after the data has been analyzed. We will hold off analyzing data for 1 
week following collection from the final participant to allow you to withdraw after you have 
participated.  

7. Are There Risks To The Study? 
The foreseeable risk in this experiment include muscle fatigue. If this happens, you are 
encouraged to keep stretching and moving the muscle and apply mild heat. There is minimal 
chance of muscle injury. Some people may experience personal discomfort in the form of 
irritated or itchy skin due to marker placement. If this happens, apply a topical moisturizer and 
cold compresses. To diminish personal discomfort due to the site of marker placement, a 
research assistant whose gender matches yours will be on hand to apply these markers.  

8.  Are There Benefits Of Participating In This Study? 
We cannot guarantee or promise that you will receive any benefits from this research.  
Participating in the study might not benefit you directly, but we might learn things that will help 
you rehabilitate in the future, in terms of the appropriate intervention to use for relieving joint 
symptoms. 
 
9. What Happens at the End of the Study? 
We will provide a short description of group results when the study is finished. There will be no 
access to individual results. You can obtain these results by including your email at the end of 
the signature/ consent page. 

10. What Are My Responsibilities? 
As a study participant you will be expected to: 

• Follow the directions of the research team; 
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• Report all medications being taken or that you plan on taking; 
• Report any changes in your health to the research team; 
• Report any problems that you experience that you think might be related to 

participating in the study; 

11. Can My Participation in this Study End Early? 
Yes.  If you chose to participate and later change your mind, you can say no and stop the 
research at any time. If you wish to withdraw your consent, please inform the research team.  If 
you choose to withdraw from this study, your decision will have no effect on your current or 
future medical treatment and healthcare.   
 
Also, the Nova Scotia Health Authority Research Ethics Board and the principal investigator 
have the right to stop patient recruitment or cancel the study at any time. 
 
Lastly, the principal investigator may decide to remove you from this study without your consent 
for any of the following reasons: 
 
➢ You do not follow the directions of the research team; 
➢ There is new information that shows that being in this study is not in your best interests; 

13. What About New Information? 
You will be told about any other new information that might affect your health, welfare, or 
willingness to stay in the study and will be asked whether you wish to continue taking part in the 
study or not. 

14. Will It Cost Me Anything? 
Compensation 
You may be reimbursed for some study related expenses such as parking.  Please bring your 
receipts with you. 
 
Research Related Injury 

 
If you become ill or injured as a direct result of participating in this study, necessary medical 
treatment will be available at no additional cost to you. Your signature on this form only 
indicates that you have understood to your satisfaction the information regarding your 
participation in the study and agree to participate as a subject. In no way does this waive your 
legal rights nor release the principal investigator, the research staff, the study sponsor or involved 
institutions from their legal and professional responsibilities. 

15. What About My Privacy and Confidentiality? 
Protecting your privacy is an important part of this study. Every effort to protect your privacy 
will be made. If the results of this study are presented to the public, nobody will be able to tell 
that you were in the study. 
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However, complete privacy cannot be guaranteed. For example, the principal investigator may 
be required by law to allow access to research records.  
 
If you decide to participate in this study, the research team will look at your personal health 
information and collect only the information they need for this study. << “Personal health 
information” is health information about you that could identify you because it includes 
information such as your; 

• Name,  
• Address,  
• Telephone number,  
• Age or month/year of birth (MM/YY),  
• Information from the study interviews and questionnaires; 
• New and existing medical records, or  
• The types, dates and results of various tests and procedures. >> 

 
Access to Records 
Other people may need to look at your personal health information to check that the information 
collected for the study is correct and to make sure the study followed the required laws and 
guidelines.  These people might include: 
 

o The Nova Scotia Health Authority Research Ethics Board (NSHA REB) and 
people working for or with the NSHA REB because they oversee the ethical 
conduct of research studies within the Nova Scotia Health Authority; 

 
Use of Your Study Information  
Any study data about you that is sent outside of the Nova Scotia Health Authority will have a 
code and will not contain your name or address, or any information that directly identifies you.   
 
De-identified study data may be transferred to: 
• <<The sponsor and companies working for and with the sponsor>>; and 
• <<Regulatory authorities within and outside Canada>>. 
 
Study data that is sent outside of the Nova Scotia Health Authority will be used for the research 
purposes explained in this consent form.  
 
The research team and the other people listed above will keep the information they see or receive 
about you confidential, to the extent permitted by applicable laws. Even though the risk of 
identifying you from the study data is very small, it can never be completely eliminated. 
 
The research team will keep any personal health information about you in a secure and 
confidential location for 1 year and then destroy it according to NSHA policy.  Your personal 
health information will not be shared with others without your permission.  
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After your part in the study ends, we may continue to review your health records for safety and 
data accuracy until the study is finished or you withdraw your consent. 
 
You have the right to be informed of the results of this study once the entire study is complete.   
 
The REB and people working for or with the REB may also contact you personally for quality 
assurance purposes. 
 
Please be aware that once your de-identified data is sent outside of Canada it may be accessed by 
regulatory authorities in other countries who may not have the same privacy laws as we do. 
 
Your access to records 
You have the right to access, review, and request changes to your study data.   
 
16. Declaration of Financial Interest 
This study is unfunded. The PI has no vested financial interest in conducting this study. 

17. What About Questions or Problems? 
For further information about the study you may call the principal investigator, who is the person 
in charge of this study. 
The principal investigator is Yuqi Wang 
Telephone: 902-401-6753 

18. What Are My Rights? 
You have the right to all information that could help you make a decision about participating in 
this study. You also have the right to ask questions about this study and your rights as a research 
participant, and to have them answered to your satisfaction before you make any decision. You 
also have the right to ask questions and to receive answers throughout this study.  You have the 
right to withdraw your consent at any time. 
 
If you have questions about your rights as a research participant, and/or concerns or complaints 
about this research study, you can contact the Nova Scotia Health Authority Research Ethics 
Board manager at 902-473-8426 or Patient Relations at (902) 473-2133 or 1-855-799-0990 or 
healthcareexperience@nshealth.ca.  
 
In the next part you will be asked if you agree (consent) to join this study. If the answer is “yes”, 
please sign the form. 
 
 

19. Consent Form Signature Page 
I have reviewed all of the information in this consent form related to the study called:  
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The comparison of standing posture and walking patterns between acromegaly patients and able-
bodied individuals. 
 
I have been given the opportunity to discuss this study. All of my questions have been answered 
to my satisfaction.  
 
I authorize access to my personal health information, and research study data as explained in this 
form. 
 
This signature on this consent form means that I agree to take part in this study. I understand that 
I am free to withdraw at any time without affecting my future care. 
 
E-messaging (email and texting) can be used by a member or members of the research team to 
communicate with you while you are in this study. All communication done with you will be 
done only through a NSHA Webmail account, or text by a phone issued to a research member 
through NSHA. All efforts are made to keep information sent or received private, but it is 
possible other people may be able to see, read, and change messages sent to or from NSHA.   
  

 I give my permission to be contacted by a member or members of the research team from 
an NSHA Webmail account or an NSHA cell phone by research staff to communicate during this 
study. ______________ (initials and date).  

 
               Email                  yes       no   
               Text message     yes        no     
 

 I do not wish to be contacted by email or text message, unless I otherwise give permission 
at another time during this study ______________ (initial and date). 
 

 Not applicable. 
 
 
______________________________        _______________________  _____  /  ______  /  ____ 
Signature of Participant                         Name (Printed)  Year    Month    Day*  
 
 
______________________________        _______________________  _____  /  ______  /  ____ 
Signature of Person Conducting        Name (Printed)  Year    Month    Day* 
Consent Discussion 
 
______________________________        _______________________  _____  /  ______  /  ____ 
Signature of Principal Investigator       Name (Printed)  Year    Month    Day* 

 
I will be given a signed copy of this consent form. 
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Appendix B: Data Collection Sheet 

 

 

 1 

Acromegaly Study Data Collection Sheet 
 

Patient ID  Date of assessment 
(YYYY/MM/DD) 

 

Date of birth 
(YYYY/MM/DD) 

 Sex  

LOPES Asset 
Posturography: (Anatomical 3s) 
Trial  Start Time 

(hh:mm) 
File Name 

1   
Notes:  

 
 

 

6DoF upper +lower Asset + rigid bodies Asset 
Anthropometry: 

Weight (kg)   

Height (m)   

RASIS → LASIS (m)   

Circumference of distal end of Thigh (m) 

LFME → LFLE 

RFME → RFLE 

L: 

R: 

Length of Shank (m) 

LFLE → LFAL 

RFLE → RFAL 

L: 

R: 

Circumference of distal end of Shank (m) 

LFAL → LTAM 

RFAL → RTAM 

L: 

R: 

Length of Foot (m) 

LTAM → LTOE 

RTAM → RTOE 

L: 

R: 

Circumference of distal end of Foot (m) 

L5MH → L1MH 

R5MH → R1MH 

L: 

R: 
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 2 

Static! 
 Trial Start Time File Name 
Static (T-pose 10s) 1   

 
Stabilometry (Romberg Test): (natural 90s) 

 Trial  Start Time (hh:mm) File Name 
Dual Eyes Open 1   

Dual Eyes Closed 1   

Left Single EO 1   

Right Single EO 1   

Left Single EC 1   

Right Single EC 1   

Notes:  
 
 

 
Remove 6DoF upper Asset & upper rigid bodies Asset 
 
Gait Analysis:  (15s) 

 First foot 
strike 

Trial   Start Time (hh:mm) File Name 

L
ev

el
 S

ur
fa

ce
 

Right 

1    
2    
3    
4    
5    
6    
7    
8    
9    
10    
11    
12    
13    
14    
15    
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 3 

 First foot 
strike 

Trial   Start Time (hh:mm) File Name 

O
bs

ta
cl

e 

Right 

1    
2    
3    
4    
5    
6    
7    
8    
9    
10    
11    
12    
13    
14    
15    

 
Timed Up and Go Test: 
Trial  Time to 

Complete (s) 
Start Time 
(hh:mm) 

File Name 

1    
2    
Notes:   

 
Dynamic Gait Index: 
 Item  Score (0-3) Start Time 

(hh:mm) 
1 Gait on level surface   
2 Change in gait speed   
3 Gait with horizontal 

head turn 
  

4 Gait with vertical head 
turn             

  

5 Gait and pivot turn   
6 Stepping over an 

obstacle   
  

7 Stepping around an 
obstacle      

  

8 Steps             
Total       
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Appendix C: Sample Calculations for Defining Segment Coordinate Systems 

The following equations are sample calculations of the pelvis and right thigh SCS. 

The origin of the pelvis will be calculated by finding the midpoint (mean) of the right and 

left ASIS: 

6w⃗ >'JK,L = 0.5 ∗ y7w⃗"MN2 + 7w⃗)MN2z (21) 

The ML component of the pelvis SCS will be defined by the unit vector _̂ in the direction 

of the pelvis origin to the right ASIS. The unit vector will be obtained by dividing the 

directional vector by its norm: 

_̂ =
7w⃗"MN2 	− 	6w⃗ >'JK,L
r7w⃗"MN2 	− 	6w⃗ >'JK,Lr

(22) 

A unit vector, ;B, will be calculated from the midpoint (mean) of the right and left PSIS to 

the origin of the pelvis: 

;B = 	
6w⃗ >'JK,L −	0.5 ∗ (7w⃗"M>2 + 7w⃗)M>2)	

r6w⃗ >'JK,L −	0.5 ∗ (7w⃗"M>2 + 7w⃗)M>2)r	
(23) 

 
The vertical component of the pelvis SCS will be defined by the unit vector 9S , which is 

directed superiorly and orthogonal to the plane containing unit vectors _̂ and ;B. Unit vector 

9S  will be calculated by taking the cross product of  _̂ and ;B. The right-hand rule will be used 

to determine the order in which to cross _̂ and ;B	so that a superiorly directed vector will be 

produced: 

9S = _̂ 	× 	;B (24) 



 177 

The anterior component of the pelvis SCS will be determined by calculating unit vector T̂, 

which is orthogonal to the plane containing unit vectors 9S  and _.̂ Unit vector T ̂ will be 

computed by taking the cross product of unit vectors 9S  and _̂: 

T̂ = 9S 	×	 _̂ (25) 

Unit vectors _̂, T,̂	and	9S  will be vertically concatenated to form the rotation matrix defining 

the orientation of the pelvis: 

)>'JK,L = c
_̂% _=̂ _5̂
T%̂ T=̂ T5̂
9S% 9S= 9S5

d (26) 

Next, the thigh SCS will be defined. The origin of the thigh will be determined by the hip 

joint centre in the GCS. However, the hip joint centre will first be calculated relative to the 

pelvis SCS using the regression equations derived by Bell et al. (1989). The regression 

coefficients will be multiplied by the distance between the right and left ASIS, which will 

be calculated by finding the norm of the vector from the left to the right ASIS: 

7w⃗"O,6 = {

			0.36 ∗ r7w⃗"MN2 − 7w⃗)MN2r

−0.19 ∗ r7w⃗"MN2 − 7w⃗)MN2r

−0.30 ∗ r7w⃗"MN2 − 7w⃗)MN2r

| (27) 

Note that for calculation of the left hip joint centre, the coefficient for the x component will 

be -0.36. The hip joint centre will then be transformed from the pelvis SCS to the GCS: 

6w⃗ "PQ,RQ = )?>'JK,L ∗ 7w⃗"O,6 + 6w⃗ >'JK,L (28) 
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The superiorly directed component of the right thigh SCS, unit vector 9S, will be determined 

by the vector from the midpoint of the right MFE and right LFE to the origin of the right 

thigh divided by its norm: 

9S = 	
6w⃗ "PQ,RQ −	0.5 ∗ (7w⃗"#)S + 7w⃗"#IS)	

r6w⃗ "PQ,RQ − 0.5 ∗ (7w⃗"#)S + 7w⃗"#IS)	r	
(29) 

A unit vector, ;B, in the direction of the right MFE to the right LFE will be calculated by 

subtracting the two points to define the directional vector and dividing the vector by its 

norm: 

;B = 	
	(7w⃗"#)S − 7w⃗"#IS)	

r7w⃗"#)S − 7w⃗"#ISr	
(30) 

The anterior unit vector, T,̂ will be calculated by taking the cross product of unit vectors 9S 

and ;B: 

T̂ = 9S 	×	;B (31) 

Similarly, the lateral unit vector, _̂, will be determined by crossing unit vectors T̂ and 9S: 

_̂ = T̂ 	× 	9S (32) 

The rotation matrix of the right thigh will be constructed from the unit vectors _,̂ T̂, and 9S: 

)"PQ,RQ = c
_%̂ _̂= _̂5
T%̂ T=̂ T5̂
9S% 9S= 9S5

d (33) 
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Appendix D: Power Spectral Density 

 

 
Figure 40. Power spectral density of centre of pressure up to 2 Hz for a representative 
participant in the mediolateral (ML; top row) and anteroposterior (AP; bottom row) axes 
during bipedal and unipedal stance with eyes open (EO) and eyes closed (EC) 
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Appendix E: Centre of Pressure 95% Prediction Ellipse 

 
Figure 41. Centre of pressure (COP) 95% prediction ellipse and centre of pressure path 
expressed relative to the mediolateral (ML) and anteroposterior (AP) axes during (A) 
bipedal eyes open, (B) bipedal eyes closed, (C) left foot eyes open, (D) right foot eyes open, 
(E) left foot eyes closed, and (F) right foot eyes closed for a representative participant 
  

95% prediction ellipse
COP Path

4.5

5.0

5.5

6.0

6.5

−1.6 −1.2 −0.8 −0.4
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

A

4

5

6

7

8

−2.0 −1.5 −1.0 −0.5 0.0
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

B

4

6

8

10

−4 −3 −2 −1
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

C

2.5

5.0

7.5

10.0

12.5

−2 0 2
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

D

5

6

7

8

9

10

−4 −2 0
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

E

5.0

7.5

10.0

12.5

−5.0 −2.5 0.0 2.5
ML Displacement (cm)

AP
 D

isp
la

ce
m

en
t (

cm
)

F



 181 

Appendix F: Centre of Pressure and Centre of Mass Trajectories 

 

 
Figure 42. Trajectories of centre of pressure (COP; m) and centre of mass (COM; m) along 
the mediolateral (top row) and anteroposterior (bottom row) axes for a representative 
participant with COM anterior to COP in bipedal trials. 
 

 
Figure 43. Trajectories of centre of pressure (COP; m) and centre of mass (COM; m) along 
the mediolateral (top row) and anteroposterior (bottom row) axes for a representative 
participant with COP anterior to COM in bipedal trials.  
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Figure 44. Trajectories of centre of pressure (COP; m) and centre of mass (COM; m) along 
the mediolateral (top row) and anteroposterior (bottom row) axes for a representative 
participant with COP crossing COM in the anteroposterior axis.  
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Appendix G: Correlation of COP-COM and BMI 

 
Figure 45. Correlation between the mean difference of centre of pressure and centre of 
mass (COP-COM; cm) in the anteroposterior axis and body mass index (BMI; kg/m2) 
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Appendix H: Correlation of Unipedal Stance Time and Age 

 
Figure 46. Correlation between unipedal stance time (s) and age (years) for PWA and PNA 
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