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Abstract 

Osteoarthritis (OA) is the most common form of arthritis, occurring frequently in the medial 

compartment of the knee. As the onset and progression of medial knee OA has been associated with 

abnormal and excessive loading of the joint, non-invasive treatment options often focus on joint load 

reduction to slow the progression of the disease. However, a need persists for further development of 

methods for analysing the effectiveness of existing and potential treatment strategies. 

Unloader braces are one common form of treatment for knee OA, which primarily function by 

applying a moment at the knee to reduce loading and increase joint separation in the medial compartment. 

We developed a novel method based on measuring brace deflection using motion capture techniques to 

estimate the mechanical effect of valgus braces. Brace moments computed using the motion capture 

method for three subjects during static and walking trials were validated using strain gauge 

instrumentation. 

A second, promising treatment option we explored was biofeedback-assisted gait retraining, 

which uses live feedback to guide subjects towards an optimal and novel gait pattern that lessens medial 

compartment loads. We developed a biofeedback system that uses real-time kinematic and kinetic input 

measures to provide a live estimate of knee joint loading using a statistical regression model. By using a 

large group of training subjects with a variety of gait styles to generate the regression model, the system 

that was developed can provide feedback of an estimate of the joint contact forces in the knee for a 

variety of gait patterns. 

In summary, we developed (1) a method for measuring the mechanical effect of valgus bracing 

and (2) a biofeedback system that can be used in gait retraining to provide live feedback of an estimate of 

knee joint loads. These developments will provide us with the ability to further investigate the 

effectiveness of these non-invasive strategies for treating medial knee osteoarthritis. In doing so, we will 

be able to continue developing these treatment options towards providing more pain relief and 
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improvements in function for a larger group of individuals with knee OA, potentially delaying or 

preventing the need for surgical interventions.
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Chapter 1 

 

Introduction 
 

1.1 Research Problem – Knee Osteoarthritis 

Osteoarthritis (OA) is the most prevalent degenerative joint disease and is a major source of pain 

and disability, affecting nearly five million Canadians (1 in 6) (Arthritis Society, 2017). Of the estimated 

37% of Canadians aged 20 or older diagnosed with OA, knee or both knee and hip OA account for almost 

60% (MacDonald et al., 2014). In a healthy knee joint, articular cartilage provides a smooth, lubricated 

surface for near-frictionless articulation between the tibia and the femur (Fox et al., 2009). However, in 

end-stage knee osteoarthritis, the articular cartilage erodes and underlying bone is exposed (Felson, 2004; 

Wallace et al., 2017). As damaged cartilage has limited or no healing capability (OʼDriscoll, 1998), these 

conditions often result in irreversible pathologic changes (Fig. 1). 

 

Figure 1: Three-stage illustration of osteoarthritis knee model (GPI Anatomicals®). Figure shows progression of degenerative 

joint disease (osteoarthritis), including erosion to joint articular cartilage and osteophytes (bone spurs) at the articular surfaces. 

Several risk factors have been identified regarding the onset and progression of OA, including 

age (Felson, 1990; Hochberg et al., 1989), sex (Nevitt and Felson, 1996), and weight (Davis et al., 1990; 

Felson et al., 1988). Additionally, substantial evidence indicates that OA is caused, in part, by 

Early Moderate Advanced 
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mechanically induced injury to joint tissues (Felson, 2013). Major joint injuries, like ACL or meniscal 

tears, or malalignment can cause high amounts of stress across joints and dramatically increase disease 

risk (Felson, 2004; Lohmander et al., 2007). Varus knees without cartilage damage have increased odds 

of cartilage loss, and subsequent medial OA progression, compared to healthy knees without any varus 

deformity (Sharma et al., 2013). In short, abnormal mechanics and excessive loading play a role in the 

onset and progression of the disease (Baliunas et al., 2002; Miyazaki, 2002). 

Clinical symptoms of knee OA include joint pain, stiffness, and swelling, which may eventually 

lead to impaired physical function or muscle weakness. Knee OA has also been found to have an effect on 

multiple kinematic, kinetic, or temporo-spatial gait parameters (Al-Zahrani and Bakheit, 2002; Childs et 

al., 2004; Kaufman et al., 2001). Affected individuals have a slower walking speed and less range of 

motion in lower limb joints than healthy controls (Al-Zahrani and Bakheit, 2002; Andriacchi et al., 1977). 

Mechanically, patients have been found to have decreased hip extension, adduction, and internal rotation 

moments, decreased knee flexion and ankle dorsiflexion moments, and increased knee adduction 

moments compared to healthy individuals (Astephen et al., 2008; Mündermann et al., 2005). 

1.2 Treatment Options 

The irreversible conditions, including pain and substantial functional disabilities, of end-stage 

knee osteoarthritis occasionally constitute the need for surgical treatments (Rönn et al., 2011). Current 

surgical treatment options include arthroscopic debridement, where rough cartilage is shaved off or 

degenerated menisci are smoothed (Ogilvie-Harris and Fitsialos, 1991), cartilage repair surgery 

(Hunziker, 2002), osteotomy, wherein a section of bone is cut for better frontal plane alignment (Brouwer 

et al., 2006), or joint arthroplasty, wherein surfaces of either one (unicompartmental) or all (total) 

compartments of the knee are replaced with metallic or plastic components (Berger et al., 2005). Surgical 

interventions may be an effective form of treatment, but they are quite invasive. As such, conservative 

interventions are often looked to as the initial form of treatment. 
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Considering the mechanical etiology of knee OA, non-invasive treatment options often focus on 

joint load reduction in attempts to slow the progression of the disease (Fig. 2A). One challenge with this 

approach is that it is not possible to measure internal knee joint contact forces directly, except through the 

use of instrumented prostheses (Kutzner et al., 2010; Mündermann et al., 2008). As an alternative, the 

knee adduction moment (KAM) is one parameter that has become of interest concerning knee OA. During 

gait, the ground reaction force acts medially to the knee joint centre, creating an adduction moment at the 

knee (Fig. 2B). The KAM, referred to as the primary determinant of load distribution in the knee 

throughout gait (Sharma et al., 1998), has been found to have a significant relationship with OA disease 

severity (Trepczynski et al., 2014; Zhao et al., 2007). As such, non-invasive treatment options often aim 

at reducing the external KAM and corresponding joint loads to slow disease progression. 

 

Figure 2: Illustration of the knee joint. A) Total joint load and force distribution between lateral and medial femoral condyles. B) 

Ground reaction force (GRF) induces an external knee adduction moment about the knee joint centre (KJC), which is commonly 

used as a surrogate measure for medial joint loads. 

As obesity is strongly associated with knee OA, weight reduction is a common method for 

attenuating knee joint forces and moments during walking (Messier et al., 2005). Another established 

technique for reducing joint loads, and corresponding contact forces, is through the use of assistive, gait-

medial  
lateral 

total contact forces 

KJC 
knee 

adduction 

moment 

GRF 

A                  B 
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altering devices, such as lateral-wedge insoles, canes, or braces (Butler et al., 2007; Chew et al., 2007; 

Hinman et al., 2012). Most commonly, unloader braces function by applying a valgus, or abduction, 

moment about the knee that opposes the external KAM (Chew et al., 2007). Amongst assistive devices, 

studies with instrumented prostheses have shown that valgus braces produce the largest reductions in knee 

joint loading (Kutzner et al., 2011). However, the effectiveness of bracing for mediating pain and 

improving function has been linked to multiple potential brace functions, including improving 

malalignment, increasing joint stability, or reducing muscle co-contraction. As such, a need persists for 

further understanding of their mechanical effect (Ramsey et al., 2007). 

A more recent, but promising, treatment of knee OA is through the use of gait modifications or 

novel gait patterns (Cheung et al., 2018; Fregly, 2012; Simic et al., 2011). Individuals can learn to change 

their walking pattern using a variety of gait modification strategies in attempts to reduce the peak knee 

adduction moment and corresponding peak medial contact force. The difficulty with this method is 

determining the means for people to change their gait and maintain unique gait patterns, as minimizing 

the knee adduction moment often requires a combination of multiple gait modifications and is subject-

specific (Favre et al., 2016; Gerbrands et al., 2014; Fregly et al., 2007). As such, biofeedback-assisted gait 

retraining is a technique that involves real-time audible, visual, or haptic feedback to guide subjects 

through implementing gait modifications that potentially reduce knee joint loads (Barrios et al., 2010; 

Hunt et al., 2011; Wheeler et al., 2011). However, this technique is still under-developed, and further 

validation of feedback measures and techniques for getting subjects to achieve and retain altered gait 

patterns are required. 

In summary, a variety of non-invasive strategies exist for treatment of medial knee osteoarthritis 

through reduction of knee joint loading. Some strategies, like valgus bracing, are quite common and their 

ability to help mediate pain and improve function in patients has been demonstrated. However, the actual 

function of orthoses that makes them effective, whether it is improving malalignment, lessening muscle 

co-contraction, or increasing joint stability, remains inconclusive. Newer strategies, such as gait 
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modifications, have also been shown to have potential, but further validation of their effectiveness and 

improvement of the implementation technique are needed. As such, we require further development of 

methods that can be used to analyse the effectiveness of these existing and potential treatment strategies. 

1.3 Thesis Structure 

Chapters 2 and 3 of this thesis were written as independent manuscripts. Since a critical literature 

review of important references and topics exists within each chapter, no separate literature review is 

provided. However, a comprehensive reference list is provided at the end of the thesis. Chapter 4 provides 

an overview of important findings and recommendations for future work. 

Chapter 2 describes the development and validation of a novel method for non-invasively 

measuring the mechanical effect of unloader braces. We suggest a three degree-of-freedom deflection 

model that isolates abduction for quantification of applied brace abduction moments without the use of 

custom instrumentation. Using a custom mechanical testing apparatus, the stiffness of a test brace was 

quantified and the brace moment was modeled as a linear function of abduction deflection. Model 

predictions during static and walking trials were validated with the use of strain gauge instrumentation. 

Chapter 3 describes a feasibility study for a biofeedback system that provides a live estimate of 

knee joint loading. To overcome the time delay required for static optimization, we propose a statistical 

model that uses PCA to estimate joint contact forces in the knee based on real-time kinematic and kinetic 

data. Estimates of the contact forces in the knee provided as feedback to subjects were validated offline 

using musculoskeletal modelling. 

1.4 Aims 

The purpose of this thesis is to improve our ability to investigate the effects of non-invasive 

treatment options for knee osteoarthritis. A variety of strategies exist for preventing the onset or 

progression of knee OA. However, currently there is a lack of knowledge on how these treatments work 

or how effective they are at relieving pain and restoring function. By gaining a better understanding of the 
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effect of potential treatment strategies, it will allow us to further develop them to provide more relief or 

be more effective for a wider range of individuals suffering from knee OA. 

Aim 1 (chapter 2): To develop a novel method for non-invasively measuring the moment applied by 

valgus braces using a deflection model that isolates abduction. 

Aim 2 (chapter 3): To develop and pilot test a proposed framework for a biofeedback system that 

provides a live estimate of knee joint loading for use in gait retraining. 
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Chapter 2 

Validation of Method for Analysing Mechanics of Unloader Brace for Medial 

Knee Osteoarthritis 

Neville, S.R., Brandon, S.C.E., Brown, M.J., Deluzio, K.J. 

Chapter 2 was published in the Journal of Biomechanics in 2018 (Neville et al., 2018) and was presented 

as an abstract at the Canadian Society of Biomechanics conference in August of 2018.  

2.1 Introduction 

Osteoarthritis (OA) is the most common form of arthritis, occurring more frequently in the medial 

compartment of the knee (Felson, 2004). Most OA is caused, in part, by mechanically induced injury to 

joint tissues (Felson and Radin, 1994). Studies have shown that the external knee adduction moment 

(KAM), positively correlated with mechanical axis (varus alignment) (Wada et al., 2001), is greater in 

patients with OA versus normal populations, and that there is a moderately strong relationship between 

adduction moment and disease severity (Foroughi et al., 2009; Mündermann et al., 2004; Sharma et al., 

1998). There is a good correlation between the KAM and medial joint loads, however, previous studies 

have questioned the strength of the relationship, revealing varying results (R2 ranging from 0.57 to 0.93) 

(Walter et al., 2010; Zhao et al., 2007). Other biomechanical parameters have also been reported to play a 

role in future disease progression, such as the knee flexion moment, which has been correlated to loading 

in both the medial and lateral compartments (Chehab et al., 2014; Manal et al., 2015; Walter et al., 2010). 

Commonly, however, the KAM remains the target of various interventions that aim to reduce joint 

loading and slow disease progression (Kutzner et al., 2013; Trepczynski et al., 2014). 

One non-invasive treatment of knee OA is valgus bracing, which has been found to provide 

improvements in pain and function in patients with varus alignment (Moyer et al., 2015b; Ramsey and 

Russell, 2009; Lindenfeld et al., 1997). Multiple brace mechanisms for altering knee joint biomechanics 
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have been proposed, including improving malalignment, providing a valgus brace moment to counteract 

the KAM, increasing joint stability, lessening muscle co-contraction, and improving proprioception 

(Briem and Ramsey, 2013; Moyer et al., 2015a). Kutzner et al. (2011) examined the effectiveness of 

unloader braces by measuring knee loading in vivo using instrumented implants in patients who 

underwent total knee replacements. Reductions in medial knee loads during walking ranged from 0 to 

30%, depending on the subject, brace design, and valgus adjustment.  

Kutzner provided a strong baseline for measuring the effect of valgus braces. However, the 

number of subjects with instrumented knee implants is limited, and differing knee morphology makes 

using these results with an OA population difficult. Therefore, a need persists for the development of a 

method to accurately quantify the effect of braces without invasive surgery. The brace abduction moment 

has been previously measured using load sensors, such as pressure bladders (Self et al., 2000), or with 

strain gauges (Fantini Pagani et al., 2010b, 2010a; Pollo et al., 2002). Pollo et al. also used analytical 

models to estimate medial load reduction using valgus bracing. These methods of measuring brace 

moment provide accuracy, however, each of these sensing solutions requires specific instrumentation, 

which may alter the brace or influence subject gait patterns.  

Schmalz et al. (2010) introduced a method for determining brace moment using standard optical 

motion capture. Optical cameras were used to measure the deflection of the brace and the brace moment 

was computed using a predetermined stiffness. The model calibrated the force-deflection relationship of 

full-leg braces in fully-extended positions using three reflective markers to measure deformation. 

However, it is not possible to accurately distinguish between flexion, abduction, and internal rotation 

using only three markers; three markers in three-dimensional (3D) space define a single angle. 

The purpose of this study was to develop a novel method for non-invasively measuring the 

moment applied by valgus braces by creating a 3 degree-of-freedom (DOF) deflection model for the brace 

to isolate abduction. The secondary objective was to validate the results of this model using the 

previously established method of strain gauge instrumentation. 
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2.2 Methods 

 

An OA Assist brace was obtained for this study (DJO Global, California). Previous studies 

examined the functionality of similar braces that apply an unloading moment to the knee via the principle 

of three-point bending (Chew et al., 2007; Kutzner et al., 2011; Richards et al., 2005; Schmalz et al., 

2010) (Fig. 3A). The brace features a deformable lateral beam attached to the leg, which, in conjunction 

with distal and proximal straps, applies a brace abduction moment that counteracts the external KAM, 

reducing loads in the medial compartment of the knee. For the brace in this study, the force applied can be 

increased or decreased using a screw-based load adjustment mechanism in the lateral beam, which applies 

a medially-directed load at the lateral epicondyle (Fig.3B). 

 

Figure 3: A) OA Assist brace (DJO Global, Vista, California). Three-point bending loads applied by the brace to the 

user from thigh, shank, and hinge elements are shown. Black arrows indicate forces applied to the subject by the 

brace; the force from the hinge, FHINGE, and the forces from the thigh and shank sections, FTHIGH and FSHANK. B) 

Screw mechanisms (white) used to increase the force applied to the lateral knee epicondyle. Two 350 Ω strain 

gauges were mounted on either side of the proximal portion of the lateral beam as shown. 

 

The brace was instrumented with a half-bridge strain gauge configuration. Two 350 Ω strain 

gauges (FLA-2-350-17-3L, Tokyo Sokki Kenkyujo Co., Ltd., Japan) were mounted on either side of the 

proximal portion of the lateral beam of the brace (Fig. 3B). The half-bridge configuration allowed for the 

measurement of strain purely due to bending of the brace. This rejected strain due to axial and torsional 

A               B  



10 
 

forces, which was verified experimentally. The output from the gauge configuration was measured using 

an auto-balanced Model P3 Strain Indicator with a bridge excitation of 1.5 V (Micro-Measurements, 

Raleigh, North Carolina). 

To calibrate brace moment to both abduction deflection and strain, the effect of the brace on a 

subject was replicated in a controlled environment using a custom mechanical rig (Brandon, 2015) (Fig. 

4). The apparatus consisted of two sections of acrylonitrile butadiene styrene (ABS) pipe covered in 

layers of ethylene vinyl acetate (EVA) foam, representing thigh and shank segments. These pipes were 

rigidly connected to two plywood frames, which were bolted to two 6 DOF load cells (force platforms) 

(2xCustom BP model, AMTI, Watertown, MA, USA). The brace was strapped to the apparatus, with the 

thigh and shank sections tightened around the EVA foam. Based on previously recorded moments for 

other braces, a minimum induced brace moment of 10 Nm was desired during calibration (Gaasbeek et 

al., 2007; Pollo et al., 2002). Four calibration trials were performed while manually applying a vertical 

load up to 100 N (Fantini Pagani et al., 2010b; Kutzner et al., 2011) to the centre of the lateral beam (Fig. 

4, FHINGE). 
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Figure 4: Schematic of custom mechanical testing apparatus (top) and illustration depicting sectioned view 

considered for calibration analysis (bottom). Views show two ABS pipes (black) covered with layers of EVA foam 

(grey), to which the brace was attached (matte black). Plywood frames were bolted to two force platforms (dark 

grey) for measuring the ground reaction force. A vertical load was applied at joint centre of rotation in the centre of 

the lateral beam (FHINGE). 3D reaction forces and moments measured by each force platform (𝐹1
⃑⃑ ⃑⃑   and 𝑀1

⃑⃑ ⃑⃑⃑⃑  , 𝐹2
⃑⃑ ⃑⃑   and 

𝑀2
⃑⃑ ⃑⃑⃑⃑  ), vectors (𝑟1⃑⃑⃑⃑ , 𝑟2⃑⃑⃑⃑ ) from the force platform technical origins (FP1, FP2) to the brace joint centre (JC), and two 

independent estimates of the internal brace abduction moment (Mb1, Mb2) are identified. The mean of moments Mb1 

and Mb2 was taken as the brace abduction moment. 

Throughout trials, the reaction forces and moments, motion capture, and strain data were captured 

synchronously. Ground reaction forces were sampled at 500 Hz using two custom force platforms. 

Motion kinematics were tracked at 100 Hz by an eleven-camera motion capture system (Oqus 400, 

Qualisys, Gothenburg, Sweden) using reflective markers fixed to the brace. Clusters of four markers were 

attached at the proximal and distal ends of the lateral beam with an additional marker fixed at the brace 

joint centre. Analog strain data were sampled at 500 Hz using the strain indicator.  

FHINGE 
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The calibration analysis involved performing a moment balance from each force platform to 

calculate two independent measures of brace moment, Mb1 and Mb2 (Eqs. (1) and (2)), due to an applied 

force at the brace joint centre (Fig. 4, JC) (Hibbeler, 2005). An illustration of the mechanical testing 

apparatus is shown (Fig. 4). 

𝑀𝑏1 = 𝑀1
⃑⃑ ⃑⃑  ⃑ + 𝑟1⃑⃑⃑  × 𝐹1

⃑⃑  ⃑   (1) 

𝑀𝑏2 = 𝑀2
⃑⃑ ⃑⃑  ⃑ +  𝑟2⃑⃑  ⃑ × 𝐹2

⃑⃑⃑⃑   (2) 

The reaction forces (𝐹1
⃑⃑  ⃑ and 𝐹2

⃑⃑⃑⃑ ) and moments (𝑀1
⃑⃑ ⃑⃑  ⃑ and 𝑀2

⃑⃑ ⃑⃑  ⃑) in the force platforms, and the brace 

abduction angle, were zeroed when the brace was unloaded beginning each trial. The apparatus was 

adjusted to eliminate shear pre-loads greater than 2 N, however, small residual pre-loading could 

potentially cause differences between the independent moment calculations. Thus, the brace moment was 

computed as the mean of the estimates from either force platform, Mb1 and Mb2. 

Static and walking trials using a dual-belt instrumented treadmill (Tandem Force-Sensing 

Treadmill, AMTI, MA) were performed by three subjects, in which reaction force, motion capture, and 

strain gauge data were captured synchronously. A seven-camera motion capture system (Oqus 400, 

Qualisys, Gothenburg, Sweden) was used to record marker trajectories (Shepertycky and Li, 2015). IRB 

approval was completed and informed consent was given by each subject. Each subject performed two 

trials walking at self-selected speeds for 60 s. Two trials were performed to verify the test-retest 

reliability over separate collection periods, between which the brace was fully-removed. Subjects were 

instructed to tighten the brace to a maximal level tolerable over a 4-hour period. Brace motion was 

decomposed into flexion, adduction, and internal rotation in MATLAB (MathWorks, Natick, MA, USA). 

The functional helical axis of the brace defined the primary anatomical axis (Wu et al., 2005). 

2.3 Results 

Both regression models exhibited linear relationships with brace moment throughout loading (0–

10 Nm). Brace moments as a function of deflection and strain are shown for the loading phase of all four 
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calibration trials (Fig. 5). The deflection and strain regression models predicted brace moments within 

95% confidence intervals of ±0.49 Nm and ±0.22 Nm respectively. The stiffness of the brace, averaged 

across the four trials, was found to be 0.82 Nm/deg. 

 
Figure 5: Linear regression models (A,B) and residual error bounded by 95% confidence intervals (C,D) of brace 

moments as a function of adduction deflection angles (A,C) and strains (B,D). In each plot, raw data are shown for 

all four calibration trials. A) Brace exhibited deflections up to 12.5 degrees, with a deflection of 0.82 Nm/deg (red, 

solid). B) Brace moments exhibited a relationship with analog strain of 5.08 Nm/V (red, solid). C) Deflection model 

predicted brace moments within 95% confidence intervals (red, solid) of ±0.49 Nm. D) Strain gauge method 

measured brace moments within 95% confidence intervals (red, solid) of ±0.22 Nm. The regression models 

explained 99.3% and 99.8% of the variance in abduction moments for the deflection and strain methods 

respectively. Intra-model standard deviations were 0.0225 Nm/deg and 0.0997 Nm/V. Repeatability across 

calibration trials were ±2.7% (deflection) and ±2.0% (strain) respectively. 

Average brace moments calculated during quiet standing were 8.7 Nm and 9.0 Nm using the 

deflection and strain methods respectively. Mean error between methods was 0.32 Nm, with limits of 

agreement of 0.25–0.40 Nm (Bland and Altman, 1999). Predicted mean brace moments throughout stance 

were 8.6 Nm (deflection) and 7.8 Nm (strain) (Fig. 6A). Mean brace moments across a gait cycle (GC) 

were 8.3 Nm (deflection) and 7.4 Nm (strain). Mean absolute error (MAE) between methods was 0.82 

Nm (stance) and 0.96 Nm (GC) (Table 1). 

A B 

C D 
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Figure 6: Mean (solid line) ±1 SD (faded region) brace moments throughout an entire gait cycle from six walking 

trials (3 subjects, 2 trials each, 2F, 1 M, 23 ± 1.5 years, 79 ± 4.2 kg) wearing the OA Assist brace (DJO Global, 

Vista, California). Data were collected for an average of 37 gait cycles (GC) for each trial (min. cycles – 22, max. 

cycles – 49). Results are shown from A) the deflection method (black) and the strain method (red) alongside B) 

brace flexion data. Vertical lines (black) indicate the stance phase peak (SP) and toe-off (TO). 

Table 1: Results for the mean absolute error (MAE) and range (minimum to maximum difference) between 

deflection model predictions and strain measurements averaged across stance and across a gait cycle as well as at the 

stance phase peak (~40% GC) and toe-off (~60% GC). 

 
Mean Absolute Error (MAE) (Nm) 

 
Range (Min – Max) (Nm) 

Stance Mean Mb 0.82  0.12 – 1.38 

GC Mean Mb 0.96  0.23 – 1.50 

Stance Peak Mb (~40% GC) 0.42  0.04 – 0.60 

Toe-Off Mb (~60% GC) 2.04   0.26 – 3.45 

GC = gait cycle, Max = maximum, Min = minimum, Mb = Brace Moment 

 

2.4 Discussion 

We developed a non-invasive method of measuring the abduction moment applied by valgus knee 

braces and validated the results of this method using strain gauge instrumentation. The brace moment was 

SP          TO 
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modeled as a linear function of brace abduction deflection (0.82 Nm/deg) and strain (5.08 Nm/V). The 

brace stiffness found using our new technique is comparable to those reported previously. Kutzner et al. 

(2011) reported a spring constant of 9.8 N/mm for the MOS Genu (Bauerfiend, Germany) brace. 

Assuming a brace length of 0.5 m, this corresponds to a similar abduction stiffness of 0.8 Nm/deg. Our 

results also demonstrated that the deflection model can accurately predict brace moments comparable to 

strain measurements when the leg is fully-extended, such as during stance. The stance phase may be most 

relevant as this is when joint loading is highest and the brace provides the most unloading. 

The brace moments throughout gait computed in this study are similar to values previously 

published. Pollo et al. (2002) reported average brace moments of 5.9–11 Nm, depending on the valgus 

adjustment of the brace. In our study, the deflection model predicted mean brace moments over a gait 

cycle ranging from 7.1 to 8.7 Nm across subjects (strain method 7.2–7.7 Nm). Differences between brace 

moments are expected across studies based on different investigation approaches, brace sizes, and 

designs.  

Referring to Table 1, the maximum differences between model predictions in mean and peak 

brace moments were 1.50 Nm and 0.60 Nm respectively. It was observed that the error between 

deflection model predictions and strain gauge measurements was largest when knee flexion was the 

greatest (Fig. 6). A post-hoc analysis revealed that error between model predictions was linearly 

correlated with knee flexion (Fig. 7). A linear regression of brace moments throughout stance showed a 

difference of 0.078 Nm/deg of brace flexion, with 95% confidence intervals of ±0.15 Nm. Consequently, 

the proposed deflection model appears to be most accurate during the more relevant stance phase (MAE = 

0.82 Nm). 
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Figure 7: Linear regression (left) and residual error (right) bounded by 95% confidence intervals of the difference 

between deflection predictions and strain measurements as a function of brace flexion angle during stance. 

Difference between deflection and strain methods as a function of flexion was found to be 0.075 Nm/deg. 

A limitation of the study was the lack of sensitivity to small angle changes based on marker 

placement. The farther the markers are from the centre of the lateral beam, where bending is a minimum, 

the greater the angle measurement. As such, cluster markers were placed as far as possible from both each 

other and the brace joint centre, while remaining on the rigid sections of the brace. The motion capture 

system can measure the 3D location of markers with sub-millimetre accuracy (Oqus 400, Qualisys, 

Gothenburg, Sweden). Therefore, a measurement uncertainty of ±1 mm and cluster markers an average of 

3.2 cm apart corresponds to an angular uncertainty of ±1.8 deg. Based on the deflection model, this 

results in an error of approximately ±1.5 Nm due to measurement uncertainty. These sources of error 

could explain the discrepancies between methods, such as at toe-off, reported in Table 1. 
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Chapter 3 

Proposed Framework for a Live Biofeedback of Joint Contact Force Estimate 

Neville, S.R., Saliba, C.M., Brown, M.J., Hutchinson, L.A., Deluzio, K.J. 

Preliminary results for chapter 3 were presented at the Canadian Society of Biomechanics conference in 

August of 2018.  

3.1 Introduction 

 

The development and progression of medial knee osteoarthritis (OA) has been associated with 

abnormal and excessive loading of the medial tibiofemoral joint (Baliunas et al., 2002; Frost and Jee, 

1994; Miyazaki, 2002). Accordingly, non-invasive treatments of knee OA have focused on joint load 

reduction, in an effort to slow the progression of the disease (Gerbrands et al., 2014; Messier et al., 2005; 

Mündermann et al., 2004). Gait modifications are one such strategy that have been found to have the 

ability to alter and even reduce knee joint loads (Cheung et al., 2018; Simic et al., 2011; Shull et al., 

2013b; Fregly et al., 2009). Proposed strategies for reducing total or medial contact loads during gait 

include: slower walking speed (Robbins and Maly, 2009), varied stance width (Fregly et al., 2008; Street 

and Gage 2013), toe-in or toe-out gait (Hunt et al., 2014; Shull et al., 2013a; Simic et al., 2013; Lynn et 

al., 2008), increased lateral trunk sway (Hunt et al., 2011; Mündermann et al., 2008; Simic et al., 2012) 

and medial thrust gait (Fregly et al., 2009). 

Although gait modifications appear to be effective for altering joint loads, the challenge with this 

method is how to get people to achieve and maintain novel gait patterns (Fregly, 2011). Biofeedback is a 

technique where live feedback of gait characteristics is provided to subjects in either audible, visual, or 

haptic form, which has been shown to be effective in gait retraining (Barrios et al., 2010; Cheung et al., 

2018; Hunt et al., 2011; Shull et al., 2010; Tate and Milner, 2010; Wheeler et al., 2011). The challenge is 

that in vivo measurements of joint contact forces are difficult to obtain. As such, surrogate measures have 

been used as the target in biofeedback-assisted gait retraining to reduce knee joint loading. 
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The knee adduction moment (KAM) is one parameter that has been found to be greater in patients 

with knee OA and has a moderately strong relationship with disease severity (Sharma et al., 1998; 

Trepczynski et al., 2014). However, studies using instrumented prostheses have revealed that decreases in 

the KAM do not necessarily correspond to decreases in medial contact forces (R2 ranging from 0.57 to 

0.93) (Walter et al., 2010; Zhao et al., 2007). Other parameters, such as the knee flexion moment, have 

also been found to play a role in future disease progression (Chehab et al., 2014; Manal et al., 2015; 

Walter et al., 2010). Reducing the peak KAM corresponds to an increased knee flexion moment, which 

may reflect increased loading in both the medial and lateral compartments (Chehab et al., 2014; Walter et 

al., 2010). These results indicate that a different measure that is more closely correlated to joint contact 

forces may be more appropriate as feedback. 

Direct measurement of joint loading is possible using instrumented tibias (Kutzner et al., 2010; 

Mündermann et al., 2008), however, this method is limited, as it requires invasive surgery, and it changes 

the morphology of the knee. Nonetheless, instrumented knee implants have facilitated comparison 

between in vivo experimentally measured and model-predicted joint contact forces (Fregly et al., 2012). 

Computational models have been used to predict joint loading and explore different treatment options for 

a variety of musculoskeletal disorders (Fregly et al., 2012). 

  Musculoskeletal modelling, commonly performed using an open-source software called 

OpenSim (Delp et al., 2007) (Fig. 8), is a technique that has been used for the estimation of joint contact 

forces that can account for subject-specific variation in alignment and movement (Brandon et al., 2014). 

One of the biggest challenges in creating a mathematical representation of the human body is that each 

joint has an overdetermined set of musculotendon actuators, whose contribution to joint loading depend 

on both geometry and force (Hoy et al., 1990). As such, this technique requires a computationally 

expensive optimization, making it difficult to implement in real-time. Electromyogram (EMG)-driven 

models have also been used to estimate in vivo joint contact forces based on measurements of muscle 

excitation both offline (Fregly et al., 2012; Manal and Buchanan, 2013) and in real-time (Pizzolato et al. 

2017). However, implementation of this method for real-time estimation of joint loads has only been done 
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using a time-consuming calibration prior to data collection to scale the model to each participant 

(Pizzolato et al., 2017). 

 

Figure 8: Illustration of 3D unilateral lower-limb musculoskeletal model used in this thesis (left) with close-up showing medial 

knee joint contact force (green arrow) estimated during stance (right) in OpenSim. The model was developed by Arnold et al. 

(2010) and later modified by Brandon et al. (2014) for computation of medial and lateral joint contact forces in the knee.  

Saliba et al. (2018) has developed a technique that incorporates principal component (PC) 

prediction and reconstruction to estimate knee joint contact forces using musculoskeletal modelling in 

OpenSim. The technique reduces the computational costs associated with muscle force optimization and 

does not require subject-specific calibration. Principal component analysis (PCA) is a statistical technique 

that is particularly applicable in biomechanics for waveform analysis (Deluzio and Astephen, 2007). PCA 

can be used to identify primary modes of variation in experimental data, with individual PCs that capture 

the shape features of all waveforms in a data set and PC scores that quantify the contribution of each 

feature in a single waveform. 

In this technique, PCA is first performed on the medial and lateral contact force (MCF, LCF) 

waveforms and the waveforms of 11 external measures of gait for a mix of asymptomatic and OA training 
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subjects. The following waveform variables used are time normalized across stance with kinetic variables 

also normalized to body mass: hip flexion angle, hip adduction angle, hip rotation angle, knee flexion 

angle, ankle flexion angle, hip flexion moment, hip adduction moment, hip rotation moment, knee flexion 

moment, knee adduction moment, and ankle flexion moment. The number of MCF and LCF PCs retained 

is determined using a 90% trace criteria (Deluzio and Astephen, 2007; Jackson, 1991), ensuring that the 

retained PCs describe greater than 90% of the variation in the data. The number of PCs retained for each 

external predictor variable is determined using a parallel analysis (Fischer et al., 2014; Jackson, 1991).  

Using this technique, regression models can be developed for each of the retained MCF and LCF 

PCs. These regression models can then be used to construct MCF and LCF waveforms using gait 

variables measured in real-time with optical motion capture. The model developed by Saliba et al. was 

tested using a leave-one-out analysis, wherein one subject was removed from the training data and new 

regression models were generated using a unique reduced data set. Root-mean-square (RMS) differences 

were then computed between reconstructed waveforms and musculoskeletal model predictions, resulting 

in a mean (SD) RMS difference of 0.17 (0.05) bodyweight (BW). 

In summary, the technique developed by Saliba et al. has demonstrated the ability to accurately 

reconstruct knee joint contact force waveforms using external measures of gait. The method is robust to 

shape features and characteristics contained within the data set used to build the model. As such, 

application of this technique in biofeedback-assisted gait retraining and clinical gait analysis could 

potentially result in a powerful tool for detecting and correcting features of pathological gait. 

The objectives of the current study were therefore to (1) develop a biofeedback system that 

implements this statistical model to provide a live estimate of joint contact forces in the knee based on 

kinematic and kinetic data and (2) to compare live feedback to musculoskeletal model predictions 

computed offline. 
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3.2 Methods 

 

A. Knee Osteoarthritis Study 

 

From a previous study of knee OA, a mix of 48 asymptomatic and OA subjects were pooled into 

a single participant group (Table 2). Participants were between 25 and 65 years of age, recreationally 

active, and had no lower-limb injuries or surgeries within the last year. IRB approval was completed and 

written informed consent was given by each subject. 

Table 2: Mean (SD) participant characteristics from previous study of knee OA. 

Osteoarthritis 26 

Control 22 

Male 25 

Female  23 

Age (years) 50 (9) 

Height (m) 1.72 (0.10) 

Weight (kg) 83 (18) 

BMI (kg/m2) 27 (4) 

 

Retroreflective markers were adhered to participants’ feet, legs, pelvis, torso, head, and arms, to 

define anatomical landmarks and track segment motion. Participants performed gait trials in three 

conditions: unbraced, fitted with the OA Adjuster 3 brace, and fitted with the OA Assist brace (DJO 

Global, Vista, California). For each condition, subjects performed 30 seconds of level and inclined (10% 

grade) treadmill walking and eight overground trials at a self-selected speed. Marker trajectory gait data 

were recorded at 200 Hz using seven optical motion capture cameras (Oqus 400, Qualisys, Gothemburg, 

Sweden). Ground reaction forces were recorded at 1000 Hz using a six degree-of-freedom dual-belt 

instrumented treadmill (Tandem Force-Sensing Treadmill, AMTI, MA). Each participant obtained a 

standing full-length radiograph for measurement of frontal plane knee alignment, knee width, limb length, 

and pelvis width. 

A previously published musculoskeletal model of the lower limb developed by Arnold et al., 

(2010) in OpenSim was modified by Brandon et al. (2014) for estimating medial and lateral knee joint 

contact forces (Fig. 8). Knee joint contact forces were estimated using this musculoskeletal model scaled 
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to each subject using radiographic measurements. Lower limb inverse kinematics, inverse dynamics, and 

muscle moment arms were computed in OpenSim. Medial and lateral tibiofemoral contact forces were 

then computed for each subject using a frontal plane moment balance (Brandon et al., 2014). 

B. PCA Regression Model Generation 

 

Using the technique developed by Saliba et al. (2018), PCA was performed on the MCF 

waveforms and the waveforms of 11 external measures of gait for 36 subjects using a single 

representative stride from 30 seconds of level treadmill walking at self-selected walking speeds. The 

number of subjects included in the training data set was reduced from the original 48 subjects collected 

due to: previous surgery, poor marker tracking, or poor gait events during collection. Regression models 

were then developed for the retained MCF PCs as a function of a combination of the 28 predictor variable 

PCs retained using the parallel analysis. The model was tested using a leave-one-out analysis, where each 

subject was removed from the training data and new regression models were generated using a reduced 

data set to reconstruct unbiased MCF waveform estimates. 

C. Biofeedback System 

 

A biofeedback system was developed that pairs the PCA regression model with existing 

platforms that compute joint angles and moments in real-time (Fig. 9). The system uses a seven-camera 

optical motion capture and dual-belt instrumented treadmill system to compute kinematic and kinetic 

data. Force and motion capture data were streamed at 100 Hz from Qualisys Track Manager (Qualisys, 

Gothemburg, Sweden) to Visual3D Real-Time (C-Motion Inc., Germantown, MD). Kinematics and 

kinetics required by the regression model to estimate MCF waveforms were computed in Visual3D Real-

Time using the same model used to generate the training data. 
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Figure 9: Biofeedback system overview flowchart. A) Optical motion capture equipment/software was used to compute 

kinematic and kinetic data in real-time (Qualisys, Gothemburg, Sweden; Tandem Force-Sensing Treadmill, AMTI, MA; 

Visual3D, C-Motion Inc., Germantown MD). B) Normalised and averaged predictor variables were decomposed in MATLAB 

using the PCA regression model and used to construct live C) medial contact force (MCF) waveform estimates. The MCF second 

peak was chosen to be provided as feedback (*). 

Kinematic and kinetic data were then streamed from Visual3D Real-Time to MATLAB, where a 

previously-established MATLAB script was run. The script first checked for and retrieved new data from 

Visual3D. For each iteration of the script, MATLAB retrieved a 500 frame window of data, 

corresponding to five seconds of walking. For an average cadence of 100–115 steps/min, this window 

represented approximately 8–9 total steps (or 4–5 gait cycles).  

Averaging kinematics and kinetics over a series of strides helped compensate for the influence of 

poor real-time gait event detection on the averaged predictor variables used in the regression analysis. We 

chose to average over 500 frames of data in particular as this was a good median across subjects to ensure 

that the window contained at least two full gait cycles. Five seconds of walking for taller subjects in some 

gait conditions resulted in 4–5 strides (2–3 gait cycles), wherein shorter subjects could perform upwards 

of 10–11 strides (5–6 gait cycles) within this frame window. 

Kinematics and kinetics were then filtered in MATLAB using a second order dual-pass 

Butterworth filter with a cut-off frequency of 6 Hz. Predictor waveform variables normalized over stance 

and averaged across the previous 4–5 gait cycles were then decomposed in MATLAB using the model 

data set PCs. Finally, the regression models could then be used to predict test subjects’ MCF PC scores 

and subsequently construct live MCF waveform estimates in MATLAB. A two second pause was 

Medial Contact Force Estimate 

PCA  

Regression Model 

A            B        C  

* 
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implemented in the script since MCF estimates were averaged over five second intervals of walking and 

to regulate the speed of the live feedback provided to subjects. Additionally, as the MCF waveform is 

often characterized and analysed in terms of two peaks occurring during stance, feedback of the second 

peak was chosen to be provided to subjects (Fig. 9C, *). 

D. Experimental Protocol 

 

Nine participants were recruited to test the biofeedback system. IRB approval was completed and 

written informed consent was given by each subject. 

i. Normal Walking (without biofeedback) 

 

Subjects were first asked to perform a five-minute familiarization period on the treadmill wherein 

no data were collected. Subjects then performed one minute of baseline normal walking with no 

biofeedback. From this, an average ±1 SD of the right-leg MCF second peak was obtained. 

ii. Prescribed Gait Modifications (with biofeedback) 

 

Subjects were then provided with live feedback of their MCF second peak on a screen positioned 

anterior to the treadmill (Fig. 10). A grey horizontal bar on the screen represented their average (±1 SD) 

MCF second peak estimate from normal walking. A visual representation of the subject’s MCF estimate 

averaged over the previous 4–5 gait cycles was provided as either a percent increase (red) or percent 

decrease (blue) from their normal walking average (Fig. 10). The percent change, including sign, was also 

provided as feedback, which represented the middle of the horizontal bar. The top and bottom of the bar 

represented ±1 SD as determined from normal walking. 
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Figure 10: Live visual biofeedback provided to the subject. An estimate of the MCF second peak averaged over the previous 4–5 

gait cycles was provided as a percent change from normal walking, displayed as either a red (Scenario A, increase) or blue 

(Scenario B, decrease) horizontal bar. A grey horizontal bar represented the average from one minute of normal walking without 

biofeedback. All bars show an average ±1 SD obtained from normal walking of the right-leg MCF second peak.  

During these trials, subjects were asked to perform a series of gait modifications, including 

altering their foot progression angle (toe-in/toe-out), stance width (narrow/wide), and gait speed (1.2 m/s 

± 10%) (Fig. 11). The amount of increase or decrease in foot progression angle and stance width were 

self-selected by the subject, with the instruction to only modify their gait within a range that feels 

reasonable for a realistic altered gait style. Gait speed modifications were controlled by the researcher by 

increasing or decreasing the treadmill belt speed by ±10%. Subjects were asked to maintain each 

modification while observing its effect on their MCF for 30 seconds before the researcher indicated for 

them to switch to the next modification.  
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Figure 11: Illustration of two of the three gait modifications performed by nine subjects included in the study while being 

provided feedback of an estimate of their medial contact force, including varied foot progression angles and stance widths. 

These specific gait modifications were chosen because a combination of these strategies has been 

suggested for potentially reducing knee joint loads during walking (Favre et al., 2015). Statistics 

regarding the range of foot progression angle, stance width, and self-selected gait speed in the training 

data used to generate the model were computed (Table 3). The foot progression angle was defined as the 

average angle during stance between the posterior-anterior axis of the foot and the posterior-anterior axis 

of the treadmill. The stance width was defined as the distance between ankle joint centres along the 

medial-lateral axis of the treadmill during stance. 

Table 3: Mean (SD) and range (minimum to maximum) of gait characteristics represented within the training data used to 

generate the PCA regression model, including foot progression angles and stance widths.  

Gait Style Mean (SD) Range (min - max) 

Foot Progression Angle (deg) 7.21 (3.5) -0.6 – 13.3 

Stance Width (cm) 12.6 (2.2) 8.7 – 17.0 

Gait Speed (m/s) 1.2 (0.2) 0.7 – 1.7 

 

E. Data Analysis 

 

After collections, live medial contact force estimates provided to the subjects using the PCA 

regression model (“live”) were compared to musculoskeletal model predictions post-processed offline 

A 

B 

ankle joint centre 

foot progression angle 

stance width 

A 
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(“offline”) to assess the accuracy of the feedback provided. Since live estimates of MCF waveforms were 

based on an average of the kinematics and kinetics from five seconds of walking, we were unable to 

compare live to offline MCF estimates for the same exact stride. Therefore, we averaged live MCF 

waveform estimates across the full 30 seconds of walking for each gait condition (60 seconds for normal 

walking). The computationally expensive process of estimating the MCF offline using musculoskeletal 

modelling limited the number of strides for which we computed offline estimates. Thus, we averaged 

offline MCF estimates across a minimum of 10 strides per gait condition. 

F. Improved Model 

 

The PCA regression model used in the biofeedback study was generated using training data 

consisting of 36 healthy and osteoarthritic subjects performing normal walking only (“original regression 

model”). A post-hoc analysis was conducted in attempts to increase the accuracy of the regression model 

predictions by including modified gait patterns in the training data. Rationale for this was because the 

regression model used in the biofeedback study was trained using normal walking only, so the model did 

not know how kinetics and kinematics of modified gait patterns affected the medial contact force. 

Therefore, for each of the nine biofeedback study subjects, a single representative stride for all 

seven gait conditions (normal, fast/slow, narrow/wide, toe-in/toe-out) was computed using the 

musculoskeletal model and added to the training data. A new regression model was then generated 

(“improved regression model”), which was tested using the same leave-one-out analysis. During the 

analysis, when removing any of the nine biofeedback subjects, strides across all seven gait conditions 

from the excluded subject were removed from the training data. 

3.3 Results 

 

A. PCA Regression Model Generation 

 

Four regression models were developed to predict the first four MCF PCs retained using the 90% 

trace criteria; the first PC described 54.8% of the variation in the data (Table 4).  
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Table 4: Regression model used to predict scores of the four retained medial contact force (MCF) principal components (PCs); 

coefficients calculated using all 36 subjects. 

Predicted Score Model 

MCF1 MCF1 = 0.03×HAA1 + 1.30×KAM1 - 0.55×HFM1 

MCF2 MCF2 = 0.92×KFM2 + 0.55×HFM2 

MCF3 MCF3 = 0.04×KFA3 - 0.03×HFA2 - 0.01×HAA1 + 0.75×HFM3 + 1.10×HAM2 + 

1.30×AFM3 

MCF4 MCF4 = 0.04×AFA3 - 0.57×KFM2 - 0.59×HAM2 - 1.30×HRM3 

Note: Coefficients of the models in the leave-one-out analysis differed from these values as each model used a unique reduced set 

of training data. 

In the leave-one-out analysis, the regression model was used to reconstruct MCF waveforms for 

each of the 36 subjects individually. Reconstructed waveforms successfully captured unique shape 

features of the test data, with a mean (SD) RMS difference of 0.29 (0.12) BW compared to contact forces 

predicted using the musculoskeletal model. 

B. Biofeedback System 

 

Computation and plotting of the MCF estimate in MATLAB took an average of 0.06 seconds, 

which resulted in feedback being provided to subjects approximately every 2.06 seconds based on the 

system setup. Live medial contact force estimates computed using the PCA regression model were 

compared to musculoskeletal model predictions computed offline (Fig. 12). 

i. Normal Walking (without biofeedback) 

 

Live PCA regression model estimates of the MCF were similar in shape and magnitude to 

musculoskeletal model predictions, with a mean (SD) RMS difference of 0.25 (0.08) BW. A Bland-

Altman analysis (Fig. 13) of live versus offline estimates for the MCF first and second peaks across 

subjects revealed a mean difference of 0.05 BW with limits of agreement of -0.55 and 0.65 BW for the 

first peak, and a mean difference of 0.26 BW with limits of agreement of -0.27 and 0.80 BW for the 

second peak (Bland and Altman, 1999). 
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Figure 12: One subject’s mean (solid) ± 1 SD (faded region) medial contact force (MCF) waveform provided as live feedback 

using the PCA regression model (red) averaged across 30 seconds of normal walking compared to musculoskeletal model 

predictions post-processed offline (black) averaged over 14 strides. The mean RMS difference between methods was 0.19 BW. 

 

Figure 13: Bland-Altman plot demonstrating the difference between live (PCA regression model) and offline (musculoskeletal 

model) MCF first and second peak estimates for each subject for normal walking. The mean (black, solid) and the limits of 

agreement (LoA) within which 95% of the data reside (±1.96SD) (red, dashed) are shown. 

ii. Prescribed Gait Modifications (with biofeedback)  

 

Mean (SD) gait characteristics averaged across all subjects from 60 seconds of normal walking 

were computed. The mean (SD) as well as the average (SD) increase or decrease in foot progression angle 

and stance width performed by the subjects for toe-in/toe-out and narrow/wide stance gait conditions were 

also computed across 30 seconds of modified gait (Table 5). Participants successfully followed the 
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instructions to modify their gait within a range that resembled realistic modifications to their natural 

walking pattern. 

Table 5: Mean (SD) and mean increase or decrease from normal walking (SD) in foot progression angle and stance width gait 

modifications performed by the nine biofeedback subjects. Increase conditions corresponded to a larger toe-out angle and a wider 

stance width. Decrease conditions corresponded to a larger toe-in angle and a narrower stance width. 

 Foot Progression Angle Stance Width 

Condition Mean (SD) (deg) Mean Diff. (SD) (deg) Mean (SD) (cm) Mean Diff. (SD) (cm) 

Normal 7.7 (2.6) 0.0 (0.0) 11.7 (1.0) 0.0 (0.0) 

Increase 10.0 (3.1) +2.3 (1.1) 24.3 (4.3) +12.6 (4.1) 

Decrease  5.3 (3.3) -2.3 (1.3) 9.0 (1.5) -2.7 (1.1) 

 

Mean (SD) RMS differences in MCF estimates between live and offline predictions for the altered gait 

portion of the study were computed (Table 6).  

Table 6: Mean (SD) RMS differences in the medial contact force estimate between live PCA regression model and 

musculoskeletal model predictions computed offline for six gait modifications performed in the biofeedback study, including: 

fast/slow gait speed, wide/narrow stance width, and toe-in or toe-out gait. 

Gait Condition RMS Difference (SD) 

Toe In 0.25 (0.11) 

Toe Out 0.29 (0.08) 

Narrow Stance 0.27 (0.07) 

Wide Stance 0.31 (0.10) 

Fast  0.29 (0.06) 

Slow  0.25 (0.06) 

 

A Bland-Altman analysis (Fig. 14) of live versus offline estimates for the MCF first and second 

peaks across gait modifications revealed a mean difference of 0.08 BW with limits of agreement of -0.53 

and 0.69 BW for the first peak, and a mean difference of 0.21 with limits of agreement of -0.33 and 0.75 

BW for the second peak (Bland and Altman, 1999). 
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Figure 14: Bland-Altman plot demonstrating the difference between live (PCA regression model) and offline (musculoskeletal 

model) MCF first and second peak estimates for all gait modifications across all subjects (fast/slow, wide/narrow stance, toe-

in/toe-out). The mean (black, solid) and the limits of agreement (LoA) within which 95% of the data reside (±1.96SD) (red, 

dashed) are shown. 

A preliminary analysis was conducted regarding the effect of each gait modification on the MCF first 

and second peak live estimates for the nine biofeedback subjects. On average, the gait modifications 

performed appeared to decrease both the MCF first and second peak compared to normal walking, with 

the exception of the faster walking speed gait condition. Average decreases (SD) in MCF first peak 

estimates across gait conditions ranged from 0.04 (0.08) to 0.14 (0.07) BW. The average increase (SD) 

across subjects in MCF first peak due to a faster walking speed was 0.09 (0.09) BW. Average decreases 

in MCF second peak estimates ranged from 0.04 (0.07) to 0.23 (0.07) BW. The largest decreases in both 

the MCF first and second peak estimates were found with the wide stance gait modification. Raw data of 

the differences in MCF first and second peak estimates across gait modifications are shown for all nine 

biofeedback subjects in Appendix E (Table 8).  

C. Improved Model 

The PCA regression model was re-created using training data that included the addition of nine 

biofeedback subjects, each with seven different gait patterns (Table 7). Using the 90% trace criteria, five 

MCF PCs were retained, where the first PC explained 49.4% of the variation in the data. 
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Table 7: Improved regression model used to predict scores of the five retained medial contact force (MCF) principal components 

(PCs); coefficients calculated using all subjects, including seven gait conditions for nine biofeedback subjects. 

Predicted Score Model 

MCF1 MCF1 = 0.02×HFA2 + 0.95×KAM1 – 0.42×KFM1 + 0.45×HAM1 + 0.56×AFM3 

MCF2 MCF2 = 0.03×KFA2 + 0.02×KFA3 – 0.03×HAA2 – 1.10×KFM3 + 0.23×HFM1 + 

0.78×HAM2 + 0.66×AFM1 – 0.40×AFM3 

MCF3 MCF3 = 0.02×KFA3 + 0.02×HFA2 + 0 .01×HAA1 + 0.03×HAA3 – 0.0039×AFA1 

+ 0.27×KAM2 + 0.29×HFM2 – 0.40×HFM3 + 0.78×HAM2 + 0.70×HAM4 + 

0.86×HAM5 – 0.32×AFM1 + 0.21×AFM2 + 0.51×AFM3 

MCF4 MCF4 = 0.01×KFA1 – 0.0037×HRA1 – 0.06×AFA3 + 0.04×AFA4 + 0.15×KAM1 

– 0.66×KFM2 – 0.20×HAM2 + 0.54×HAM3 – 1.20×HAM5 – 1.40×HRM3 – 

0.78×AFM3 

MCF5 MCF5 = 0.12×HAA2 – 0.02×HAA3 – 0.08×KFM1 – 0.14×KFM2 – 0.33×HAM2 + 

1.20×HAM4 – 0.33×HAM5 

Note: Coefficients of the models in the leave-one-out analysis differed from these values as each model used a unique reduced set 

of training data.  

Results from the leave-one-out analysis using the improved versus original regression model 

revealed an average decrease in mean RMS difference between regression model and musculoskeletal 

model predictions of 0.04 BW for the original 36 model subjects (Fig. 15). 

  

Figure 15: Histograms of root mean square (RMS) difference between PCA regression model and musculoskeletal model 

estimated medial contact force waveforms from the leave-one-out analysis using the original regression model (left) versus the 

improved regression model (right). 

The leave-one-out analysis was also used to assess the improved regression model’s ability to 

predict MCF waveforms for altered gait styles for the nine biofeedback subjects (Fig. 16).  

Improved Regression Model Original Regression Model 
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Figure 16: PCA regression model versus musculoskeletal model predictions for one subject using the original regression model 

(36 healthy and OA subjects, normal gait) versus the improved regression model (including 9 biofeedback subjects, 7 gait styles) 

for each gait condition (normal, fast/slow, narrow/wide, toe-in/toe-out).  

In comparison to the mean RMS differences between live and offline estimates (Table 6), the 

leave-one-out analysis using the improved regression model revealed a decrease in mean RMS difference 

between regression model and musculoskeletal model predictions (Fig. 17). A two-factor repeated 

measures ANOVA revealed a significant decrease in mean RMS difference between regression model 

and musculoskeletal model predictions for all seven gait conditions using the improved model (p=0.005). 

Decreases in mean RMS difference for altered gait patterns ranged from 0.03 – 0.12 BW. The average 

mean (SD) RMS difference between regression model and musculoskeletal model predictions for all 

subjects and gait conditions using the improved regression model was 0.21 (0.08) BW. 

 

Figure 17: Error bar plot displaying the mean RMS difference between live and offline predictions using the original regression 

model (36 healthy and OA subjects, normal gait), and between reconstructed waveforms and musculoskeletal model predictions 

for a single representative stride using the improved regression model (including 9 biofeedback subjects, 7 gait styles). 

Normal Fast Narrow Toe-In 

Slow Wide Toe-Out 

Original Reg. Model 

Improved Reg. Model 

MSK Model 

 

Original Regression Model Improved Regression Model 
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3.4 Discussion 

We developed a biofeedback system that provides a live estimate of the medial contact forces in 

the knee using a statistical regression model based on kinematic and kinetic gait measures. Live PCA 

regression model estimates were similar in shape and magnitude to musculoskeletal model predictions 

computed offline for normal walking, with a mean (SD) RMS difference of 0.25 (0.08) BW. The 

regression model also predicted comparable MCF estimates to offline predictions for altered gait patterns, 

with mean RMS differences ranging from 0.25 – 0.31 BW (Table 6). Pizzolato et al. (2017) reported an 

average mean (SD) RMS difference between live and offline medial contact force estimates of 0.13 (0.07) 

BW. However, as the EMG-driven model Pizzolato used requires a subject-specific calibration prior to 

data collection, we would expect more accurate predictions of contact loading. 

Bland-Altman analyses revealed no trend in the difference between live and offline predictions as 

a function of the mean MCF estimate for either the first or second peak. A larger mean difference was 

found between live and offline MCF second peak estimates (0.26/0.21 BW) compared to the first peak 

(0.05/0.08 BW) for both normal and altered gait respectively. These results indicate that there was no real 

bias between live and offline predictions of the MCF first peak, whereas live estimates appeared to 

underestimate the MCF second peak compared to offline predictions. The Bland-Altman analysis also 

revealed a maximum limit of agreement between live and offline measurements across both normal and 

altered gait patterns of 0.8 BW. 

A post-hoc analysis revealed that by adding more subjects and altered gait patterns to the training 

data, there was an average decrease in mean RMS difference between regression model and 

musculoskeletal model predictions for normal walking of 0.04 BW. Adding altered gait patterns to the 

training data also resulted in a significant (p=0.005) decrease in mean RMS difference between regression 

model and musculoskeletal model predictions across faster/slower, narrower/wider stance, and toe-in/toe-

out gait conditions (min – 0.03 BW, max – 0.12 BW). These results demonstrate that by including altered 

gait patterns in the training data set, the PCA regression model is capable of predicting more accurate 

MCF estimates for normal walking as well as for a wider range of gait styles. 
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The biofeedback system developed is easily configurable regarding the desired feedback provided 

to subjects. Studies have been conducted to test the effect of various types of live feedback for gait 

retraining (van den Noort et al., 2015) or to assess the impact of different waveform summary measures 

(Robbins and Maly, 2009). Future work with the system developed could include testing the use of 

different types of visual feedback, such as a moving average of the MCF estimate as opposed to a percent 

change from a baseline or reference estimate. Similarly, the system could be adjusted to provide feedback 

of a different waveform measure, such as the first peak or stance-phase impulse (Fig. 18). Lateral, as well 

as medial, knee joint contact force estimates could also be provided as live feedback. Finally, the PCA 

regression model could be developed to avoid the use of kinetic input, by including kinematic and EMG 

input, for clinical settings in which ground reaction force data may not be available. 

 

Figure 18: Alternate waveform summary measures of the medial contact force (MCF) that could be provided as live feedback 

using the system developed.  

One limitation of this study is that medial contact forces used in the PCA regression model were 

estimated with kinematics and kinetics computed using the musculoskeletal model in OpenSim. Future 

work should consist of generating medial contact force estimates with kinematics and kinetics computed 

in Visual3D using the same model for test subjects as for training data. As well, each of the 36 healthy 

and OA subjects included in the training data obtained a standing full-length radiograph for measurement 

of frontal plane alignment. Measurements from these radiographs were used for computation of medial 

contact force estimates incorporated in generating the regression model. The nine biofeedback subjects in 

this study were not asked to get x-rays, so their knee alignment, knee width, limb length, and pelvis width 

measurements were estimated based on static trials. Estimates of these measurements were then used to 

1st Peak 2nd Peak 

Stance Impulse 

% Stance 

M
C

F
 (

B
W

) 



36 
 

scale the OpenSim model to each subject, which would have increased the error in medial contact force 

estimates. For one training subject with radiographic measurements, we tested computing their medial 

contact force using only Visual3D input kinematics and kinetics and frontal plane measurements 

estimated from their static trial, revealing an RMS difference of 0.13 BW. 

The ultimate purpose for the biofeedback system developed would be to have subjects use the 

live feedback of their contact forces in a clinical setting to make changes to their gait that decrease their 

knee joint loading. Instructing subjects to perform prescribed gait modifications and assessing their effect 

on the medial contact force is an analysis that could be performed offline after collecting data in a 

laboratory. However, the optimal gait pattern to minimize joint loads often combines multiple gait 

modification strategies and is subject-dependent, which would be challenging to determine and maintain 

without live feedback (Favre et al., 2016; Fregly et al., 2007; Gerbrands et al., 2014). As well, it would be 

difficult to replicate learned or novel gait patterns across multiple sessions. As such, future work should 

consist of testing whether subjects can use the system developed to decrease their knee joint loads, 

potentially to a target level, by continuously altering their gait based on the live feedback. A study could 

then be conducted that examines the ability of the system to train subjects into a gait pattern that lessens 

their knee loading over a series of sessions with a faded feedback approach to reduce the volume of 

feedback across sessions (Winstein and Schmidt, 1990). 

In summary, biofeedback-assisted gait retraining has been found to be an effective form of 

treatment in patients with knee osteoarthritis, potentially reducing pain and preventing the need for 

surgical interventions (Barrios et al., 2010; Hunt et al., 2011; Shull et al., 2010; van den Noort et al., 

2015; Wheeler et al., 2011). The biofeedback system developed in this study uses real-time kinematic and 

kinetic variables measured using motion capture analysis to provide feedback of an estimate of the joint 

contact forces in the knee without the need for subject-specific calibration. By using a robust set of 

training data with a wide range of subject characteristics and gait patterns, we can provide feedback of a 

realistic estimate of the joint contact forces in the knee for a variety of gait styles. 
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Chapter 4 

 

Conclusions and Future Work 
 

The aim of this thesis was to improve our ability to investigate the effectiveness of non-invasive 

methods for treatment of knee osteoarthritis. In our first study, we sought to develop a novel method for 

non-invasively measuring the moment applied by valgus braces using a deflection model that isolates 

abduction. Our second aim was to develop the framework for a biofeedback system that provides a live 

estimate of knee joint contact forces for use in gait retraining. 

Aim 1: We developed a novel method that uses brace deflection to estimate the mechanical effect 

of valgus braces using optical motion capture. By measuring brace abduction deflection, we computed the 

applied brace moment during static and walking trials using a predetermined brace stiffness. Applied 

brace moments found in this study, ranging from 7.1 to 8.7 Nm, were comparable to those reported 

previously (Pollo et al., 2002). We validated our results using strain gauge instrumentation, revealing a 

mean difference between deflection model predictions and strain measurements of 0.32 Nm during static 

trials. Maximum differences during walking over the gait cycle in mean and peak brace moments between 

methods were 1.50 Nm and 0.60 Nm respectively. 

This method provides us with the ability to assess the extent to which valgus braces compensate 

for increased knee adduction moments in individuals with medial knee OA. The technique requires no 

specific instrumentation or subject calibration, and only requires nine retroreflective markers and a single 

calibration trial of deflection to moment for computing applied brace moments throughout dynamic trials. 

Further validation of predicted changes in knee loads from brace use could be conducted with in vivo data 

from instrumented prostheses. Future work using this method could consist of comparing the mechanical 

effect of varying or novel brace mechanism designs. Studies could also be conducted to assess the load 

reducing ability of braces in a group of subjects to gain further insight into why some designs have a 

greater impact for only a select group of individuals.  



38 
 

Aim 2: We developed a biofeedback system that provides live feedback of an estimate of the joint 

contact forces in the knee. Knee joint loads were computed using a statistical regression model technique 

(Saliba et al., 2018) that incorporates principal component prediction and reconstruction based on 

kinematic and kinetic data. By including a large number of subjects with a variety of gait styles in the 

training data set for the model, we were able to estimate medial contact force waveforms with a mean 

(SD) RMS difference of 0.21 (0.08) BW from musculoskeletal model predictions for both normal and 

altered gait patterns. The biofeedback system developed took kinematic and kinetic data streamed in real-

time at 100 Hz and, using the PCA regression model, computed MCF estimates in 0.06 seconds.  

Development of this system gives us the ability to provide live feedback of a better estimate of 

knee joint loading. The system is easily configurable, regarding the feedback visualization or the joint 

contact force summary measure, and has potential for a wide variety of studies. Future work could consist 

of adding EMG-based measurements as an input measure in the regression model to account for the 

contribution of neuromuscular control to in vivo knee loading. The model could also be developed to 

avoid the use of kinetic input for clinical settings in which ground reaction force data may not be 

available. Finally, a study should be conducted testing the ability to use the live feedback system to 

increase or decrease knee joint loads to a target level for validation of its use in gait retraining. Regarding 

clinical applications, this has the potential to be a powerful tool in detecting and correcting features of 

pathological gait. 

In conclusion, the developments in this thesis provide us with tools to better assess the 

biomechanical effects of non-invasive treatment strategies for medial knee osteoarthritis. This information 

would provide us with more insight to be able to make improvements on treatment strategies. In doing so, 

we could progress towards developing treatment options that provide more pain relief and improvements 

in function for a larger group of affected individuals, potentially delaying or even preventing the need for 

costly and invasive surgical interventions. 
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Appendix B 

Brace Calibration Experimental Setup 

 

 

Figure 19: Schematic of experimental setup, showing the proximal and distal marker cluster sets, as well as the marker located at 

the joint centre of rotation (hinge), applied to track three-dimensional rotation of the brace. 
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Appendix C 

Biofeedback Study Marker Set 

 

 

Figure 20: Biofeedback study full anatomical marker set labeled. Acromion, sternal notch, C7, and head markers were only 

necessary for offline computation of musculoskeletal model predictions of knee joint loading. Markers from the hips down were 

required for computing necessary predictor kinematics and kinetics for live regression model estimates. 
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Appendix D 

PCA Regression Model Training Data 

 

Figure 21: Kinematic and kinetic predictor variable training data used to generate the PCA regression model used in the 

biofeedback study. Data shown were computed using Visual3D software for a single representative stride from normal walking 

on a level treadmill from a mix of 36 healthy and OA subjects. 

 

Figure 22: Medial contact force (MCF) waveforms used as training data to generate the PCA regression model used in the 

biofeedback study. Data shown were computed using a musculoskeletal model in OpenSim for a single representative stride from 

normal walking on a level treadmill from a mix of 36 healthy and OA subjects. 
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Figure 23: Range of foot progression angles in the training data set used to generate the PCA regression model from a mix of 

healthy and osteoarthritic subjects. The foot progression angle was defined as the angle between the posterior-anterior axis of the 

foot and the posterior-anterior axis of the treadmill. Mean foot progression angles averaged across stance ranged from -0.6 to 13.3 

degrees. 

 

Figure 24: Range of stance widths in the training data set used to generate the PCA regression model from a mix of healthy and 

osteoarthritic subjects. The stance width was defined as the distance between ankle joint centres along the medial-lateral axis of 

the treadmill. Mean stance widths averaged across stance ranged from 8.7 to 17.0 cm. 

 



51 
 

Appendix E 

Effects of Gait Modifications on Live MCF First and Second Peak Estimates 

Raw Data  

Table 8: Raw data of live MCF estimates for all nine biofeedback subjects. Data shows the average medial contact force (MCF) 

first and second peaks ±SD provided as live feedback to subjects using the biofeedback system. Live estimates were computed 

using the PCA regression model. The differences between the MCF first and second peaks compared to normal walking due to 

each of the six gait modifications performed (toe-in/toe-out, narrow/wide stance, fast/slow speed) are also shown. 

Subject 1 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.10±0.04 2.26±0.04 0.00 0.00 

Toe-In 2.03±0.08 2.11±0.07 -0.07 -0.15 

Toe-Out 2.14±0.05 2.03±0.03 0.04 -0.23 

Wide  1.84±0.08 2.01±0.06 -0.26 -0.25 

Narrow  1.98±0.06 2.13±0.04 -0.12 -0.13 

Fast 2.09±0.06 2.21±0.03 -0.01 -0.05 

Slow  1.96±0.08 2.33±0.08 -0.14 0.07 

 

Subject 2 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 1.85±0.07 2.03±0.05 0.00 0.00 

Toe-In 1.84±0.04 2.11±0.03 -0.01 0.08 

Toe-Out 1.84±0.04 2.11±0.04 -0.01 0.08 

Wide 1.77±0.08 1.77±0.05 -0.08 -0.26 

Narrow 1.90±0.04 1.94±0.02 0.05 -0.09 

Fast  2.03±0.05 2.01±0.08 0.18 -0.02 

Slow 1.94±0.07 1.99±0.05 0.09 -0.04 

 

Subject 3 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 1.77±0.06 2.56±0.08 0.00 0.00 

Toe-In 1.61±0.05 2.28±0.08 -0.16 -0.28 

Toe-Out 1.67±0.06 2.27±0.04 -0.1 -0.29 

Wide 1.59±0.06 2.27±0.07 -0.18 -0.29 

Narrow 1.73±0.07 2.39±0.03 -0.04 -0.17 

Fast  1.82±0.06 2.41±0.07 0.05 -0.15 

Slow 1.65±0.03 2.51±0.05 -0.12 -0.05 
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Subject 4 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.17±0.09 2.89±0.07 0.00 0.00 

Toe-In 1.97±0.06 2.60±0.04 -0.2 -0.29 

Toe-Out 1.95±0.04 2.59±0.07 -0.22 -0.3 

Wide 2.08±0.06 2.57±0.09 -0.09 -0.32 

Narrow 2.09±0.03 2.82±0.09 -0.08 -0.07 

Fast  2.27±0.06 2.84±0.06 0.1 -0.05 

Slow 2.07±0.05 2.82±0.04 -0.1 -0.07 

 

Subject 5 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.03±0.07 2.36±0.05 0.00 0.00 

Toe-In 2.03±0.09 2.21±0.07 0.00 -0.15 

Toe-Out 1.95±0.04 2.16±0.05 -0.08 -0.2 

Wide 1.88±0.08 2.24±0.04 -0.15 -0.12 

Narrow 2.03±0.06 2.36±0.06 0.00 0.00 

Fast  2.08±0.03 2.41±0.06 0.05 0.05 

Slow 1.92±0.06 2.48±0.07 -0.11 0.12 

 

Subject 6 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.24±0.05 2.21±0.05 0.00 0.00 

Toe-In 2.21±0.07 2.07±0.08 -0.03 -0.14 

Toe-Out 2.25±0.09 2.01±0.07 0.01 -0.2 

Wide 2.18±0.14 2.01±0.07 -0.06 -0.2 

Narrow 2.11±0.06 2.12±0.07 -0.13 -0.09 

Fast  2.48±0.07 2.12±0.08 0.24 -0.09 

Slow 2.17±0.04 2.23±0.04 -0.07 0.02 

 

Subject 7 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.14±0.04 2.38±0.06 0.00 0.00 

Toe-In 2.07±0.06 2.34±0.06 -0.07 -0.04 

Toe-Out 2.03±0.1 2.22±0.08 -0.11 -0.16 

Wide  1.90±0.06 2.16±0.07 -0.24 -0.22 

Narrow  2.02±0.05 2.44±0.06 -0.12 0.06 

Fast  2.13±0.07 2.32±0.06 -0.01 -0.06 

Slow  2.01±0.06 2.38±0.06 -0.13 0.00 
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Subject 8 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.13±0.05 2.38±0.06 0.00 0.00 

Toe-In 1.95±0.07 2.28±0.1 -0.18 -0.10 

Toe-Out 1.95±0.07 2.08±0.08 -0.18 -0.30 

Wide 2.04±0.11 2.24±0.07 -0.09 -0.14 

Narrow 2.19±0.05 2.49±0.07 0.06 0.11 

Fast  2.28±0.04 2.47±0.09 0.15 0.09 

Slow 2.03±0.06 2.43±0.06 -0.10 0.05 

 

Subject 9 

MCF 1st Peak ±SD 

(BW) 

MCF 2nd Peak ±SD 

(BW) 

1st. Peak Diff. 

(BW) 

2nd Peak Diff. 

(BW) 

Normal 2.14±0.05 2.43±0.1 0.00 0.00 

Toe-In 2.07±0.07 2.46±0.07 -0.07 0.03 

Toe-Out 2.13±0.04 2.31±0.04 -0.01 -0.12 

Wide 2.06±0.08 2.18±0.08 -0.08 -0.25 

Narrow 2.17±0.05 2.34±0.06 0.03 -0.09 

Fast  2.17±0.05 2.38±0.08 0.03 -0.05 

Slow 2.12±0.08 2.39±0.07 -0.02 -0.04 

 

Table 9: Mean differences between MCF first and second peak estimates for altered gait patterns (toe-in/toe-out, narrow/wide, 

fast/slow) versus normal walking averaged across all nine biofeedback subjects.   

All 

Subjects 

1st Peak Mean 

Diff. (SD) (BW) 

2nd Peak Mean 

Diff. (SD) (BW) 

1st Peak Range Diff. 

(BW) (min - max) 

2nd Peak Range Diff. 

(BW) (min - max) 

Toe-In -0.09 (0.07) -0.12 (0.13) -0.20 to 0.00 -0.29 to 0.08 

Toe-Out -0.07 (0.09) -0.19 (0.12) -0.22 to 0.04 -0.30 to 0.08 

Wide -0.14 (0.07) -0.23 (0.07) -0.26 to -0.06 -0.32 to -0.12 

Narrow -0.04 (0.08) -0.05 (0.09) -0.13 to 0.06 -0.17 to 0.11 

Fast 0.09 (0.09) -0.04 (0.07) -0.01 to 0.24 -0.15 to 0.09 

Slow -0.08 (0.07) 0.01 (0.06) -0.14 to 0.09 -0.07 to 0.12 

 


