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For your consideration please

• How much evidence is needed to guide clinical/industry 
decision making and/or research questions?

• What is/are the most appropriate type(s) of evidence for 
this?

• Are state of the art approaches always best to acquire this 
evidence?



Biomechanics – historical context

• Biomechanics research (and thus applications) has long been 
limited by challenges in:
– Collection of data
– Analysis of data
– Determining what is important to focus on
– Interpretation of data
– Uptake and acceptance of data

• Result = low sample sizes, minimal outcomes, minimal integration 
with other relevant constructs



Collecting biomechanics data is was hard!

• Kinematic analyses necessitates “observation” of 
movement, most commonly via video capture
– Requires joints/segments/bodies to be visible

• Synchronization of different physiological constructs can be 
complex

• Confined to laboratory settings and generally short bursts of 
moderately dynamic, cyclical movement









Analyzing biomechanics data is was hard!

• Manual digitizing was a game changer!



Source: Sutherland et al. JBJS Am 1980





Analyzing biomechanics data is was hard!

• Manual digitizing was a game changer!

• Optoelectric collection and in-line processing (ie. automatic 
joint/segment identification) was another game changer!







Biomechanics – historical context

• Biomechanics research (and thus applications) has long 
been limited by challenges in:
– Collection of data
– Analysis of data
– Determining what is important to focus on
– Interpretation of data
– Uptake and acceptance of data

Barrier = technology

Barrier = thought



For your consideration please

• How much evidence is needed to guide clinical/industry 
decision making and/or research questions?

• What is/are the most appropriate type(s) of evidence for 
this?
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The Knee Adduction Moment (KAM)

KAM1 KAM2

KAMi

𝑲𝑲𝑲𝑲𝑲𝑲 ~ 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝑨𝑨𝑨𝑨𝑨𝑨 × 𝑮𝑮𝑮𝑮𝑮𝑮 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗



The Knee Adduction Moment (KAM)

• Thought to be a proxy of the distribution of tibiofemoral joint 
load during walking (mainly medial compartment)

• Limitations:
– It is an external measure
– It is uniplanar
– It is still almost exclusively measured in laboratory settings
– It is not perfectly correlated with internal loading measurements
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KAM and Knee Contact Force

• KAM1 <-> Medial Contact Force: R2 = 0.6
• KAM2 <-> Medial Contact Force: R2 = 0.44
• KAM Impulse <-> Med:Total Contact: R2 = 0.8
• KAM peak <-> Medial Contact Force: R2 =0.6
• KFM ~ half as strong a relationship

Richards et al (2018) Osteoarthritis Cartilage
Manal et al (2015) Osteoarthritis Cartilage

Winby et al (2013) Clin Biomech



The Knee Adduction Moment (KAM)

Is not fully representative of the internal dynamic loading 
environment of the knee joint
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KAM & OA Progression

Structural
• Joint space narrowing
• Cartilage volume loss
• M:L thickness loss
• Worsening bone marrow lesions
• Total knee arthroplasty

Symptom
• Increased odds of pain during 

walking
• Exercise induced pain flares
• Sensitive to experimental pain 

changes

• Background
Miyazaki et al. (2002) Ann Rhem Dis
Davis et al. (2018) Clin Biomech
Bennell et al. (2011) Ann Rheum Dis
Brisson et al. (2017) J Orthop Res

Chehab et al. (2014] Osteoarthritis Cartilage
Chang et al. [2015) Osteoarthritis Cartilage
Hatfield et al. (2015) Arthritis Care Res
D’Souza et al [2021] Osteoarthritis Cartilage

Birmingham et al. (2018) Arthitis Care Res
Boyer & Hafer. (2019) BMC Musc Dis
Henriksen et al. (2010)  Arthritis Care Res
Henriksen et al (2006) Knee

Higher KAM = 1.9-3.5 odds of progression Higher KAM = 2.4-6.6 odds increased pain
Higher KAM magnitude linked to higher odds of structural 

progression and experiencing knee-OA related pain



KAM & OA Progression

• Findings are relatively consistent across:
– Study lengths (12 months to 6 years)

– Progression metric 
• Imaging (x-ray JSN, x-ray KL grade, MRI cartilage thickness, MRI cartilage 

volume, MRI bone marrow lesions)
• Clinical (pain, progression to joint arthroplasty)

– KAM metric
• Overall peak, midstance, impulse



The KAM is modifiable!

• Immediate changes          
– Single-session experimental studies

• Medium term changes
– Multi-session clinical trials (randomized or not)

• MINIMAL EVIDENCE RE: LONG TERM CHANGES, 
ASSOCIATIONS WITH OTHER RELEVANT CHANGES, PLACEBO-
CONTROLLED RCTs

A lack of evidence of effect is NOT the same as 
evidence of lack of effect



How much is enough?

• Criteria for establishment of “relevance”:
– Established validity and reliability of measurement
– Consistency of evidence across a broad range of study designs
– Consistency of evidence across a broad range of 

collection/reporting parameters
– Establishment of a plausible and acceptable physiological rationale

• Perfection and full acceptance is not required“An 80% solution is better than no 
solution at all, 100% of the time”



For your consideration please

• Are state of the art approaches always best to acquire this 
evidence?

• IT DEPENDS!
– What other options are available?
– What are you trying to achieve/measure?
– Who are you measuring it for?



Murray et al (1970) Arch Phys Med Rehabil



Reduced KAM via FPA modification



Commonalities of early FPA modification research

• Guided by state-of-the-art real-time biofeedback





Hunt et al [2014] Arch Phys Med Rehab

5.9°

3.8°

5.3°



Hunt et al  [2018] OA&C



Quantifying real world gait assessment

Xia et al  [2017] J Biomech



Haptic-induced gait modification



Toe-out training

Walking direction



Toe-out training

Walking direction



Toe-out training

Walking direction



Toe-out training

Walking direction



0/6 pilot participants with knee OA 
were willing to try at home

“An 80% solution is better than no 
solution at all, 100% of the time”

“A 100% solution is useless if used 
0% of the time”



• Individualized based on screening
• Remotely delivered
• Self-directed
• Monitored out of lab

Charlton et al. [2023] Clin Biomech



LaboratoryReal-world LaboratoryReal-world
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• Study 4
Charlton et al. [2023] Clin Biomech

Week 0 Week 6 Week 10
Follow up RetentionScreenScreen Baseline

TI: Intervention

TO: Intervention

p=0.033

p<0.001
p=0.022

Low 
Variability

High 
Variability



Real world gait assessment



Mode = -1°

Mocap mean = -0.9°



LaboratoryReal-world LaboratoryReal-world
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• Study 4
Charlton et al. [2023] Clin Biomech

Week 0 Week 6 Week 10
Follow up RetentionScreenScreen Baseline

TI: Intervention

TO: Intervention

Low 
Variability

High 
Variability
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Classification
Cross-Correlation

Classification Variable (EDiff)

Signal Energy = 100% Signal 
Correlation

Maximum Cross Correlation

Percent Difference 
(Energy vs xCorr)



How to best summarize your data?

• What is the question trying to be answered?

• Who is trying to answer the question?
– What is their level of: expertise, time, resources to act
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The Knee Adduction Moment (KAM)

KAM1 KAM2

KAMi

𝑲𝑲𝑲𝑲𝑲𝑲 ~ 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝑨𝑨𝑨𝑨𝑨𝑨 × 𝑮𝑮𝑮𝑮𝑮𝑮 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗



49

The Knee Adduction Moment (KAM)

KAM1 KAM2

KAMi

𝑲𝑲𝑲𝑲𝑲𝑲 ~ 𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 𝑨𝑨𝑨𝑨𝑨𝑨 × 𝑮𝑮𝑮𝑮𝑮𝑮 𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗𝒗



How to best summarize your data?

• What is the question trying to be answered?

• Who is trying to answer the question?
– What is their level of: expertise, time, resources to act

• Who are they trying to answer the question for?
– What is their level of: expertise, time, resources to act



Favre et al. [2016] J Orthop Res
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Participant Experience

• Continued modification post-intervention

“Because it works!! I have very little pain when I modify 
my walk” 

“Foot rotation has become a habit which is easy to 
maintain doing.” 

“Sometimes I'm unaware I'm already doing it. Often times 
when I am aware I try to keep up the modification.” 

“Hoping to impact on a longer-term basis.” 

“On short walks only, not comfortable for long distances .” 

“Feels too awkward and very little if any noticeable 
difference. As well, irritates upper leg to walk with 

outward foot rotation for any length of time.” 



Where do we need to go from here?

• Understanding human movement must continue to move 
beyond the lab

• Biomechanical data in isolation is ineffective
– Questionnaires, imaging and medical history, training logs, 

performance outcomes

• Advances in efficiencies must occur in conjunction with 
understanding the user experience of data



Determining the importance of your data

• What is important?

• Who gets to decide what is important? 
– Who is it important to?

• How do we find out what is important?

• How do we best visualize/convey what is important?



UX considerations

Sample → Population → Individual

• What is working well? What is not working well?
• What is the necessary level of individualization?
• How do we convey the importance and relevance of the 

data?
• What are the barriers and facilitators to effective and 

continual use?



Take home messages

• Be comfortable and deliberate with the amount and type of 
information necessary to guide/inform your research/clinical 
care/product development
– Should differ based on question, area, presentation

• Select the tools and approaches necessary for the job
– Consider: cost, burden, training, access, equity
– Nothing wrong with simpler if it is effective and more accessible!

• Quantitative + qualitative is key!
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