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Background

• Clinical knee trial
? Differences between 2 types of TKR 

design 
• Fixed bearing 

• Rotating platform

� Population
• OA (pre-op TKR)
• TKR (3/6/12 months post-op)
• Normal



“…the major limitation now is not the 
ability to produce high quality data, 
but knowing how best to use the data 
for the benefit of patients.”

Michael Whittle

Background



Obstacles:
• Subjective interpretation of data
• Large amounts of corroborating and 

conflicting information

Background



• Age
• Sex
• Weight
• Height
• Knee width
• Knee girth
• Cadence
• Velocity
• Stride length
• Swing phase
• Stance phase
• Gait cycle

• Flexion-extension curves
• Adduction-abduction curves
• Internal-external rotation 

curves
• Angular velocities
• Angular accelerations
• M-L shift curves
• A-P drawer curves
• Compression-distraction 

curves
• Linear velocities
• Linear accelerations

• M-L GRF
• A-P GRF
• Vertical GRF
• Frontal plane moments
• Sagittal plane moments
• Transverse plane 

moments
• Path of knee joint centre
• Path of centre of 

pressure

Background



“Technology has made so much 
information available but what the 

technological community has not done 
is to make any attempt for us to figure 
out how we're going to assimilate all 

this information.”
Herbie Hancock

Background



Aims of work

• Development of a diagnostic tool to aid those 
using 3D motion analysis techniques to 
analyse data for the benefit of patients



Diagnostic tool comprises two main 
elements:

1. Collection of motion analysis data
2. Classification using Dempster-Shafer 

based classifier
• Allows for the fact that, in medical 

applications, there is uncertainty in the 
decision-making process

The Diagnostic tool



Method of Holt et al. (2000):
• Optoelectronic system (Qualisys)
• Marker clusters and pointer

• Capelloet al. (1997)

• Transformation matrices
• Soderkvist and Wedin (1993)

• Knee rotations 
• Grood and Suntay (1983)

Motion analysis method



Anthropometric
• BMI
• Knee width
• Knee girth

Kinematic waveforms
• Flexion-extension
• Adduction-abduction
• Internal-external rotation

Temporal distance
• Cadence
• Stride length
• Stance phase

Classifier 1: Input Variables

Principal component analysis representation retains 
temporal information

Kinetic waveforms
• M-L GRF
• A-P GRF
• Vertical GRF



• Convert each variable into confidence factor

Classifier 2: Confidence Factors

k, �

Cadence

C
on

fid
en

ce
 v

al
ue

 
cf

(v
) 

1

0.8

0.6

0.4

0.2

0

v

OA

NL



Classifier 3 – Belief Values
• Covert confidence factors into sets of belief 

values:
� m(OA) = belief that knee function is OA
� m(NL) = belief that knee function is NL

� m(Q) = uncertainty

• Combine belief values from each variable



{NL} {OA}

{QQQQ}

h.m(OA)
h.m(NL)

h.m(QQQQ)

“It's much easier to 
consume the visual 
image than to read 

something.”
Lawrence Ferlinghetti (Poet)

Classifier 4 – Simplex Plots



Classifier 4 – Simplex Plots

{NL} {OA}

{QQQQ}

Dominant NL

Non-dominant NL Non-dominant OA

Dominant OA



Results 1 – Classification
• Identify pathology (knee OA)

{NL} {OA}

QQQQ • Diagnostic 
accuracy = 98%Decision

boundary

Misclassified
subject



Results 1 – Classification

{NL} {OA}

QQQQ

m(OA)

0.38

Patient 2

0.63

Patient 1

Patient 2
Patient 1

• Identify pathology (knee OA)
• Extent of pathology



Results 2 – Quantify Recovery

• No return of normal knee function

• TKR study (4 visits): 1) Pre-op (OA) 2) 3 months 
post-op 3) 6 months post-op 4) 12 months post-op

“Bad” patient “Good” patient



Results 3 – Feature Selection
• How do the input variables affect performance?

• 3 feature selection methods:

1. Stepwise linear discriminant analysis

2. Sequential selection method

3. Genetic algorithm



Results 3 – Feature Selection

98%
18 variables

100%
4 variables

100%
11 variables

100%
10 variables

• Common variables identified by the classifiers:
• Cadence
• Vertical force during loading response
• AP knee width

None SLDA SSM GA



Results 4 – Other Methods
• Compared performance with:

1. Linear discriminant analysis (linear)

2. Artificial neural network (non-linear)

95.2

LDA

63.997.6

DST ANN

Table 1. Out of sample classification accuracy, %



Summary
• Development of an decision-making tool to aid 

those using 3D motion analysis techniques to 
analyse data  for the benefit of patients

• Objective
• Visual
• Accurate
• Comparable with other methods



Further Work
• Tool development:

• To allow for errors in motion analysis 
technique
• Quantify errors using video fluoroscopy and a 

shape-matching technique
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