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Figure 63:t,/t, score plot of the PCA model for the wavelet dataset colored according to

average osteophyte score

5.3.3 PLS on the wavelets

After performing an initial PCA analysis and removing strong outliers (4 observations), a
PLS model was obtained by analyzing the cartilage scores (Y space) and wavelet data (X
space). The first 14 components captured 97% of the variability in Y space (Rzy) with
predictability (sz) of 39%. The model was then improved by removing the less
significant variables. The improved model has 14 components, sz = 51%, Rzy = 96%

and sz = 63% (total 5500 variables in the X space). Figure 64 shows the overview plot
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of this model. Model overview plot suggests that t; and t3 contain the most useful

information about the model.
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Figure 64: Model Overview Plot of the PLS model on the cartilage variables (after pruning

extra variables)

Figure 65 shows the t1/t3 score plot of the model. The color of the plot has been chosen
according to the average severity of cartilage damage (average cartilage score). It seems
that, overall, the model is capable of predicting average severity of cartilage damage.
When individual Y-Predicted (Y = cartilage score) plots for each compartment (Figure 66
to Figure 68) were observed, it was realized that modeling individual cartilage scores of
the knee did not provide adequate predictability. It seems the model is more capable of

predicting an overall degree or an average degree of cartilage damage.
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Figure 65: t,/t; Score Scatter plot, colored according to average cartilage score
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Figure 66: Y, Observed VS Predicted for cartilage score at a: Medial Femur (FMed), b:
Lateral Femur (FLat)
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Figure 67: Y, Observed VS Predicted for cartilage scores at a: Medial Tibia (Tmed), b:

)
Lateral Tibia (Tlat)
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Figure 68: Y, Observed VS Predicted for cartilage scores at a: Trochlea (FT), b: Patella

Another model was obtained by regressing the “X” variables against individual scores for

osteophyte formation. The model was again improved by pruning the less significant

variables. The final model has 15 components with R* = 50%, R?, = 96% and Q, =

59%. Figure 69 shows the overview plot of the model. It shows that the first- three

components are capturing most of the variations in the Y space.
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Figure 69: Model overview plot for PLS model on individual osteophyte scores (after

Pruning)

Figure 70 shows the t;/t; and t,/t3 score plots of the model, colored according to average
osteophyte score. It is evident that healthy knees (score = 0) are separated from knees
with large formations of osteophyte (score 2). The scores that are enclosed in squares

belong to the test set.
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Figure 70: t,/t, (left) and t,/t; (right) score plots of the PLS model colored according to

average osteophyte score

The score plots show that although formation of osteophytes can be predicted (more

accurately than the cartilage scores), again localization of the osteophytes is not accurate

and the model is more successful in predicting the average scores of different knee

compartments. For this reason a PLS model based on the average scores of the cartilage

and osteophyte (average of various compartments of the knee) was developed (# of Comp

=5, R =41%, R%,

= 89%, sz =70%). Figure 71 shows the model overview plot




Master’s Thesis — S. Salari Sharif McMaster University — Chemical Engineering
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Figure 71: Model Overview Plot for average cartilage and osteophyte scores

Figure 72 shows the X/Y overview plot of the model
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Figure 72: X/Y Overview plot of the PLS model for average cartilage and osteophyte scores

Figure 73 shows the observed versus predicted value for the average cartilage and

osteophyte scores. Observations in green belong to the test set.
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Figure 73: Observed versus Predicted value for a: Average Cartilage Score, b: Average

Osteophyte Score

A few notes on the errors

Scoring the MRI sheets is a sensitive and delicate job. The level of accuracy can change
from person to person and therefore the scoring system by itself can introduce errors to
the model. In order to have an estimate of the level of each model’s predictability, we
needed to have a measure of human error and a measure of the round off error due to
scoring procedure. To measure the repeatability, several observations (MRI Images) were
scored twice at different times. The variations of the scores were calculated t;y the

following formula

SSPE = (yiu _}_’i)z (541)
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And the percentage of error due to pure error was calculated as:

%8S = S5rg (5.42)
PE SS

¥

The results for osteophyte and cartilage scores are shown in Table 6. Although the
observations were only repeated twice (for 28 observations), it still gives an idea of the
scale of Pure Error in obtaining the cartilage and osteophyte scores from the MRI images.
One source of error introduced into the Y space data is error due to round-off error. Since
the scores are assigned as integer values (0 to 4 for cartilage and 0 to 2 for osteophyte),
the discontinuity of the scores also introduces some error. If round-off error has a uniform

distribution then:

1
b—a

fx)= a<x<b (5.43)

The variance of the above distribution can be calculated from:

ol = (b- a)2
12

(5.44)

For “a-b = 1” (integer round off), percentage of variance due to round off can be

calculated from:

%8Sy = —12 (5.45)
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Table 6 shows the percentage of error due to pure and round-off errors. It should be noted
that round-off error is in fact part of pure error. It is evident that the percentage of human
error is relatively high and part of this large pure error is because of the large round off
error. However it should be noted that distribution of pure error here is not normal and

this can in turn increase the error percentages calculated here.

Cartilage Osteophyte
Compartment Med | Lat | Med Lat Troch. | Pat Med Lat | Med | Lat Troch. Pat Tib
Fem | Fem | Tib Tib Fem Fem | Tib Tib Spine
Pure Error 036 | 045 | 028 | 0.44 0.53 0.33 | 039 0.6 059 | 03 0.65 0.18 | 035
Round off Error | 0.04 | 0.04 | 0.04 | 0.05 0.04 0.05 | 0.15 017 [ 022 [ 02 0.25 0.16 | 0.19

Table 6: Percentage of error due to Pure Error and the component of it due to round-off.

5.3.4 Summary and conclusion

In this section PCA and PLS methods were used to extract features from the wavelet
transforms of the vibration signals. Before the PCA or PLS analysis, the data had to be
prepared. The method of choice here was to use the distributions of the wavelet
coefficients. One of the benefits of using such distributions is that they have the ability to
isolate the knee clicks; knee click usually contain much higher than average magnitudes
and by using distribution plots for each coefficient level, the coefficients contributing to
the clicks will be accumulated in the farthest bins of the histograms and therefore can be
isolated. These knee clicks can seriously alter the results of the analysis, especially if

Fourier transform is to be used. PCA analysis of the wavelet histograms showed that the
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score plots of the model are able to show the difference between healthy and unhealthy
knees for both the cartilage and osteophyte scores. It was realized that these two types of
joint disorder are highly correlated with each other and the analysis shows there is an
80% correlation between the averages of their scores. It was also found that this method
does not provide adequate classification on the individual cartilage and osteophyte scores
at different compartments of the knee but provides good results for the averages of them.
The reason is that the development of these symptoms does not usually happen in one
compartment of the knee and is rather spread through out the joint. Another reason is that
vibration signals at such low frequencies do not really convey much information about
location of the disorders. However as far as it is concerned with diagnostics of these
disorders, what is important is the detection or estimation of the overall health of the
joint. These PLS and PCA models can be used for estimation of the overall health status.
In addition to this application, this method can be used as a tool to measure the friction in
the joint, for monitoring purposes, which has application in pharma-tech industries the
method can be used for observation of the effects of drugs or synovial injections on the

overall friction level of the joint [14].
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Chapter 6
Summary and Conclusion

The aim of this research was to develop a technology to assess tissue health in patients
suffering from osteoarthritis. Previous work done by Yacoub [14] and Rangayan [17, 19
and 49] showed that there is a good correlation between the stage of the OA and vibration
signals generated during the flexion/extension cycle. Our goal was to further analyze this
hypothesis in more depth and to build an apparatus that would be practically and robustly

used by the examiner to detect and monitor the health status of the knee.

Based on a good understanding of the motions involved in the flexing of the human knee,
an apparatus was built to house the sensors to measure the vibrations emitting from the
knee during flexion/extension cycle. Five accelerometers located at medial & lateral sides
of tibia, medial & lateral sides of femur and on the patella record the vibrations generated
by the knee during a flexion/extension cycle. Due to the sensitivity of the accelerometers,
this apparatus (brace) was designed to be as noiseless as possible, it attempted to
minimize the movement of the sensors on the skin and tried to maintain the position of
the sensors on the bone during the knee motion. The brace was also flexible enough that
it did not restrict the motion of the knee and also had to be easy to put on. Most of the
mentioned properties were successfully built into the design. However, because of the
different anatomical shapes and sizes in people, it was not possible to make it completely

autonomous and at some points required external force by the examiner to provide a
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secure grip for the patellar sensor. Except for this minor problem, the rest of the

requirements were met and we were able to successfully examine the patients with it.

Volunteers were recruited for the study. Most of the volunteers were patients suffering
various degrees of OA, referred by the physicians. We also included volunteers with
healthy knees in the study as well. Overall 50 volunteers took part in the study with a
range from healthy to severe OA. In collaboration with another research project, each
patient underwent a complete MRI scan of each knee. The MRI images were later
analyzed by a radiologist and scores were given to different symptoms of the
osteoarthritis found at different compartments of the knee. After the MRI scan, vibration
signals of both knees each patient were recorded under the loaded and unloaded
conditions for a duration of 20 seconds of continuous extension/flexion of the knee. the

sampling rate for data acquisition was 6250 Hz.

The recorded vibrations were converted from time domain to frequency domain using
Fourier and wavelet transforms. PCA and PLS analysis were then performed on the
processed data (power spectrum density of the Fourier transforms and wavelet coefficient
histograms). For the PLS analysis, the Y space data consisted of the MRI scores given to
each compartment of the knee and the average over all compartments (for each of the

symptoms).

Our analysis shows that there is a strong correlation between cartilage health (cartilage
scores), formation of osteophytes (osteophyte score) and the vibration signals recorded

from patients’ knees. For both cases of PCA and PLS analysis, we obtained better results
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when wavelet transformation was used to transform the data from time domain to
frequency domain. Our analysis shows that there is an obvious trend from healthy to
unhealthy knees in terms of cartilage and osteophyte formation scores in the score plots
(average valugs over all compartments of the knee). Because of the strong correlation
between cartilage health and osteophyte formation (more than 80% in our population) it
is not possible to distinguish the effects of each symptom in the analysis. We were also
not able to isolate or localize the symptoms in each compartment of the knee. The reason
is two fold; first OA usually develops in all compartments of the knee and second the
frequency of the signals recorded is very low and does not have enough resolution to
distinguish symptoms at different compartments of the knee. In the score plots, we also
found a separation of knees with degeneration and/or torn menisci (medial anterior horn).
However, again, because of the strong correlation between cartilage and meniscus health
it is not possible to reliably point out to it. We did not find any other strong correlation
between the vibration signals and the other symptoms of osteoarthritis observed from the

MRI images (such as bone marrow edema or subchondral cyst).

Overall, we conclude that there is strong correlation between vibration signals and some
of the symptoms of osteoarthritis such as formation of osteophytes and cartilage health.

This technique can be used in estimation of the overall health status of the joint.
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6.1 Future work

In order to validate this technology, it is essential to increase the number of observations
(patients) and include observations from more categories and groups of people. It is

suggested that the focus be put on three groups of people:

- Patients with Osteoarthritis (all ranges from healthy to severe OA);
which will be used to improve detection of OA in the general

population.

- Repeated measurements on patients with synovial injections: this group
of people will be used to check the ability of this technology for
monitoring of the injection performance before and after the injection of

intra-articular therapeutic agents such as hyaluronic acid..

- Young patients with meniscus tear: although the method was able to
detect meniscus tear problems, because of the strong correlation
between meniscus tear and cartilage damages it was not really possible
to see the performance of this technology in this regard. By focusing on
young patients who have no symptoms of OA, an independent

assessment of meniscus effects can be performed.

Another issue that needs to be followed up is the ability of the technology (software) to
make decisions on the overall state of the patients; although score plots provide useful
information about the state of health, this information needs to be interpreted in the form

of classifications of patients into various classes, or in the form of predictions of the
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degree of OA, etc. Methods such as support vector machines or decision-making
algorithms such as fuzzy logic can be useful here and their implication should be further
studied. Yacoub (2006) has performed an initial study on classification methods applied

to this problem.

In addition to passive vibrations recorded from patients, active vibrations (impulse

response of the joint) were also recorded which will later be analyzed.
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Appendix A
Product Data

Product data for PCB accelerometers (model no. 333B52)

Model 333B52
Product Type: Accelerometer, Vibration Sensor

Modal array, ceramic shear ICP® accel., 1000 mV/g, 0.5 to 3k Hz, 10-32

side conn., adhesive mount
View Spec Sheet (PDF)

View Qhot 0 and drawing

SPCB PIEZOTRONICS

PERFORMANCE ENGLISH SI
Sensitivity(x 10 %) 1000 mV/g 102 mV/(m/s?)
Measurement Range +5gpk + 49 m/s? pk
Frequency Range(+ 5 %) 0.5 to 3000 Hz 0.5 to 3000 Hz
Resonant Frequency 2 20 kHz 220 kHz

Phase Response(+ 5 °)(at 70°F [21°C]) 2.5 to 3000 Hz 2.5 to 3000 Hz
Broadband Resolution(1 to 10,000 Hz) 0.00005 g rms 0.0005 m/s? rms [1]
Non-Linearity <1% <1% [2]
Transverse Sensitivity <5% <5% [3]
ENVIRONMENTAL

Overload Limit + 4000 g pk + 39,000 m/s2 pk
Temperature Range 0to +150 °F -18 to +66 °C
Temperature Response See Graph See Graph (1]
Base Strain Sensitivity 0.01 g/ue 0.1 (m/s?)/ue [1]
ELECTRICAL

Excitation Voltage 18 to 30 VDC 18 to 30 VDC
Constant Current Excitation 2to 20 mA 2to 20 mA

Output Impedance < 500 ohm <500 ohm

Output Bias Voltage 7to12VDC 7t0o12VDC
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Discharge Time Constant 0.7t02.0sec 0.7t0 2.0 sec

Spectral Noise(10 Hz) 3.8 pg/NHz 37 (um/s?)NHz [1]
(100 Hz) ] 1.1 ugiNHz 11 (um/s2)NHz [1]
(1 kHz) 0.4 pg/NHz 3.9 (um/s?)NHz 1

PHYSICAL

Sensing Element Ceramic Ceramic

Sensing Geometry Shear Shear

Housing Material Titanium Titanium

Sealing Hermetic Hermetic

Size (Length x Width) 0.68in x 0.45 in 17.3mmx 11.4 mm

Weight 0.26 oz 7.5 gm [1]

Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack

Electrical Connection Position Side Side

Mounting Adhesive Adhesive

SUPPLIED ACCESSORIES:

Model 080A109 Petro Wax (1)

Model 080A90 Quick Bonding Gel (1)

Model ACS-1 NIST traceable frequency response (10 Hz to upper 5% point). (1)
OPTIONAL VERSIONS

T- TEDS Capable of Digital Memory and Communication Compliant with IEEE P1451.4

Output Bias Voltage | 7.5t1013VDC |

TLA- TEDS LMS International - Free Format

Output Bias Voitage l 7.5t0 13VDC l

TLB- TEDS LMS iInternational - Automotive Format

Output Bias Voltage | 7.5t0 13VDC |

TLC- TEDS LMS International - Aeronautical Format

Output Bias Voltage | 7.5t0 13VDC [

All specifications are at room temperature unless otherwise specified.
NOTES:
[1]  Typical.
[2] Zero-based, least-squares, straight line method.
[8] Transverse sensitivity is typically < 3%.
[4] See PCB Declaration of Conformance PS023 for details.
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Product data for impact hammer used in this project

Model 086D80
Product Type: Impact Hammer, Impulse Hammer
Miniature Instrumented Impulse Hammer w/force tips, 0 to 50 Ibf (includes

Model 084A17 & 018G 10 cable)
View Spec Sheet (PDF)

View photo and drawing

SPCB PIEZOTRONICS

PERFORMANCE ENGLISH Si

Sensitivity(+ 15 %) 100 mV/Ibf 22.5 mV/N
Measurement Range + 50 Ibf pk + 220 N pk
Frequency Range(-10 dB)(Hard Tip) 20 kHz 20 kHz [1][2][3]
Resonant Frequency =100 kHz > 100 kHz
Non-Linearity <1% <1% [1]
ELECTRICAL

Excitation Voltage 18 to 30 VDC 18 to 30 VDC
Constant Current Excitation 2t0 20mA 2to 20 mA

Output Impedance <100 ohm <100 ohm

Output Bias Voltage 8to 12 VDC 8to 12 VDC
Discharge Time Constant 2100 sec =100 sec [1]
PHYSICAL

Sensing Element Quartz Quartz

Sealing Epoxy Epoxy

Hammer Mass 0.10 oz 2.9 gm [4]
Head Diameter 0.25in 6.3 cm

Tip Diameter 0.10in 2.5¢cm

Hammer Length 4.00 in 101.6 cm

Electrical Connection Position Bottom of Handle Bottom of Handle
Extender Mass Weight 0.044 oz 1.25gm

Electrical Connector 5-44 Coaxial 5-44 Coaxial [5]
Cable Type 035 Twisted Pair 035 Twisted Pair [4]
Cable Length 10 ft 3.05m [4]
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SUPPLIED ACCESSORIES:

Model 001A20 Case (1)

Model 018G 10 Miniature coaxial cable, vinyl insulation jacket, 10-ft, 5-44 to 10-32 coaxial plug (1)
Model 080A109 Petro Wax (1)

Model 084A13 Extender mass (1)

Model 084A14‘ Plastic handle assembly (2)

Model 084A17 Aluminum handle with 5-44 connector (1)

Model 084A28 Vinyl impact cap, red (3)

Model HCS-2 Calibration of Series 086B to 086D instrumented hammers only (1)

All specifications are at room temperature unless otherwise specified.
NOTES:
[1] Typical.
[2] Varies depending on test structure. These values are from hitting a stiff steel mass. Hammer did not have
extender mass attached.
[3] When using the aluminum handle, the extender mass must be used.
[4] With plastic handle attached.
[5] With aluminum handle attached.
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Appendix B
Detecting the FE axis of the knee

Hollister et al [28] revealed that knee joint, in fact does have a fixed axis of rotation.
Using mechanical axis finder they managed to find the axis of rotation for 7 fresh
specimens. According to their paper, the flexion/extension (FE) axis runs through the
collateral ligament origins and superior to the intersection of the cruciate ligaments. They
also managed to confirm the results using MRI scanning. They indicate that the FE axis
passes through the origins of the medial collateral and lateral collateral ligaments in all
dissected knees. The left/right (LR) axis passed through the intersection of the anterior
cruciate ligament (ACL) on tibia and directed in the proximity of the intersection of PCL
at the femoral notch. The length of patellar groove runs perpendicular to this axis (FE).
One of the interesting findings of Hollister et al is that when the FE axis is viewed end
on, the posterior femoral condyles are superimposed and appeared circular. They
concluded that FE axis is fixed in the distal femur and is directed posteroinferiorly from
medial to lateral. The offset from condylar surface averages 3° in the coronal and
transverse planes. The surface of the femur that articulates with tibia is conical; the lateral
condyle has a smaller radius than the medial condyle. Lateral joint surface is closer to FE
axis. They also mention that the surface of condyles is rounded to allow movement about
the LR axis. Their study concludes that motion of human knee occurs about two fixed
non-orthogonal axes. The study suggests that knee motion is pure rotation about these

axes. The FE axis is not in the coronal plane, nor is LR in sagittal plane. Most of motion
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takes place in the sagittal plane but there is still rotation and varus/valgus motion outside

of this plane.

AXIAL LATERAL

TRANSVERSE VIEW

Anne M. Hollister, UCLA Medical Centre, “The axes of rotation of the knee”, clinical orthopedics and related research number 290

pp 259-268, 1993

Figure 74: 3A AND 3B. (A) Diagrammatic representation of axes in AP view with axis
parallel to the plate. A is the angle the FE axis makes with the shaft oft he femur; B is the
angle between the FE and L.R axes in the AP plane. C is the angle between the LR axis and
the tibial plateau. The distances D, W. and Tm are the distances between the FE axis and
the joint surface, the AP width of the tibia, and the medial tibia and the LR axis
respectively. (B) Diagrammatic representation of axes in axial lateral view with x-ray beam
parallel to the FE axis. E is the angle between the LR axis and the tibial plateau in the axial
lateral plane; X is the distance between the anterior femoral shaft and the posterior-medial
femoral condyle. R is the distance between the FE axis and the posterior-medial femoral
condyle. Y is the perpendicular distance between the two axes. Z is the AP dimension of the

tibia and Ta is the distance of the 1.R axis from the anterior tibia.

132




Master’s Thesis — S. Salari Sharif McMaster University — Chemical Engineering

Kaee [ B « n° E° Tihial Axiy Femoral Axis
l 80 ]9 89 3.0 ]2 Knee T/ Ta/Z y/B R/X
2 83 88 90 5.0 88
3 g 87 8 3.0 38 | 433 357 357 29.2
4 8 8 & 50 & 2 46.5 419 113 36.1
3 8 &1 88 50 84 3 533 196 352 414
6 &5 90 93 30 88 y ’ ‘" '
Me: 4 42.8 235 490 40.9
can 84 88 89 4.3 85
sSD 24 12 21 10 35 5 #3230 N8 316
6 50.0 45.1 27.5 323
Measurements of the angles of the axes with the bones Mean 47.5 38 31.6 353
in the AP and axial latcral views. =SD 4.1 10.6 12.3 5.1

Table 7: A) Location of axes of rotation, B) Location of the axes described as a percent of
femoral and tibial dimensions. Tm/W, percentage ration locating tibia axis on AP view;
Ta/Z percentage ratio locating tibial axis on axial lateral view; Y/W percentage ratio
depicting interaxial distance relative to tibial plateau width; R/X percentage ratio locating

femoral axis on axial lateral view.
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