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ABSTRACT

Osteoarthritis (OA) is one of the leading chronic disability mainly affects elder
population. The degeneration of weight-bearing articular cartilage present in the hip and knee
is the prime reason for OA condition. Presently, medical imaging-based screening methods are
widely used for the diagnosis of OA because of its non-invasive nature. MR-imaging is
considered as an important imaging technique due to its soft tissue contrast and 3D
visualisation property. The recently developed advanced MRI techniques shows promising
potential in OA diagnosis and grading. Both structural and molecular changes can be evaluated
using MRI techniques. Despite applications of quantitative MRI in OA diagnosis, its potential
use in the routine clinical practice is limited. There are some challenges in the quantitative
evaluation of these advanced MRI techniques including cartilage segmentation, which should
be addressed for its potential clinical applications. There is need of robust computer-aided-
diagnosis (CAD) systems for automated or semi-automated evaluation of quantitative changes
in knee joints cartilage and for evaluating clinical potential of quantitative MRI in OA

diagnosis and grading.

In this dissertation, research studies have been carried out for addressing some of the
challenges of quantitative evaluation of knee joint MRI along with evaluating its clinical
potential in diagnosis and grading of OA. The main objectives of the study were to develop
weight-bearing articular cartilage segmentation algorithms especially in OA patients having
subchondral bone abnormality (SBA) and to develop a framework to automatize the
quantitative evaluation methods of cartilage degeneration followed by grading of OA disease.
Another objective of the study was to quantitatively evaluate the biochemical and

morphological characteristics of cartilage corresponding to the biomechanical loading.



Subchondral bone abnormality (SBA) is considered as one of the advanced
characteristics of OA. Therefore, the evaluation of characteristic changes of weight bearing
cartilage area, superficial to SBA, is important in OA diagnosis. In the current study, a modified
radial search approach using thresholding, connected component labelling, convex-hull
operation and spline-based curve fitting was introduced for the improved segmentation of
tibiofemoral cartilage especially in patients with SBA condition. Modified radial-search
approach successfully performed on different MRI sequence images. Proposed approach has

great potential in the quantitative evaluation of cartilage degradation studies.

Presently, the clinicians qualitatively analyse the MR-images for detecting the
abnormality. The quantitative evaluation of cartilage degeneration using advanced MRI is
promising; however, in general clinicians draw line segments and select different ROIs
manually from slices of interest. This approach is time consuming and prone to inter-intra
reader variability. To overcome this difficulty, we have developed a framework (CAD) for
quantitative evaluation of cartilage degeneration followed by OA diagnosis. In the current
study, the proposed framework showed promising results in differentiating healthy volunteers’
group from OA patients group as well as Early-OA group from Advanced-OA group. Proposed

tool and research findings can be used for screening and disease diagnosis.

MR studies with and without loads on knee joint is important for analysing the
stress distribution during loading. In the current study, the changes present in the biochemical
and morphological characteristics of articular cartilage corresponding to the applied load was
examined with the help of an in-house developed MRI compatible loading device. The T2
relaxation time changes corresponding to the biomechanical load are quite small; therefore
initially, the inter-intra day variability of MRI parameters is evaluated. For the quantitative
analysis, we have evaluated the changes present in the T2 relaxation time and thickness values
of cartilage in load and unload condition. In the current study, the changes due to loading effect

Vi



were more on medial compartment than lateral compartment. Also, during loading, the T2
mean values were increased in deep layer and decreased in superficial layer in medial

compartment.

In brief, the thesis work is a comprehensive study of weight-bearing cartilage
segmentation methods, development of a framework for quantitative evaluation of cartilage
degeneration, optimisation of MR-parameters for OA classification, loading response of
articular cartilage and some clinical applications of the proposed methodologies. The current
research work presented in this thesis would be beneficial to clinicians for improved diagnosis

and treatment planning of OA patients.
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Tibiofemoral cartilage segmentation results in PD-SPACE (row-1), CUBE
(row-I1) and T2-weighted (row-111) MR sequence images. Column-I (a,e,i)
shows the acquired lateral compartment central slice images, column-II

(b,f,)) represents the segmented femoral cartilage area, column-I1I1 (c,g,k)
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31

3.2

33

shows the segmented results of tibial cartilage and column-1V (d,h,l)
shows the complete tibiofemoral segmentation
TS ULES . Lttt
The image (a) shows the 2D WearMap of T2 values of one Early-OA
patient data (Gender: Male, Age:27 Years) generated from the sagittal view
MR-images and image (b) shows the 2D WearMap of T2 values of one AS-
volunteers data ( Gender: Male, Age: 34 Years) generated from the coronal
view MR-images. La represents the lateral compartment and Me represents
the medial compartment region....................c.ceenee..

Illustration of sub-region angle divisions of femur cartilage from the central
slices of lateral and medial compartments acquired from the Fat
suppressed-PD weighted-Fast Spin Echo (FS-PD-FSE) image based on
Whole-Organ MRI Scoring (WORMS) method. V1, V2, V3 and V4 are the
end points from anterior-posterior meniscus horns of lateral and medial
compartments. 04,0, ...0, are the angles for classifying different sub-
regions of the femur cartilage..................oooiiiiiiiiiiiiin.

The generation of sub-region angles from the coronal view MR-images of
AS-volunteers data. Image (a) shows the selected central slice of the
coronal view image and cross reference line (yellow) indicates the
corresponding location of sagittal slice image (lateral compartment)
displayed in image (b). Image (b) is the sagittal view image developed
(using multiplanar reconstruction facility of RadiAnt DICOM Viewer)
from image (a) with manually selected sub-region angles. Image (c) is same
as the image (a) with the indication (yellow line) of the corresponding
location of the sagittal slice image (medial compartment) displayed in
image (d). Image (d) is the sagittal view image developed (using
multiplanar reconstruction facility of RadiAnt DICOM Viewer) from
image (c) with manually selected sub-region angles. SP represents the
location of the seed point. 6,, 0, ...0, are the sub-region demarcation

angles for classifying different sub-regions of the femur cartilage.........
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3.4

3.5

3.6

Workflow of the proposed method for the quantitative analysis of T2 and
thickness values of femur cartilage. In 2D WearMaps, La represents the
lateral compartment and Me represents the medial compartment region. L
indicates the length of lateral/medial compartment of the generated 2D
WearMap and 64, 0, ... 64 are the different sub-region demarcation angles.
The generated sub-region ROIs are as follows: anterior lateral femoral
(aLF), center lateral femoral (cLF), posterior lateral femoral (pLF), anterior
medial femoral (aMF), center medial femoral (cMF) and posterior medial
femoral (pMF) 1€gions.........ccovviviiiiiiiiiiiiiiinanne.

Box and Whisker plots show the differentiation of Asymptomatic (AS)
volunteers, Early-OA (EOA) and Advanced-OA (AOA) groups using
mean of T2 values (a), mean of T2 values greater than 75™ percentile (b),
mean of cartilage thickness values (c), and normalized mean of thickness
values less than 10" percentile (d). *p<0.05 between AS-volunteers vs.
Early-OA group and AS-volunteers vs. Advanced-OA group. **p<0.05
between AS-volunteers vs. Early-OA group, AS-volunteers vs. Advanced-
OA group and Early-OA vs. Advanced-OA group. ***p<0.05 between AS-
volunteers vs. Advanced-OA group, Early-OA vs. Advanced-OA group.

AS-volunteers data included intra-scan repetition data

Image (a) shows the results of receiver-operating-characteristic (ROC)
curve analysis for differentiation between Asymptomatic volunteers and
OA-patient data using various statistics of femur cartilage, which include
mean of T2 values (Mean1), mean of T2 values greater than 75 percentile
(Mean2), mean of T2 values greater than 90" percentile (Mean3), median
of T2 values (Mean4) and normalized mean of thickness (Mean5). AUC
represents area-under-the-curve. Image (b) is the ROC curve of Mean2 and
Mean5 features. Image (c) shows the results of ROC curve analysis of
femur cartilage sub-regions, which include anterior lateral femur (aLF),
center lateral femur (cLF), posterior lateral femur (pLF), anterior medial
femur (aMF), center medial femur (cMF) and posterior medial femur

(pMF) using Mean2 feature and image (d) is the corresponding ROC
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3.7

3.8

3.9

Image (a) shows the results of receiver-operating-characteristic (ROC)
curve analysis for differentiation between Asymptomatic volunteers and
Early-OA patient data using various statistics of femur cartilage, which
include mean of T2 values (Meanl), mean of T2 values greater than 75%
percentile (Mean2), mean of T2 values greater than 90" percentile
(Mean3), median of T2 values (Mean4) and normalized mean of thickness
(Mean5). AUC represents area-under-the-curve. Image (b) is the ROC
curve of Mean2 and Mean5 features. Image (c) shows the results of ROC
curve analysis of femur cartilage sub-regions, which include anterior lateral
femur (aLF), center lateral femur (cLF), posterior lateral femur (pLF),
anterior medial femur (aMF), center medial femur (cMF) and posterior
medial femur (pMF) using Mean2 feature and image (d) is the

corresponding ROC CUrVe. .........oiiiiiiiii e,

Image (a) shows the results of receiver-operating-characteristic (ROC)
curve analysis for differentiation between Early-OA and Advanced-OA
patient data using various statistics of femur cartilage, which include mean
of T2 values (Mean1), mean of T2 values greater than 75" percentile
(Mean2), mean of T2 values greater than 90" percentile (Mean3), median
of T2 values (Mean4), normalized mean of thickness (Mean5), normalized
mean less than 10" percentile of cartilage thickness (Mean6) and a
combined feature of T2 values greater than 90" percentile and normalized
mean less than 10™" percentile of cartilage thickness value. AUC represents
area-under-the-curve. Image (b) is the ROC curve of Mean3, Mean6 and
combined features. Image (c) shows the results of ROC curve analysis of
femur cartilage sub-regions, which include anterior lateral femur (aLF),
center lateral femur (cLF), posterior lateral femur (pLF), anterior medial
femur (aMF), center medial femur (cMF) and posterior medial femur
(PMF) using combined feature (T2 values greater than 90" percentile and
normalized mean less than 10" percentile of cartilage thickness value) and

image (d) IS the corresponding ROC

Image (a) Shows the results of receiver-operating-characteristic (ROC)

curve analysis for differentiation between Early-OA and Advanced-OA
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4.1

4.2

4.3

4.4

4.5

patient data using various statistics features of femur cartilage, which
include mean of T2 values (Mean1), mean of T2 values greater than 75"
percentile (Mean2), mean of T2 values greater than 90" percentile
(Mean3), median of T2 values (Mean4), reported Z-score normalization of
T2 values (MeanZ1 ) and modified Z-score normalization of T2 values
(MeanZz?2). Image (b) is the ROC curve representation of T2 mean value
(Meanl) and different Z-score normalization methods. AUC represents
area-uUNder-the-Curve. .........o.ouiie e
Flow diagram of inter and intra-day variability study of T2
VaAlUCS. .,
Cartilage segmentation result of T2 overlay images from (a) anterior (b)
center and (c) posterior regions. The second row images (d,e,f) is the
illustration of deep and superficial layer classification using cartilage
segmentation masks. L represents the lateral side and M represents the
medial side of the cartilage. The scale for the first row images was the T2
overlay value in ms and the scale for the second row images was to
represents the maskl (all pixel values were ones) and mask2 (all pixel
values Were 2) Values.......oouiiiei it
2D WearMap representation of T2 values of an Asymptomatic volunteer
data of femoral cartilage (column-I), tibial cartilage (column-II) and
thickness map of femoral cartilage (column-Ill) and tibial cartilage
(column-1V) during initial (row-1), load (row-Il) and release (row-lIl)
experimental conditions. The scale for the first two column images shows
the T2 overlay value in ms and the scale for the third-fourth column images
shows the thickness overlay value inmm............................
Histogram of T2 values of lateral, medial and full femur (a,b,c) and tibial
(d,e,f) cartilage compartments in initial (a,d), load (b,e) and release (c,f)
experimental CoNditions..............ooiiiiiiiii
Image (a) show the T2 mean (ms) of lateral compartment of tibiofemoral
cartilage and (b) show the T2 mean (ms) of medial compartment of AS-
volunteer study in initial, load and release condition. Image (c) show the
thickness mean (mm) of lateral compartment of tibiofemoral cartilage and

XXi

04

107

111

112

113



4.6

4.7

A.l

A2

A3

A4

(b) show the thickness mean (mm) of medial compartment of AS volunteer
study in initial, load and release condition...................cooeeiiiiiiin..
Box-Whisker plots of T2 mean values of lateral (a) and medial (b)
compartment of deep and superficial layer of femur cartilage in initial, load
and release experimental conditions............ccoveiiiiiiiiiiiiiiiii e,
Bar graph representation of superficial layer T2 mean (ms) value in lateral
compartment (Super-L) and medial compartment (Super-M) of cartilage in
initial load and release condition...............oeoviiniiiiiiii e,
Patient data with trochlear groove in femoral area. Image (a) is the T2 map,
overlaid on T2 weighted image, showing thicker cartilage and low T2
values (area pointed by arrow). Image (b) is the FS-PD-FSE weighted
image of same slice showing the presence of cartilage fissure and Image
(c) is the color map representation of FS-PD-FSE weighted image...........
Image (a) shows the overlapping of joint capsule tissue with posterior
femoral cartilage part in T2 map as highlighted. Image (b) shows the FS-
PD-FSE weighted image with clear cartilage outer boundary and image (c)

represents the color image scale representation of FS-PD-FSE weighted

Lesion contrast boundary comparison. Image (a) shows the T2 map, color
overlaid on T2 weighted image, showing smaller lesion area as highlighted
by zoomed patch. (b) FS-PD-FSE weighted image shows larger lesion area
of same slice compared to T2 map. (c) Color image scale representation of
FS-PD-FSE weighted image with highlighted lesion area in zoomed
PALC. L
Synovial thickening information is missing in T2 map mages compared to
FS-PD-FSE weighted in both anterior and posterior part. (a) shows the T2
map of the posterior part without synovial thickening, (b) FS-PD-FSE
weighted image shows the presence of synovial thickening on the same
area, (c) T2 map shows the anterior part of the same image without synovial
thickening and (D) FS-PD-FSE weighted image of same slice shows the

presence of synovial thickening near patella.......................ool.
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