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Abstract

In the development process of drugs for different disgadhe pharmaceutical companies spend a lot
of resources in the preclinical phase when researdbingompounds as drug candidates. In the
matter of osteoarthritis (degenerative joint diseas®},qf the research includes test on mice which
spontaneously develop the disease. It is difficult tterd@ine the level of osteoarthritis (OA)
influence in each mouse, and currently this is bedoge manually. Defining standards for
guantitative assessment to replace current manual ssystgms and improve precision, is of great
interest. Also semi automation of the assessment is demandgzeed up the process, and to
eliminate bias caused by the subjective way of manwliation.

In this thesis, a set of quantitative histomorphometatui®s have been analyzed and validated, for
use as OA end points. A dataset of images acquired bysoape of Hematoxilin/Eosin-stained
histological sections from the left knee joint of OAeated mice, have been used for this work.
Features have been extracted by measurements from thesimsing software implemented image
analysis methods. The features has been validated aensl lpy statistics using manually given
pathology scores.

Several biological parameters in the articular zgé in the joint are known to be connected to the
presence of OA, of which the following have beenl@stad: The condition of the cartilage matrix
structure, cellularity of chondrocytes inside theilzge and the structure of the subchondral bone.
The evaluation was focused on the medial tibia gfatieoknee joint.

A general measurement model has been proposed and usdidiiermeasurements by a base line
and a left offset found by modified Cusum control ch@lte model takes advantage of advanced
segmentation of the tissue in the images. Also the adyamtadedicated software algorithms and
high processing power has been used to analyze featitingsossible correlation to the OA impact.

The measurements of the cartilage matrix structure weme 8y examining irregularities in the
cartilage surface. A strong irregularity feature hasn defined with a significant correlation to the
manually given cartilage pathology score. The cdlitylavas measured as a fraction of chondrocyte
area and cartilage area. From this measurement a fdzdsesl upon the slope in chondrocyte
density was found, which yielded a significant comrela with the manual given cellularity
pathology score. The bone density in the subchondra vas measured using the model and a
high correlation with the manually determined bongglagy score was found.

The found end points have been further validateddigrmining the treatment effect of a used drug
compound. All end points indicated significant treattnefiect. A throughout age dependency
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study has been performed using the end points for assessrhentesults indicated significant
correlation between known OA age related trendstlaae@nd points.

A prototype software module for Visiopharm Integratgst®m was designed and developed using
standard methods of Object Oriented Analysis and DeS$iga.module implements the described
measurement methods and end points. A semi-automatic sodumibeds the module, and offers a
strong tool for preclinical research of osteoarthritis

Keywords: Osteoarthritis, image analysis, quantitative measuremiismorphometric, semi
automation, articular cartilage, chondrocytes, catlty, cartilage matrix, bone density.



Resumeé

Farmaceutvirksomheder bruger mange resurser pa deinfsie&larbejde for at udvikle praeparater
imod sygdomme. | tilfeelde som forskning indenfor slidguay forskerne brug af mus, der har
tendens til at udvikle sygdommen. Et af problemerneemne forskning er vurderingen af

sygdomsgraden af den enkelte mus, hvilket i gjeblikiieer gjort manuelt. Derfor har det stor

interesse, at der bliver defineret nogle anvendeligadarder ud fra kvantitative malinger, som kan
erstatte den manuelle vurdering. Dette dbner ogs&hadifor semi-automation, der laenge har
veeret efterspurgt og som vil forgge hastigheden akegeen og samtidig fijerne det bias, der bliver
skabt ved den subjektive manuelle vurdering.

Der er i denne tese undersggt og analyseret en ragtkenbrfometriske faktorer, for en mulig
anvendelse som malemarker for slidgigt. Der er bleve¢radtvet dataseet bestaende af mikroskop
billeder taget af Hematoxilin/Eosin farvede histologisnit, fra knaeleddet af mus med slidgigt.
Ved brug af software implementeret billedanalyse metagteder fundet en raekke faktorer, der er
blevet valideret som gode malemarkarer ud fra kendteiatl@rpatologi score.

En raekke kendetegn i det biologiske led er kendafdnlive pavirket af slidgigt, hvoraf fglgende er
undersggt: Strukturen af ledbrusken, cellularitetebraskceller inde i ledbrusken og tilstanden af
den subkondrale knogle. | undersggelsen har der kuet ekus pa skinnebenet mediale del af
knaeleddet.

En general malemodel er blevet foreslaet og anvenaligi malingerne, ved brug af en grundlinje
og et udgangspunkt fra venstre side af brusken, defired brug af Cusum control chart metoden.
Modellen gar brug af avanceret segmentering af vaaestg i billederne. Derudover ggres der brug
af specielt tilegnede software algoritmer og mulighadsfaerk processeringskraft til at analysere en
reekke faktorer, der kan have sammenhaeng til slidgigt.

Malingen af ledbrusken blev udfgrt ved at undersggas/nheder i overfladen af brusken. Der blev
fundet en steerk sammenhaeng mellem en malemarkgr basersseéajevnheder, og den manuelt
givne patologi score. Cellulariteten blev bestemtradet forhold mellem bruskcelle areal og brusk
areal. Denne maling gav en steerk malemarkgr, baserehagdningen, som havde staerk
sammenhaeng med den manuelle bruskcelle score. Den subd&okvgle blev vurderet ud fra
knogletaetheden, hvilket havde teet sammenhaeng med deellaamoglescore.

De farnaevnte malemarkgrer er fundet anvendelige iestemme behandlingseffekten af et kendt
preeparat, hvilket validerede dem yderligere. Et diginaldersafhaengigt studie af slidgigt i et seet
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mus blev udfert ved brug af de naevnte malemarkgrer.bl@ pavist taeet sammenhaeng med
allerede kendte tendenser, samt papeget enkelte nye.

Til den praktiske anvendelse blev der udviklet etveaieé modul til Visiopharm Integrator System

ved brug af standard metoder for Objekt Orienteretlyse og Design. Modulet implementerede de
neevnte malemarkgrer og de pakreevede malinger. Dettel nmoigar i en starre semi-automatisk

lgsning, der tilbyder et steerkt veerktg;j til forsknindenfor slidgigt.



Preface

This thesis was prepared at the Section for Image Asailysihe Department of Informatics and
Mathematical Modeling, IMM, located at the Technithdiversity of Denmark, DTU, as a patrtial
fulfillment of the requirements for acquiring the degrMaster of Science in Engineering,
M.Sc.Eng. The extend of this thesis is equivalentitoytECTS points.

This thesis concerns investigation of strong end poimtagfeessment of the degree of osteoarthritis
in the model of a mouse. The main focus of the thesaiga solution by image analysis and
possibilities for semi-automation of the assessment process.

The work of the thesis is carried out in associatioh Wisiopharm, Hgrsholm and Sanofi-Aventis,
Frankfurt, Germany. Several of the methods describethis thesis have been proposed in
corporation with Visiopharm.

The thesis consists of this report and a software modulMismpharm VIS developed during the
period. The module includes an implementation of thentjtative measurements and calculated
end points, and it was developed in C++ using VisiophImaging Utilities library for image
processing routines.

A poster presenting the work and results of this thesisbeen submitted for ti@ARSI 11 World
Congress on Osteoarthriti2006, in Prague. The poster is seen in Appendix J.

A set of 231 microscope images of the left knee jommfmice of strain STR/LN was supplied by
Sanofi-Aventis and used as data for the histomorphomatralysis in this thesis. Additionally a
study set, consisting of four sets of a total of 487 imag&s also supplied for performing age
dependency study.

It is assumed that the reader has a basic knowledge iar#las of image analysis and statistics.
Knowledge of biomedical terms and histopathology is dwamatage. A list of technical and
biomedical terms used in the report can be found inosett5.

Eigil Mglvig Jensen
Lyngby, August 38, 2006.
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Chapter 1
Introduction

The disease osteoarthritis (abbreviated OA) is the nasihon type of arthritis. Though it is
mainly genetically decided, everyone has a risk ofirgetOA, especially older people who are
often a subject to the disease. It strikes in the htdagaring joints of the patient, and the presence
of OA leads to pain in the joints and loss of mobility.

The research of osteoarthritis has been ongoing thedasiry. Both private companies as well as
organizations spend resources researching in the filel.concern of the research is about the
causes of the disease, ways to prevent it and new tfpeaedication to halt the destructive process
caused by OA.

A huge effort is put into assessment of biological mdterithe concern of OA and other research
in the field of biomedicine. To ensure the credipiltf the results, this work requires both the
expert knowledge of people from the field as wellhégh precision. The assessment can be
performed by use of microscope, either working onlimeby taking images, and subsequently
performing the measurements offline. Previously thiskmeas performed manually, but now
scientists are aided by software that offers a higherigion. This also enables the opportunity of
performing large batch jobs to increase speed of teareh. A growing interest in automation is
seen and standards for quantitative measurements aredigiman

This introduction to the topic is followed by a moretalled background description of
osteoarthritis, the aspects of developing medicine, wadk previously done concerning
guantitative measurements of osteoarthritis. Througth@uchapter the motivation for this thesis is
pointed out and summed up in the end of this chapter.

First some interesting fatabout OA, before going deeper into the subject:
* Men and women are equally likely to develop OA.
* Almost everybody above the age of 60 has OA in at masjoint.
* The risk of OA is independent from race, but dependénationality. The Japanese

people are the most affected, while people in theafe&sia and in Africa have the lowest
rates.

! Sources: [22], [31]



2 Introduction

1.1 Osteoarthritis

A biological joint consists of two bones meeting ke
together by fibres. In between the bones reside layer
articular cartilage and joint space to make elasticemeant
possible. The cartilage layer consists of two main pi
connected to the end of each bone. Cartilage corsfisds
gel like compound, referred to as the cartilage matvhich -

is a mix of glycogen, hyaluronan (a glucosamine) an ﬁ. ;ﬂi’
number of chondrocytes (cartilage cells). The purpdsieeo | Pt o1
chondrocytes is to maintain the cartilage by seayetia \ )
components. -

The knee joint is the largest joint in the human badg is
subject to enormous pressure from the rest of the body.

knee joint, as illustrated in Figure 1-1, the afacicartilage ,
(illustrated by light blue) is in between the femaduabper) f
and tibia (lower) bone of the leg. These bones aee ... &
longest in the human body and magnify the stress lodteto
joint. Because of the combined stress conditions, tlee kr{:'gur? 1-1: Image of a human left
joint is often subject to pathological changes. Ire th<"e® oIt Frontview.
illustration, the meniscus is illustrated as a blue lgoimg Courtesy of Sanofi-Aventis

all the way from the lateral (outer) to the mediahér) side

of the knee.

1.1.1 The disease

When OA occurs, it is seen as a reduction in the nuoflEhondrocytes. This reduction can be age
dependent and, in that case, caused by apoptosisc@lledgd. As the cellularity decreases it
results in a degeneration of the articular cartileaesed by the lack of maintenance. As an effect of
missing cartilage, the subchondral bone is more exposthe icmpact of movement when the joint
is used. This results in damage of the bone, which is s&eg X-ray or MR-scan. Because the
regeneration process of the cartilage is very slovDevill be superior, and the overall condition
of the joint will slowly get worse. The developmenttioé inner symptoms of OA can be described
in the following four steps:

1. Small signs only. A few numbers of chondrocytes disappear

2. Moderate reduction of chondrocytes and minor redoctd the articular part of the
cartilages.

3. Chondrocytes are heavily reduced and forced togathgusters. Obvious fractions in both
cartilage regions.

4. The two main cartilage regions are completely missirtgchvlieaves the bones exposed to
each other.

The articular cartilage works as a cushion for theeBoAs a consequence of the missing cartilage,
the two bones rub against each other, and resulinn@#he affected individual. In the beginning it
will be a slight pain when starting to move, but tlanpwill disappear once the individual is in
motion, though it returns if the stress of the jointostmuous. As the disease develops, the pain
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will be stronger even in rest positions. Also the fldiip of the given joint is decreased in
proportion with the progress of the disease.

There can be several causes to the development oft ©@&n be mechanical such as wear damage
or sport injury concerning the joints. Also obesitysisown to have an increasing effect on the
development of OA in the knees. Tendencies by the yatnes are strong as well. A child is more
likely to develop OA during life if one of the pats suffers from the disease.

For more about osteoarthritis see [22], [31], [1].

1.1.2 Research and Medication

The research of prevention or the science of hegletgents with OA is still without any real
breakthrough. Today the only possible solution is ofteng analgesics to ease the pain. A series of
products for reducing the symptoms have been introdtecélde market, but none concerning the
actual OA. The products are based on a long procefssaufent injections done by doctors over a
longer period, and are therefore only administeregatiients with severe OA. A treatment will
normally ease the pain for half a year, but contisuptesence of the disease will cause the
symptoms to return again. One type of injection treatme to use a synthetic version of
hyaluronan, similar to the articular cartilage matki¢hen injected it will work as lubrication for
the joint and decrease the degeneration of thdagget but the effect of the hyaluronan injections
compared to placebo injections is doubtful.

The research is mainly focused on humans affected byisliease, and describes only the later
stages of OA, because the symptoms first are discoverdusgboint in humans. To be able to
prevent the disease, it is of great interest to idemfdod measurements that indicates the OA
affection at an early stage. To perform this, a cdietigrocess is needed using animal models.

1.2 Development Process of Medicine

The path from a company developing a new drug t@tbduct being on the shelves for consumers
to buy is a long and very expensive process for a nmmedmmpany. Several thousand compounds
are tested in the initial phase in order for the camgpga market a single successful product. This
process is illustrated in Table 1-1 and described tailda the following.

Preclinical Clinical

Testing trials Approval Total Phase IV

Final Onaoin

: Preliminary Phase I, Il approval Total time going
Details - tests after

research in lab. and Il1. from the spend.
market.
agency.
Time
(Years) 3-4 ~6 2-3 12

Table 1-1: Schedule for development procedure ofé@rug.
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The first step is for the company to do a long serigesifng of several potential compounds in a
laboratory. This is done by simulation or by use of atsraa testing subjects. In general this step
takes three and a half years and is the step whertheany has the most control of the process.
At the point where one or a couple of suitable compsthave been discovered, the company will
apply for approval of the compound at a nationahtarnational drug agency.

If the application is approved the process of clintdals will begin. The trials cover three phases
of different grades of trials including an increasimgmber of volunteers as test subjects. The
volunteers are either healthy people or people Ilgatvia given disease, depending on the phase at
present. At the clinical trials the compound will lested for safety, efficacy and possible negative
side effects.

The result of the clinical trials is a New Drug Applion (NDA). The agency will review this NDA
and if accepted, they will approve it within halfyaar, but in practice, this usually takes much
longer. At this stage the drug is ready to come intontlarket, but still ongoing tests will be done to
check for long terms effects, and any bad cases hasrepbrted to the agency.

As seen, the total time of this procedure is aroundvievgéars. The trial and approval steps are
long, but also the first step, which is done by the amgptself, is long. It is desirable to bring
down the process time of this step. This can be solveohjoving automation of the process and
by higher accuracy concerning the lab tests.

For more information about the approval of medicine,[8¢ [13].

1.3  Previous Work

This section covers research in the field of OA witbuf on histomorphometric measurements.
The described work is directly connected to the mesegaerformed in this thesis.

1.3.1 OA research by Sanofi-Aventis

The German company Aventis Pharma has been researchihg medicinal field of curing OA
and the symptoms of OA for several decades. In 1987 gheyhe medicament Hyalgan to the
market. The product uses the technique of injectymghetic hyaluronan into the joint as described
in section 1.1.2, and will ease the pain of the spmgtfor some years, but because it is not curing
the concrete disease, it is not a final cure. The emypecently merged with French Sanofi, and
research has continued since, but with no furtherfgignt discoveries. One reason is the heavy
process of preclinical investigations as stated in theigus section and Sanofi-Aventis are for this
reason interested in improving the speed and precisiorusing better tools and improve
automation.

1.3.2 Visiopharm Projects

In 2003 Visiopharm did two projects in association wAtventis Pharma concerning quantitative
methods of measuring the degree of OA in mouse models[Z8] One was about changes in the
subchondral bone as an indicator of OA. The otheralasit morphological cartilage changes, also
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as an indicator. The latter used the approach ohgakiicroscope images from above the tibia
bone, which was placed in wax with the articulatilzage pointing upwards. The results were a set
of methods integrated in Visiopharm’s VIS software, whics of great help to the staff at Aventis

Pharma when doing preclinical research of new compound

Later in 2004 the two companies did a new projecirfgaroving the process of the morphometric
analysis [28]. In this project another approach wamdhtced looking inwards on the knee joint
with both femur and tibia region in focus. The quizcdiion process concerned the cartilage
regions and counts of the chondrocytes inside thdagetarea. At the time this was done manually
and was a tedious process, which included great \aridgcause of the subjective measurement.
The solution was an automated segmentation of thdéaggrtiegions and other types of tissue in the
image of the knee joint. The segmented result was usqeeftorming the measurements, both by
automatic calculations and manually aided by the soéwBy this project, it was only proven to be
possible to perform the measurements, no strong end pbihis degree of OA was identified.

1.3.3 University Course

Refinements of the methods of measurements of morphologigyek in the cartilage was proposed
as a subject among many others concerning image analysigoarse at IMM, DTU in January
2006. Because of the short period, no significant tesugre obtained, but proposals for end points
and measurement techniques of these, were suggested. prbpssals are investigated in this
thesis and will be referenced throughout the report.

1.3.4 OARSI

The OARSI organization is the leading organizationthe osteoarthritis community [14]. They
promote the research of prevention against osteo&tluyt organizing conferences, publishing
journal papers and raising funds for the researchegard to this organization a study has been
performed of measuring histological parameters as OA emdspin the model of guinea pigs by
Pastoureau et al. [20]. The measured parameters cotlericartiiage matrix structure, the
cellularity of chondrocytes and the subchondral bonderneath the cartilage. In this study
histological sections stained with Safranin-O or Gotdnehrome were used. The results showed
time dependency of the OA affection by the measureahpaters. Also a close relation between the
development of bone and cartilage parameter valuesomad. This study and the parameters are
used as a reference for the study performed in théssth@ncerning the model of mice.

An OARSI working group was established in 1998 to desiggeneral scoring system for staging
and grading of OA histopathology in clinical researthe goal was to define a standard with wide
application and yet simple to apply. The work has b#escribed by Pritzker et al. [21] and the
results are further described in section 3.1.2.
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1.4 Motivation and Objectives

Throughout the introduction sections, the overall wation of this thesis has been pointed out.
This is summed up in the following:

» Osteoarthritis is a general disease that is a riskeoyede and present with no definitive
cure.

» OA research needs identification of methods for eadgribsis and understanding and for
development of preventive medical drugs. This can béoneed by clinical research
using animal models of OA.

* Currently the assessment of clinical research subjecteriormed manually, which
reduces in a lack of accuracy and introduced bias.

e The workload of manual assessment in the preclinical plkasigh. Semi-automation is
desirable to bring down the process time.

« Strong quantitative end points are needed for thenszated assessment, and to increase
precision of the indicated level of OA.

The scope of this thesis is assessment of OA affection @frticelar cartilage in the knee joint in a
mouse model. The assessment is delimited to focus on thel mil@diaf the joint. From motivation
described above and within this scope the followingdatves are given:

» Describe histopathology parameters of joint degradatidhe articular cartilage related to
OA. Describe quantitative measurement methods of thedeaasolution using image
analysis.

» Propose features, calculated from the measurements, dislates, and clarify which of
these that can be used as strong end points for tluaii of the OA disease affection.

» Validate the end points by using statistics and mangatgn pathology scores.

« Compare with known end points. Determine and argu¢hfo best end point to apply for
assessing each parameter of joint degradation. Thisgesudt set of end points, which
can be used as a tool for clinical assessment.

* Propose and implement a solution for semi automationeoéiid points.

» lllustrate application by performinging an age depeny study using the end points. Use
the results to point out age related trends causedy O
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1.5 Reading the Report

This section is a help for the reader, while readimg teport. An overview of the report is stated
and specific terms used in the report are listed. Eortbre, a list of figures, tables and
bibliography are found in the end of the report.

1.5.1 Thesis Overview

The report of this thesis is divided into four parts:
Part | — Assessment of Knee Jointintroducing the reader to the data
set used in the thesis, consisting of images taken by migesaf mice
knee joints. The professional evaluation of these imagedescribed
along with measurements of the OA dependent changbs &hee joint.

Finally, the overall measurement solution proposed Isyttiesis using
image analysis is described.

Part Il — Analysis of Methods: This part describes the performed
measurements, analysis and selection of the best featubesused as
OA end points.

Part 1ll — Application: Application of the selected end points by
implementation in Visiopharm VIS software. The implemergetiition

is used for performing an age dependency study of @A.résults of the
study are analyzed and age dependent trends areghount.

Part IV — Evaluation: Overall evaluation of the performed work and
proposed quantitative measurement methods. Future wardspect to
the thesis is proposed, and a final conclusion is praekente

1.5.2 Biomedical Terms

apoptosis dk.: apoptose, celledad
articular cartilage  dk.: led brusk
chondrocyte Cell inside the cartilage matrix. dkudicelle

end point A clinical end point is a measurement refgrto symptoms of a
given disease.

femoral cartilage Cartilage inside the femur parhefknee joint.
femur Upper part of leg. dk. Larbens knogle

fibrillation dk.: fiberdannelse eller ukontrolleredaiskelsammentraening
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histology Study of tissue performed by microscope on $eictions from a
subject.

histomorphometric To_ perform measurements from size and simajstological
sections.

lacunae Space in bone tissue.

pathology The science of dead tissue.

subchondral The area underneath the articular agetih a joint.

tibia Lower part of leg. dk.: Skinnebens knogle

tibial catilage Cartilage inside the tibia partloé tknee joint.

1.5.3 Report Specific Terms

base line Part of the proposed measurement model described ineCh&pt

left offset Part of the proposed measurement model desanbChapter 5.

OA Quantificer The name of the developed module for measuring thepemds

Module analyzed in this thesis.

parameter of joint In this thesis: one of following three: cartilage matchondrocyte
degradation cellularity condition of subchondral bone.

specimen The image of a histological section from a mowoee. k=our to five

specimens are taken of the left knee joint of each mouse

study set Describes an entire study set containing sesgaimens used for
the histomorphometric analysis.

trend hypothesis A hypothesis describing the trend gfvan histomorphometric
feature dependent on an increase in OA affection.

VIS measurement Measurement tool in the VIS software.nffire information see
section 11.3.1.
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1.5.4 Technical Terms

morphometry Measurement of shape and size.

MR-scanning Magnetic Resonance scanning. Techniquetosedjuire anatomic
images of body parts by pulses from a magnetic field.

stereology Analysis of objects in 3D by using two or nibeimages.

1.5.5 List of Abbreviations

ARL Average Run Length

BE Bjarne Kjeer Ersbgll, IMM, DTU, Lyngby

Fl Fibrillation Index, see section 3.2.1.

HG Hans Guhring, Sanofi-Aventis, Germany

INI Initialization

U Imaging Utilities, Imaging software library suppliedoy
Visiopharm.

MGR Michael Grunkin, Visiopharm A/S, Hgrsholm

OA Osteoarthritis

OOAD Object Oriented Analysis and Design

pXx Pixels

ROI Region Of Interest

VIS Visiopharm Integrator System
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Chapter 2

Data Acquisition

This chapter describes the study protocol used by Samefitis for performing preclinical OA
research. The procedure, of acquiring the imagebkeohistological sections that are used for the
method analysis in this thesis, is also described.

2.1  Study Protocol

In the research process of the preclinical phaseolmagists at Sanofi-Aventis make use of mice. A
total number of 50 mafemice are used in the osteoarthritis study STR/IN-250% Sanofi-
Aventis. Each mouse has an individual serial numbehé range 100-999. The mice are of
STR/1N; a special strain designed for this purpose,wgpontaneously develops OA in the knees.
The mice of strain STR/IN are of the same breed, ixet any other natural conditioned
relationships, the biological properties, e.g. weidgrigth, and more specific properties, vary from
one mouse to the other. When performing evaluatiosshtis to be abstracted from, i.e. mice at the
same age has to be seen as identical, but kept inthoagdh that differences in results can arise
from minor biological differences.

Because the tests are destructive in nature, it is ostilge to perform a paired test on the same
group of mice when testing for treatment effect ofragdcompound. Instead a group of mice is
divided into two: a control and a treated groupe Tieated group is exposed to the compound for
testing, and the control group is used as a referemcgdtistical evaluation. A list of the grouped
study set is seen in Appendix A.

The focus of this thesis is the knee joint from the h&fd legs of the mice. The right hind leg is
used for gross morphology research as described by Vismaphg26], which is not a part of this
thesis. The acquisition of the images is performed by fastowlogy as described in the following
section.

2 Male mice are more affected by OA and at an aastige. They are for these reasons preferrecefmarch purpose.
P M van der Kraan et al. [10].
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2.2 Histopathology Procedure

At the age of twelve weeks the mice have been saaulific

by CQ, inhalation. After the sacrifice, the left hind leg 1
separated from the given mouse and the knee joint is
exposed. The knee joint is decalcified by lying imnfcc

acid for three days. The joints are then fixed inmialin

and dehydrated using ethanol. The cuts are embedded i /
block of molten paraffin wax during the night ancerh
annealed for dissection.

The histology dissection is performed by cutting two by D
four of 7um thick sections with an interval of 100pm as
illustrated in Figure 2-1. The cuts are performed iat
thermoregulated water bath to prevent these fromngurl
Each set of tissue cuts are placed on slides for dryidg a
staining. The applied staining is Hematoxilin/Eosinjclkih
increases the contrast of the different types of tissutse
sections.

Figure 2-1: Frontal sections from a mouse
knee joint, sagital view.

2.3 Acquisition of Study Images

For the acquisition a Zeiss light-microscope was useth, avitigital Zeiss camera mounted. A total
number of 231 pieces of 24 bit images were taken iesalution of 2600p2048px by 10x
magnification. The images are frontal views of the mquhat only of the knee joint. Of this set of
images, thirty have been taken with only the femoeat pn focus, which is not relevant in this
study. This leaves 201 images for the study in this thesigour images per mouse except for
mouse 801 of which there are five.

Definition: Each image of a tissue section is named by thal sermber of the
mouse and the tissue section number. Throughoutfurt they are referred to as
specimensand by the specific image number e.g. ‘specimeh110.

To give an example of the images in the data set,nlage of specimen 103-17 is illustrated in
Figure 2-2. The areas have been labeled to giveetiser an understanding of the image, and are
described in the following.
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Lacunae cell Bone tissue Lacunae

— Articular Cartilage
‘..f /

— Joint space

Chondrocyte

Figure 2-2: A frontal image of the medial part of pecimen 103-17 with labels for the different typesf area.
Areas of articular cartilage and meniscus have beeanhanced by outlining in this illustration.

An understanding of the composition of this image is dé&defor the understanding of the

histopathological assessment and the measurement methodlsetdkescthis thesis. The image can
be related to the illustration of the human knee ictise 1.1 as well as the description of the
structure of the knee described in the referred sectio

The image is a histological section of the medial (ippart of a mouse knee joint. The femoral and
tibia bone meet in the middle of the image, each withyer ofarticular cartilage. In between is
the joint space where synovial fluid resides in case of a living &n&he black dots in the image
are cells, and the specific cells inside the cartiEgethechondrocytes Most of the tissue in the
image isbone tissue seen as red. Bone area underneath articular gartikg referred to as
subchondral bone In the subchondral bone resides ldaginae areasiInside the areas are large
cell formationsjacunae cells
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Chapter 3
Histopathological Assessment

In the preclinical phase pathologists assess the effextgofen drug compound by evaluating the
difference in impact of OA on groups of animals. Thidase by evaluating the parameters of joint
degradation, which is known to be affected by theeaée. Concerning OA in the knee joint the
following parameters of joint degradation are assessed:

» Condition of the articular cartilage matrix structure
* Cellularity of chondrocytes
» Condition of the subchondral bone

The histopathological assessment of these parameters lpsethe general known tendencies of
OA impact is described in this chapter. A further desion of the age related tendencies are stated
in Chapter 12.

There are various ways to acquire the parametersimif giegradation e.g. MRI, X-ray or by
microscope images of specimen samples from the animals. Tdragdars of joint degradation are
evaluated for each specimen by using a pathology system, which divides the specimens into
groups by the score values, interpreted as the defjseekness. This makes it easy to compare the
overall condition of the specimens.

In studies at Sanofi-Aventis mice are used for this tfpessessment. The mice in study STR/1N-
25-05 have been visually evaluated for each of @weampeters of joint degradation by Sanofi-
Aventis. In the evaluation the Mankin Score systera bhaen used, which is explained in the
following section.

The histological parameters are measured by a set ofigi@e methods. The applied methods for
each parameter are explained in this chapter.

3.1 Pathology Score

Today there is no standard of evaluating the degfeémpact caused by OA. Different scoring
systems are used depending on company and nationalityidély used scoring system is the
Mankin Score that has proved useful for evaluatib®A in guinea pigs by Pastoureau et al. [20].
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For a long period, the OARSI organization has ttedlarify the possibilities of qualitative and
guantitative measurements to be used as a standardhe/iARSI score as a result. Also it has
been discussed which type of animal to use as a propegl iad corresponds to the behavior of
the human body. Different types have been proposeduaed e.g. mice, guinea pigs, rats and
bunnies.

3.1.1 Mankin Score

In the late sixties H. J. Mankin et al. performed rese# make a grading system to describe the
histological degeneration affection caused by Osteoa@st The result was the Mankin score,
which was published in 1971 in a book [15] containmuch of their work in the field of OA.
Following the grade was widely used as a standard lpaghscore in the field of OA research. The
scoring system relies on several features, and becatlss obmplexity of each grade, the usability
was doubted. To prove/disprove the score, a team oarasrs performed an investigation of
validity in 1992 by Van der Sluijs et al. [23], whiturned out to be positive and the scoring system
was declared fully useful.

The score consists of grades from 0 to 14, describingrdde of changes in the cartilage affected
by OA. The evaluation is always performed on the mdettdd area. Overall, the scoring system
is divided into four groups: 0 no affections, 1-3 nmdl@mage, 4-8 severe damage and 9-12 the end
stage. The mice in study STR/1N-25-05 have been deallaee Appendix B) using a modified
Mankin score, with the grades described in Table 3-1.

Cartilage matrix Cellularity of Subchondral bone
structure chondrocytes
0 Normal 0 Normal 0 Normal
Surface Remodeling
L irregularities 2 Reduced 3 processes
Superficial . .
3 fibrillation 5 Strongly reduced 8 Thickening
6 Clefts in deep 8 Total loss of
zones cartilage
8 Complete loss of
cartilage

Table 3-1: Modified Mankin score used by Sanofi-Avetis.

3.1.2 OARSI score

The OARSI organization researches in the field, éiné a new standard for assessment of the
degree of OA. An approach developed by Pritzkex.g21] is based upon the grade of the affected
area as well as the stage. Both terms are explaindg ifollowing. The exact pathology score is
calculated by the formula stated in Eq. 3-1.

score= gradex stage Eq. 3-1: OARSI score.

The grade is defined by an integer value in thennate[0:6], which is based upon a system of
combined evaluation of all three parameters of joagrddation. Depending on the state of these a
grade is given. A sub grade system has been added totheageading system more detailed. The
stage parameter describes the spread of the diseass gnven by a look-up in Table 3-2. The
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OARSI system is not yet used by Sanofi-Aventis, and mat be mentioned any further in this
report.

Stage % Involvement (stage fraction)
Stagel No OA activity seen
Stage?2 <10 %

Stage3 10-25%
Stage4d 25 -50 %
Stage5 > 50 %

Table 3-2: OARSI look-up table for stage assessmerorrowed from [21].

3.2 Cartilage Matrix Structure

The basic symptom of the progress of OA is
destruction of the cartilage regions in the joint as
described in section 1.1. It is a well known facti & ==

that the matrix degenerates from the surface an :
down towards the subchondral bone. Pathologis
evaluate this parameter by focusing on the mo
affected area of the cartilage structure. Both th
thickness of the cartilage matrix and the curvatur
of the cartilage surface are used as end points f
the degree of OA impact.

As seen on the illustration in Figure 3-1, the
surface of a healthy cartilage is smooth, wherea$S
an affected surface has a certain degree of
irregularity depending on the stage of the diseasggure 3-1: Cartilage matrix structure. (a)

This irregularity is the key feature in the analysiSpecimen 497-20, healthy area. (b) Specimen 317-
of the cartilage matrix structure in this thesis. 14, OA affected area

3.2.1 Fibrillation Index

A standard method for measuring the irregularity ofshdace is the Fibrillation Index (FlI). This
method has been applied by P. Pastoureau et al. imdtewith the guinea pig as a model of OA
[20]. It was proved that the fibrillation has a higbrrelation with the irregularities. If two points
are defined on the left and right end of the caggl surface, then the FI can be calculated by the
formula stated in Eq. 3-2. The main idea is illustraneigure 3-2.

In this thesis the Fl is used as a reference for evatuatf the methods for measuring the cartilage
matrix structure.
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- ! . Eq. 3-2: Fibrillation Index (FI)
d=Euclidian distance,

| = length of surface curve.

) , ) i 0 n n = , # , o_ 2 b / &
Figure 3-2: Specimen 196-14. Measuring Fl by the Elidean distance and the surface curve, both inditad by
black lines.

3.2.2 Irregularity by Thickness

Another way of determining the irregularities in tatilage surface is by measuring the thickness
of the cartilage matrix. The idea has not been \estibefore and is evaluated and proposed by this
thesis.

Figure 3-3: First approach of cartilage matrix thickness measurement. The cartilage surface and casdte/bone
interface are measured separately from a horizontdine. Specimen 133-11.

The first approach was performed by measuring from adatal line to the cartilage surface and
to the cartilage/bone interface separately as illtestry Figure 3-3. By analysis of the results of
the measured thicknesses, it was found that the distantiee tcartilage/bone interface had no
correlation with the degree of sickness, whereas ttardie to the surface curve had a closer, but
no significant correlation. The conclusion was to aimé cartilage/bone interface and focus on the
surface curve.

A new approach was introduced and investigated gimout in the beginning of the period of this
thesis. The approach was to use a polynomial fittedutfirahe centerline of the cartilage. A high
correlation between the thickness measurements from tiesalnd the pathology scores was
obtained. This result was presented to BE and MG (pperdix C) and at a meeting with MG and
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HG (see Appendix D). Some disadvantages of using a @olah were pointed out at the meetings.
The final approach is to use a straight line throtigh cartilage/bone interface as illustrated by
Figure 3-4.

A study of performing this measurement and calculatingsstal features has been carried out in
this thesis. The work and methods are described inlPart

Figure 3-4: Final approach of measuring cartilage ratrix thickness. A line is fitted trough the cartilage/bone
interface. Thickness are measured perpendicular tthis line. Specimen 362-14.

3.3 Cellularity of Chondrocytes

One of the first indications of OA is a
decrease in the number of cells insid¢
the articular cartilage in the affected
joint. The destruction of cartilage matrix|#
and the decrease in chondrocytes ofte.
follows as the OA progresses, b
pathologists have pointed out that t
cellularity is affected before the;
cartilage structure. A study of :
chondrocyte and collagen inside the —
cartilage in relation to the destruction off ¥4
the cartilage matrix have been
performed and proven by Goldring [8]. 5
A study of chondrocyte cellularity
concerning OA impact in the model of

guinea pig has been performed Dby Figure 3-5: Close up of OA affected region. The aile
Pastoureau [20]. A similar study for the indicates an area with a lower density of cells copared to
mouse model is carried out in this thesis the rest of the articular cartilage. Specimen 1372

As with the cartilage matrix, the pathologist evalaataly the most affected region i.e. the region
with lowest density of chondrocytes, as illustratedrigure 3-5. Depending on the condition, the
specimen is given a pathology score for the celluldnigythe Mankin score system described
earlier.
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The study, with manually given Mankin scores, has besed by Sanofi-Aventis for several
morphometric investigations concerning, among others,c#ililarity of chondrocytes. These
investigations have been aided by the VIS software.

The approach used by Pastoureau is to measure thegsilof the chondrocytes by chondrocyte
density in the histological sections. The density isndefiby the number of chondrocytes in the
articular cartilage divided by the measured arehefcartilage as stated in Eqg. 3-3. A limitation of
this approach is that the number of chondrocytes D aeztion is only weakly related to the actual
number of chondrocytes in the volume. This has beereprby the Swedish mathematician S.D.
Wicksell [30] and is a known fact in stereol8gyor this reason, use of this definition of the
cellularity is found inappropriate in this thesis.

N
Paensiy = 2"+ Puensiy I [0 ; 1] Eq. 3-3: Cellularity by density.

Ahartilage

A more correct approach of measuring the cellulastlypy measuring the area of each chondrocyte
in the cartilage matrix. This is based upon the Delesseiple: ‘Area fraction equals volume
fraction’ by Delesse [6]. The basic idea of this pipteiis that the measured area of a random cut of
an object varies direct proportionally to the voluofi¢he object.

From this principle it is given that a fraction of ttleondrocyte area in respect to the cartilage area
reflects the volume density of the chondrocytes. Is thesis, this fraction is believed to be a good

measure of the cellularity. The calculation is statgdd. 3-4, and analysis of this measurement is

performed in Part Il.

— A:ells

Parea = v Parea U [0:1] Eq. 3-4: Cellularity by area fraction.
A:artilage

3.4 Subchondral Bone Structure

As the influence of the osteoarthritis progresses, thetate of the subchondral bone changes. The
process is a thickening of the bone underneath tloeilart cartilage layer, which forces the lacunae
even further down and away from the cartilage.

When pathologists evaluate this area they focus odehsity of the bone and the amount of bone
tissue separating the articular cartilage from thenlasuln a healthy specimen, the lacunas will be
close to the cartilage whereas for a sick specimen thesareas will be far apart and the lacunas
are displaced. This results in a higher density of drelior an OA affected specimen.

3 Analysis of objects in 3D by using two or more ages.
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3.4.1 Bone Density

A study of measuring the bone density has been perfoiméde model of a guinea pig by
Pastoureau et al. [1]. The density of the subchortabak is measured underneath the articular
cartilage as a fraction of bone area in respectdaddtal measured area as stated in Eq. 3-5. Several
types of tissues are found in this region, and arectléatthe measurement as follows:

» Cartilage and chondrocytesare excluded from the measurement.
» Bone and cells inside bone areare counted both as bone area and total area.
* Lacuna, lacuna space and cells inside lacuna areae included in the total area.

This binarization of bone area in respect to not-bsmniéustrated by Figure 3-6.

IOBone = A\Bone ’ pBoneD[O:l] Eqg. 3-5: Bone density

Ar otal

A measurement of the bone density has been pertbimehis thesis and an analysis of the
measurement and calculated features for end paiatdescribed in Part Il.

Figure 3-6: Binary indication of bone density meastement. Black area is measured as bone, white astrmone.
Residual area is excluded from measurement. Specém 133-5.
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3.5 Known Tendencies

In this thesis a focus is kept on the tibia regiothe medial part of the knee joints. This is lohse
already known tendencies:

» OA tends to have most effect in the medial pathefknee joint.
* The tibia region is more affected by OA than thedeal region.

* By nature the central part of the medial tibiahis inost affected area. This is known in the
model of the guinea pig by Meacock [16]. The cdrgeat of the joint is the right part of
the images that are studied in this thesis.

For these reasons the study in this thesis is @atos the medial tibia region. The last tendency is
used as basis for some of the histomorphometriafesexplained in Part II.

3.6 Discussion

The manual ranking systems has been used for decadénical OA research. The Mankin system
has been the standard for assessing histologysediy microscope, but is doubted because of the
composition of the scoring, and is criticized bytZker et al. [21] for being based upon OA at & lat
stage. In addition, manual assessment using anguskistem has several disadvantages:

» Precision is lost by coarse classification of tbgree of sickness.
» Accuracy is low because of manual errors.
* Bias is introduced because of the subjective assads

* The process is time consuming.

The demand for a new standard of assessment isimgyody performing semi automatic
guantitative measurements, the above mentioneddistages are removed. The outlines for the
proposed solution in this thesis are given in tiWwing chapter.

An important factor in proposing new methods fosemsment is to prove the correctness and
validity. By correctness a clear intuitive relatidmetween the method and the measured OA
parameter is expected, and a correct end poinbeaseen as the truth. By validity a correlation
between the measured results of the method anstalge of OA is expected. Arguments for both
requirements are described for the proposed measutanodel in section 5.3, and for each of the
proposed end points in Part Il. Most of the desdfilguantitative measurement methods have
already been proved to be applicable in other aninmalels. In this thesis these measurements are
analyzed in the OA model of a mouse.



Chapter 4

Measurement by Image Analysis

In the previous chapter, both applied manual rankystems and quantitative measurements have
been described. A discussion of using the quaméameasurements in favor of the ranking
systems is performed in the first section in thiapter. A solution of the quantitative measurements
based upon image analysis is described in thevioip sections.

4.1 Measurement Solution

The measurement solution proposed in this thesigsaged upon image analysis. The general
purpose of using image analysis is to extract featfrom digital images. In this thesis it is wahte
to locate the tibia cartilage in the images of tiological sections. In addition the chondrocytes
inside the cartilage and the bone tissue underrbathrticular cartilage has to be located.

To ease the described tasks, a segmentation ofmtdnges is performed. Segmentation in general
and application in this thesis is explained in isect.2.

The measurements are performed on the segmentge.ilhameasurement model is proposed in
this thesis to make the measurements of the enutspoonsistent. The measurement model is
described in Chapter 5.

To perform the histomorphometric measurements ftawae module has been used in the work of
this thesis. The module is described in section 4.3

4.2 Segmentation

Segmentation of images is a general issue in tlageénanalysis field. The segmentation process is
used to simplify the extraction of desired featuiresn an image. Segmentation is performed by
using classification techniques, which are basednuglassification rules. A classification rule
determines how an observation, from an imagesléal by a class that is taken from a given set of
classes. A simple method of classification is te ueensity threshold in different color bands [5].
Examples of more advanced classification methoedayesian classification [4] or application of
Markov Random Fields [12] for neighborhood dependtassification.
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Use of a priori information is vital for good segmi&ion. This can be information such as intensity
ranges for given features, composition of the fiezstin the image, or patterns in the occurrences of
the features.

The segmentation process performed in this thesisarried out, by using Visiopharm VIS
software. The software offers most of the availabkthods for segmentation, and the possibility
for performing a batch job for automation. Both gmeocessing for improving image quality,
choosing input channels and post processing raifmreautomatic correction of segmentation are
available in the software.

Requirements for the segmentation are describdigeiiollowing section. Performing the required
segmentation by VIS and evaluation of this are klesd subsequently.

4.2.1 Requirements

Segmentation is performed on the entire image, b *
only the tibia region is used for the quantitative
measurements. This region is highlighted in Figul
4-1. A set of features by types of tissues has be
defined and the colors and placement in the imag
of these are used as a priori information for th
segmentation. The different types of tissues a
addressed and illustrated in section 2.3.

The overall goal is to segment the features, ifienti
the tibia cartilage region and perform this process
semi automatically. This results in a set Figure 4-1: Image of specimen 921-14. The tibia
requirements with corresponding priorities region is highlighted. This is the area to segment.
stated in Table 4-1. The requirements are defilicu

by the importance of correct automatic segmenta’omedium or low priority indicates that some
segmentation errors are accepted, because it aslyittle influence in the analysis or is easy to
correct manually.

Requirement Priority

1. Classification of the following features:

a. Cartilage tissue High
b. Chondrocyte tissue High
c. Chondrocyte centers for cell counting Low
d. Bone tissue Medium
e. Lacunae Low
2. Identification of the tibia cartilage region. Low
3. The segmentation has to be done semi High

automatically only by some supervision.

Table 4-1: Requirements and priorities for segmentidon of specimen image.

The time spent on manual corrections is to be waghtin a maximum of 2 minutes per image. This
time limit is empirically set by calculation of alf study to be processed in a work day.
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4.2.2 Visiopharm Auto Histology Module

As part of an earlier task for Sanofi-Aventis, isharm have developed a dedicated module for
segmentation of images from the knee joints of mides module is applied to the images of this

study and evaluated for usability to perform thgnsentation according to the above described
requirements. The investigation is carried ouhis section.

4.2.2.1 Applied Methods

The segmentation process of the module consistevaral steps for segmenting the different types
of tissues. An understanding of these steps is@akéor evaluation of results and specific issues
of the module. This process has been describecetail by Visiopharm [29], and a brief walk
through of the steps is described in the following:

1. Separating background from other— The background is mainly the joint space sedhen
centre of the image. This step is easy done bysitiethreshold [5].

2. Segmentation of cells Both chondrocytes, lacunae cells and cells enbidne tissue are of
the same color and first segmented together. Subs#y they are given separate labels
dependent on size (lacunae cells are far largerchandrocytes).

3. Segmentation of cartilage and bone- The color of these two types of tissue doedifter
much. A more advanced approach is used by appd/imgori information of the placement
of the two types. From these areas, samples amn tér training the classifier. The
segmentation is carried out by using Bayesian ifieagson [4] with the a priori information
from the training as input. Several post processigines are applied to remove noise and
filling holes. Advanced custom algorithms are usedxclude wrongly segmented areas.

4. Delimitation of biological regions— The femoral and tibia cartilage regions are tbby
use of placement information and indicated by irhlial types of mask layers. Because of
the similarity between the shape of the cartilage @an umbrella, this is used as a model in
the algorithms, i.e. the regions are assumed nmothly round towards the joint-space.

5. Chondrocyte centers— To make the process of counting cells easy,cdrmger of each
chondrocyte is marked. This is done by using a filedr*, which is optimal for the round
shape of the chondrocytes. This filter also takeslapping chondrocytes into account.

Settings for each step in the process can be defipehe user.

For each type of class segmented from the image/em label is defined. Each label is associated
with a color as illustrated in the color paletteFigure 4-2. Throughout the report, the illustrated

color palette is used when labeling segmented imagarthermore a mask is used to indicate
specific areas. The tibia cartilage region is iathd by a mask indicated by a blue dotted line as
illustrated in Figure 4-2. An example of a segménteage labeled with this palette is seen in

Figure 4-3b.

* A filter designed for enhancing round or oval gmp
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Mask Labels
[ | Joint space [ ] Chondrocyte
A , center
| [ ] Cartilage tissue I Bone tissue
T | I Celltissue 7] Lacunae
Tibia cartilage region
I Chondrocyte [ ] Lacunae
background

Figure 4-2: Defined mask and labels for segmentatio

4.2.3 Evaluation

An evaluation of the Visiopharm Auto Histology mdelthas been performed. For requirement
specification, results, and segmentation issueseheer is referred to Appendix E. An example of
segmentation is seen in Figure 4-3.

(@) (b)

Figure 4-3: Segmentation result of specimen 103-1¢) Original image. (b) Segmented image.

4.2.4 Conclusion
The conclusion is based upon the previous sectindghe evaluation in Appendix E.

The Visiopharm Auto Histology module was succesgfapplied for segmentation of the set of
images in the study. The result was correspondiggented images.

Evaluation of the chondrocyte counting addressej@ficant difference in mean between manual
counting and automatic counting by VIS module. Tdifference is mainly caused by two cases, as
stated in the Issues section in the appendix. Marwreection of this is possible, but not withireth
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specified time limit for semi automation statedthg described requirements. A high correlation

was calculated for both automatic and correctedndiexyte counting, in respect to manual

counting. This indicates the difference in meanseduby a bias and this will not affect the further

analysis, when comparing groups of segmented im#@gestated in the Issues section in Appendix
E, the segmentation and counting of chondrocytesadrard tradeoff between different cases, and
even an optimal automated solution requires minanumal correction. By these statements, the
segmentation of chondrocytes performed by the neidutoncluded to be acceptable.

Evaluation of the residual criteria pointed outttbaly minor manual corrections are needed in one
out of four, mainly for tibia cartilage region, tge and chondrocyte tissue. These corrections ca
be performed within the specified time limit for L®f the images. Manual corrections were
possible, but not within the specified time forrdages. Manual corrections were impossible for 2
images, which is caused by badly performed imagiing performed segmentation is concluded to
be within the criteria of semi automatic.

The VIS module fulfilled the described requirementhis validates the module to be used for

segmentation of the images as a preparation fogquheatitative measurements of the features. The
resulting segmented images from the evaluationga®are not used for the analysis in this thesis.
It was only meant for evaluation purpose. A studysegmented by experts at Sanofi-Aventis has
been used for the analysis.

4.3 Study Module

To perform the measurements a study module wasemmgited in C++ using Active Template
Library (ATL) as framework and Visiopharm Imagingilities (1U) library for general functionality
and image processing. The module was implementedvasiopharm Custom Algorithm in VIS to
gain access to the study database. The resulteeahéasurements was exported from the module
and analyzed separately by using Microsoft Exced dmatlab. The study module is neither
described any more, nor is the source code inclulldithal solution based upon the analysis has
been implemented and is described in Chapter 11.
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Chapter 5

Defining the Measurement Model

When pathologists evaluate a microscope image mbase knee joint, the focus is kept on the
cartilage area affected by the disease. A pathasogye is given, depending on this area only, no
matter how healthy the rest of the cartilage ighiminitial studies of this project better reswltsre
obtained when keeping a similar focus in the uslgdrihms instead of evaluating the entire
cartilage area. From these results, a definitioa nfeasurement model was proposed. The proposal
was done together with Hans Guhring, Sanofi-Averdssa result of a meeting the on March 30,
2006, at Visiopharm (see Appendix D).

5.1 General Definition
The proposed measurement model consists of thrapartents:

1. A boundary of the cartilage area determined bydaett right bounds.

2. A base line for the measurements.

3. A left offset, which keeps the focus on the affdcéeea in the right side of the medial tibia
region.

The general idea of the measurement model defmisidlustrated in Figure 5-1 and is explained in
detail in the following sections. Measurements loé tartilage matrix and chondrocytes in the
matrix are performed inside a Region of InteresOIRdefined by the three components.
Measurements of the subchondral bone are perfouméerneath the base line.

5.1.1 Cartilage Boundary

To focus the measurements on the tibia cartilaga,aa boundary of this area is defined. The
important part of this definition is to include alartilage area of relevance especially effected
cartilage area. This has to be weighted in contaassicluding too large an area.

The boundary is given by left and right bounds. Tiebound is either defined using the leftmost
point of the segmented tibia cartilage region iathd by a mask, or by the tibia cartilage rounding
in the left side. The optimal of the two soluticar® found by evaluation in the conclusion of this
chapter.
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The right bound is harder to define because obften diffuse shape and type of area in the right
side. The cartilage area in the center of the jomthe right side of the images) is not a parthef
area to be measured. The guideline is then tohgetight bound at the border between the tibia
cartilage area and this center area. The segmemizdn often be used to determine this border, but
a priori information added by pathologists is nettteensure that the affected area is included.
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Figure 5-1: Medial image of specimen 103-14 with R@n of Interest (ROI) indicated.

5.1.2 Base Line

A base line is used as a guideline for the perfarmeasurements. The base line is located at the
cartilage/bone interface and is oriented by therdation of the cartilage. The base line is dekahit

in the ends by the left and right bounds descrilmpedection 5.1.1. The base line can either be
pointed out manually or automatically calculated.

5.1.3 Left Offset

To focus the model described by the boundary ars# tiae even more, an offset from the left
bound is used. This keeps focus on the right sfd@etibia, which is known to be affected the
most [16]. The left offset is defined in such a whgt area, which in general is healthy for all
specimens in a study, are excluded from the meamsuns.

It is of great importance to determine an optinedil bffset. Also whether it is best to use the left
side of the mask or the left rounding as refereiscenportant. A study covering these topics is
performed in section 5.2.
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5.2 Determining an Optimal Left Offset

The approach is to determine one common left ofiset for measuring all specimens in a study
set. The left offset may differ from one studyteeanother.

As stated, the left offset is set to include théreraffected area and exclude as much healthy area
as possible, thus in this way, the goal is to detee where the affected area is located in each
specimen and then calculate the general tenderneylotation is described by the first occurrence
of irregularity seen from the left. This study issdribed throughout this section.

5.2.1 Data Extraction

The approach of determining where the affected isrcated is based upon some of the principles
of measuring irregularity by cartilage matrix thiglss, as described in 3.2. This measurement is
performed by measuring the distance perpendicuban the base line to the cartilage surface, from

left to right.

The result of measuring the cartilage matrix ofhesgecimen is a curve representing the cartilage
surface, in respect to the base line as seen urd-fgr2a. A smooth path indicates healthy cartilage
area and rough and irregular curvature is an itidicaof the area being affected by OA. The first
occurrence of irregularity seen from left to rightndicated by a vertical line in the figure. Tlgs
the point that is to be found and used for deteimgia general left offset.

Specimens that are only affected a little by OAndd have any noticeable irregularity. These are
excluded from the calculations to keep focus orgergerally affected area.

Irregularity measurement of specimen 133-5med First numerical derivative of specimen 113-5med

100

:
I I = e oy
N

20 -

Distance from base line to cartilage surface [px]
First numerical derivate of surface curve

Occurence of irregulari Occurence of irregularity

Offset from left side of mask [px] Offset from left side of mask [px]

(a) (b)

Figure 5-2: Measurements for specimen 133-5 usingft side of mask as reference. (a) Result of irre¢arity
measurement of the cartilage surface, (b) the fitsaumerical derivative of the thickness measurement

5.2.2 Finding Occurrences of Irregularity

Irregularities in the cartilage surface are seermassurement values with high variation. This
variation can be detected by calculating the fitgnerical derivative of a thickness measurenient
described by Eq. 5-1.
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0 =-t 1 Eq. 5-1: First numerical derivative.

Smoothness in the derived curve yields values doseero, and irregularities yields either high
positive or negative values. To detect the firstunence of irregularity, it is now to find the
derivate values that indicate the irregularity kgeeeding a certain limit.

A study of solving this by using a simple threshbts been carried out in the work of this thesis.
The results yielded no significant difference betwehe occurrences of irregularities for healthy
and sick specimens. This approach is concludee tsbless for solving the problem.

Inspired by quality control, the irregularities lealseen chosen to be detected by using the Cusum
(cumulative sum) method. This method detects dewiat from the expected mean, and the
application is described in section 5.2.2.1.

The results of applying the method is a singleatis¢ valued for each specimen, which is the
distance from the reference point to the first omce of irregularity. LeD describe the set of all
found distancesl. The averaggp is the average distance from the left bound toottwirrence of
irregularity. It is wanted to include as much imégity as possible, but be tolerant to outliers or
extremes. For this reason a confidence level of &&hosen and found by subtracting two times
the standard deviatiash from the average as stated by Eq. 5-2. This puieeteft offset more to
the left, and guarantees the irregularities inritjet side to be included as illustrated in Figbé.

Op = Up — 21U, Eq. 5-2: Left Offset calculation.

5.2.2.1 Application of the Cusum Method

For inspection of processes a various number ofraboharts can be used. A control scheme,
which is designed to detect minor and sustainefissini mean, is the Cusum method suggested by
Page (1954) [19].

The method can be applied by the V-mask as illtexfran a measurement in Figure 5-3. The shape
of the V-mask is determined by theandk parameter. The V-mask moves along the valueseof th

process. If any of the values violates the uppdower arm of the V-mask, the process is detected
as out of control in respect to the expected mean.
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Figure 5-3: Cusum method applied by using a V-maskl he origin of the V-mask is indicated by the firstpoint
where the process is out of control by violating th upper arm. The raw data are only generated to llistrate an
example.

The V-mask is complicated to implement and almesten used in practice. A tabular solution is
simpler to implement, either in spreadsheet owoésvare functionality and is therefore preferred.

The solution is based upon control of a rise drifalalues in respect to the expected mean, which
is detected by calculation of the formuagsandS, respectively calculated by Eq. 5-3 and Eq. 5-4.
The scheme is build upon a limit paramédieaind the control parametkr During the process, if
either of the twoS exceeds the limib, it indicates the process is deviating stronglynfrthe
expected mean. Thie parameter controls the ability of the Cusum methmdietect sustained
deviation from expected mean. A low valuekofmakes the Cusum method sensitive to sustained
deviation, based upon a long series of observatishereas a higlk value makes the Cusum
method sensitive to fast and large deviations only.

So(i) = max(0,So(i-1) + po - k- x) Eq. 5-3: Lower control formula, Cusum low.

Shi(i) = max(0,Si(i-1) +x - Yo - K) Eq. 5-4: Upper control formula, Cusum high.

Wherex; is the current value of the process, is the expected mean of the process Q and the
control process is initialized witBe(0) = 0 andS;;(0) = 0. Using the max() functionality adds a
restart feature which makes the method sensitivedal changes in mean only. This is wanted in
the case of detecting irregularities.

Tuning theh andk parameter is essential to the method. Guidelihési® have been described by
Vardemann [24]. It is required to define a valuetfie ARL (Average Run Lenght) and the size

of critical shift in mean. The Cusum parameters tteam be calculated from these values, and by
use of proper Cusum tables. To define the ARL &nal continuous process and the properties of
this process is required.
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From the general description of the Cusum methatesign is created to detect the occurrences of
irregularities. The performed thickness measuremart finite and general ARL a@idare hard to
define. For these reasons, the Cusum parametersesarempirically from observations. The
irregularities are mainly negative slopes, therefosing only the Cusum low is preferred. Also a
low k value is unwanted because it would make the Cuswathod detect the smooth ends of
healthy specimens as irregularity, which is wrong.

5.2.3 Results

The study set of 201 specimens was used. Thickmessurements were performed and first
numerical derivative calculated for each specink@om observations and a criteria of detecting as
many irregularities as possible, optimal valueb=#f0 andk=4.5 were found.

Applying the Cusum method yielded a setDotising each of the two references. Only specimens
with found irregularity were included in the calatibn of the left offset. The numbers of included
specimens are stated by Table 5-1. The resultstated in Table 5-2.

Score (total n) 0(11) 1 (48) 3(43) 6 (60) 8(39) Total (201)
. Included n 0 1 4 18 27 50
Rounding
Included % 0.0 2.1 9.3 30.0 69.2 -
Included n 0 1 6 40 37 84
Mask
Included % 0.0 2.1 14.0 66.7 94.9 -

Table 5-1: Number of specimens with found occurreres grouped by manually given cartilage matrix pathtmgy
score. Percentages are of the total number of thévgn pathology score.

Cartilage Segmented

Rounding Mask
Average (Up) 1231 px 1150 px
Standard deviation (op) 234 px 236 px
Left Offset (op) 763 px 677 px

Table 5-2: Results of the left offset calculation.

To visually illustrate the measurements and catmna, a plot has been made combining the
results in Figure 5-4. In this plot two selectedasiw@ements extremes of the cartilage surface have
been plotted as curves; one healthy and one seirapn. These plots are meant as guidelines to
the scatter plot of all the measured occurrencesegularity, which is in the top part. Notice tha
the placement in the y-direction is only to spreatithe values and have no practical meaning. The
distribution of the occurrences is also illustralbgda histogram in the bottom part.
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Figure 5-4: Plot of irregularity occurrences foundby using left side of mask as reference. The histagm

indicates the distribution of the occurrences. Meaged cartilage curves are guidelines.

w
(4]
L

50 Left Offset (-2xSTD)  Average
I
I
I
45 : Occurence of irregularity
| e 4 & *
40 | . RS IR R
| * ° ® o0t .: *
: * R SIS .
I
I
I
I

w
o
L

Histogram, frequency of irregularity measures .
N
[6;]
|

20 4
15 A
10 A f'/M
5 4
0 T T T T
0 500 1000 1500 2000

Offset from left rounding of cartilage [px]

2500

Figure 5-5: Plot of irregularity occurrences foundby using left cartilage rounding as reference. Thaistogram

indicates the distribution of the occurrences. Meaged cartilage curves are guidelines.

The calculated average and left offset are markethe plot, and can be seen in respect to both the
occurrences distribution and the two cartilage eanAs seen the left offset is marked through the
half of the sick curve, but only at two third otthealthy curve. The result will be that a greptat
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of the healthy specimens will be measured tharsitle specimens. However this will only be the
case in the extremes, and the actual results dldmewhere in between.

5.2.4 Verification

Verification was carried out by selecting a sulifeB0 random specimens. For each specimen the
first occurrence of irregularity was determined oty and used as ground truth. Pearson’s

correlation coefficient (see section 10.2) was ulaked between the test set and the results for bot

of the applied references. A two-tailed paired $tid t-test was performed to determine difference
in mean. The results are stated in Table 5-3.

Manual Cusum Correlation T-test

Ho Ho  coefficient p-value
Rounding 1398 1245 0.59 0.18
Mask 1233 1158 0.75 0.26

Table 5-3: Results of left offset verification.

A correlation with the manual determined occurreneas determined and no significant difference
in mean was detected at a 95% level of significaoceboth references. Therefore, is the above
described method by use of the Cusum method detechid be a good method for detecting the
occurrences of irregularity.

5.2.5 Discussion of Optimal Left Offset

The standard deviation is the best indicator whamparing the results of using the two different
left bounds. But the two values are approximatelyat and comparing them does not point in favor
of any. To make a choice, the pros and cons fotvbeare lined up in Table 5-4.

Pros Cons
A biological fixed point. Is to be manually pointed out. Means more
Rounding time spent and introduction of possible
manual errors.
Easy to acquire. Dependent on errors in automated
Mask segmentation.

Can be found automatically.

Table 5-4: Comparing pros and cons for the two po#se offsets.

The main purpose of this project is to automatenash as the pathology score assessment as
possible. For this reason the mask is preferredals®e it uses the already developed and tested
segmentation module and it makes the option ofraation easy.
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5.3 Discussion

A model for the measurements has been definedsrchapter. Is the model correct to use for the
histomorphometric measurements?

The base line is an approximation of the cartilageé interface. By using it, noise from the highly
irregular interface is removed from the measuremeérttis keeps focus at the cartilage surface and
upper part of the cartilage matrix that are the relcators of the level of OA affection. In addit

it is a good guideline for the measurement of titiechondral bone.

Observations in the study of the left offset canfd the thesis that irregularities mainly occurs in
the right side of the cartilage region. Almost nomere observed in the left side. Using the left
offset is seen as a good approach to delimit tba for performing measurements.

Finding a good procedure to determine an optinfaldtiset is hard. In this chapter an approach
have been described and carried out. The appr@aoiative cumbersome and requires optimal
tuning of the applied Cusum method. For detailedlyans this approach is applicable, but in
practice a rule of thumb might be a better apprdaciin estimated left offset. The latter proposal
requires a more general study, which is not pathisfthesis.

A verification of using the left offset as opposite measuring the full area has to be performed.
Also the sensitivity of the optimal left offset h&s be determined by performing measurements
with various applied values for the left offset.eBle studies have been performed in the work of this
thesis and are described in 10.1.
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Part 11

Analysis of Methods






Chapter 6

General Measurement Details

The following chapters describe and analyze feataedculated from the measurements described
in Chapter 3. The methods are divided by the tyfpparameter of joint degradation to measure:
Cartilage matrix structure, cellularity of chondytes or subchondral bone structure. Each
measurement method is applied to the study setideddn section 6.1.

The strength of the performed measurements inthleisis is the possibility of sampling instead of
performing an overall measurement. By sampling sit possible to analyze trends in the
measurements across the specimen. The applicdtgampling is explained for each measurement
method in the following chapters. For all measunetm@ sample interval of 1px was used.

A set of features is calculated from the resulteath measurement. The overall goal of this part is
to analyze the calculated features, and determimehwcan be used as end points for the OA
affection. For the verification a set of pathologgores manually given by pathologists at Sanofi-
Aventis (see Appendix B) is used. The featuresvaréied to be correlated with the end points

using statistical methods as described in secti@nl6a given feature is proven to be correlated
with the manually given score and thereby the Glaction, the feature can be used as end point for
the given parameter of joint degradation. As strend points, the features are useful to determine
the treatment effect of a given drug compound.

The study set has been divided into two groupsdno-Aventis; a control group and a treatment
group (see Appendix A). The treatment group has betoduced to a drug compound, which
might have a preventive effect against OA. The mdrgroup is used as a reference group in the
verification of treatment effect. It can be detared if the drug had a positive, negative or none
treatment effect by testing for significant diffece between results of the two groups. This is done
for all features that are approved to be strongpeints.

6.1 Data Set

The applied study set are digital images of theemit STR/1N-25-05 from Sanofi-Aventis
consisting of a total of 231 images of specimers. details about this study set and the image
acquisition the reader is referred to ChapterTh& focus of the methods is kept on the mediahtibi
of the dissected knee joints, and a sub set of &cimens of the study set have been given
pathology scores for this region. Only these spensnare used when applying the quantitative
measurement methods.
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The OA influence of the mouse knee joints has lex@tuated by pathologists at Sanofi-Aventis. A
score for each parameter of joint degradation i tibia region has been given for all 201
specimens in the study set using the Mankin sy¢sex section 3.1.1).

The study set has been segmented and manuallytzmidgy Sanofi-Aventis. Further minor manual
corrections were necessary to apply to most of gpecimens, which included corrections of
segmented cartilage tissue and outlined tibia regipusing VIS mask, but only on a smaller scale.
The corrections were mainly of the segmented claoyes and marked chondrocyte centers.
These issues are known, and have been pointed eattion 4.2. The final result complies with the
requirements stated in section 4.2.1.

A base line at the cartilage/bone interface has beanually pointed out, for each specimen
individually by pathologists at Sanofi-Aventis. $thas only been done in the tibia cartilage region.
The base line is used in the measurement modet¢ssilded earlier. A left offset value of 677px
found in section 5.2 was applied for all measurdasien

6.2 Verification of Features

For verification of the calculated features statetmethods are applied. As a guideline each type
of statistical method and plot are illustrated lsgtfoccurrence, to illustrate the application, dmel
following of the same type are put in appendix. &ppendix F, G and H.

To test if results of the calculated features ameetated with the manually given pathology scores
is not possible by using linear regression, becdhsecorrelation between the Mankin scoring
system and the degree of OA affection is not ddfiteebe linear [15]. Therefore another approach
is used: For each feature, a hypothesis of eithesvarall increasing or decreasing trend is given
dependent on the increase in pathology score. fdred thypothesis is verified by testing for

significant differences between the results ofgiven feature grouped by pathology score.

Definition: A trend hypothesis describes the expected trend of a given
histomorphometric feature dependent on an incriea®& affection.

Each feature is tested separately. A total numb&t @sults for a given feature are divided i&kto
groups, dependent on the number of pathology squesent for the related parameter of joint
degradation. Basic statistics for the groups airegnt in tables for each feature and the distrdouti
of observations is illustrated by box plots.

6.2.1 Applied Statistics

The statistical methods applied for verifying thedcalated features are briefly described in this
section, with a focus on the specific applicatidth.methods are part of basic statistics descriibed
‘Probability and Statistics for Engineers’ by Milland Freund’s [17] or similar statistic materials.
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To determine variance between the values of thepg data an ANOVA (ANalysis Of VAriance)
test would be appropriate. The ANOVA test is notfgened in this thesis though, because of a
detailed comparison of differences in both meanrmaedian are carried out by Students T-test and
Mann-Whitney in this thesis.

6.2.1.1 Verification of Normal Distribution

The applied statistics require the measured dabe toormal distributed or approximated to normal
distributed. This is verified by visual inspecti@fi histograms and normal score plots. If the
observations deviate from normal distribution, sfanmations may be applied to correct this.

6.2.1.2 F-test

The variances of the groups are wanted to be aa egyossible. To verify this, the two-sample F-
test is used. No assumptions of increase or dexieagriance are done, therefore a two-tailed F-
test is used. The following is given for each camaltion of the groups:

Null-hypothesiso; = o>
Alternative hypothesiss; # o2
Level of significancea = 0.05

The result of the F-test calculation is a p-valhbich is tested against the level of significarite.
the p-value is above, the null-hypothesis is accepted and the varian@xual between the two
tested groups, if not the null-hypothesis is rgjdand the variances are significantly unequaleNot
that the F-test assumes the observations in theested groups to be normal distributed. If this is
not the case, the result of the F-test is unrediabl

6.2.1.3 Students T-test

Significant difference in mean between each of gheups individually is tested by using an
unpaired one-tailed two-sample T-test. The onedail-test is chosen because assumption of the
means is made by the trend hypothesis of the deere. If the F-test for the given set of grouped
data has accepted the null-hypothesis, then thestTtor equal distributions is used, otherwise the
T-test for unequal distributions. The followinggsen for each combination of the groups:

Null-hypothesis: p=
Alternative hypothesis: < [ or > [
Level of significanceo = 0.05

The calculated result of the T-test is a p-valubictv is tested against the level of significanée. |
the p-value is above, the null-hypothesis is accepted, which is agdimststated trend hypothesis
for the given feature. Otherwise the null-hypotkeisi rejected and the means are significantly
unequal. Whether g, or >y is the case is verified by the basic statistias laox plots of the
grouped distributions of results. It is wanted treg many of the combinations comply with the
overall trend hypothesis of the given calculatedtiee as possible, especially for groups with
consecutive scores.

6.2.1.4 Mann-Whitney

As an alternative to the T-test, the Mann-Whitnetekt (equivalent to the Wilcoxon rank sum test)
is also performed. The Mann-Whitney is a hon-patameest that tests for difference in the median
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between two distributions of data. Because it in-parametric, the required assumptions of the
distributions of data are less stringent, compéaoeitie T-test, and are more tolerant to distrimgio
that are not normal distributed. On the other htdral non-parametric tests are less precise for
normal distributed data. Be aware that the rexflthe T-test and the Mann-Whitney can not be
directly compared. Also Mann-Whitney is often preéel by Sanofi-Aventis in their research
within this field.

The Mann-Whitney test is performed for one-tailéstributions because assumption of the median
is made by the trend hypothesis of the given featur

6.2.1.5 Linear Regression

The least square method is used for linear regnessithis thesis by minimization of Eq. 6-2. An
equation as in Eq. 6-1 for the line is determingderea is the slope factolh is the intersection
with the y-axis ang the linear function ok described by the equation. Only the slope faat®
used in the feature calculations.

y=ax+b Eq. 6-1: Equation for a line.

n
Z[yi —-(a+blx )]2 Eq. 6-2: Principle of Least Squares.
=]



Chapter 7

Cartilage Matrix Structure

This chapter describes the applied methods for uneas and evaluating the parameters of the
cartilage matrix structure. The chapter covers tma&n approaches of quantitative measurement of
irregularity: one by the fibrillation in the cadije, and another by the cartilage surface, found by
sampled thickness measurements. The basis theomheofapplied measurement methods is
described in section 3.2 and the reader is refamdtlis section for background information. The
calculated features have been verified by manugien cartilage pathology scores, and the
methods have been used to test for preventiventezdteffect of a drug compound against OA.

Only the most important results are illustratedhis chapter. A full listing of all results is segn
Appendix F, and the reader is encouraged to lodkerappendix when reading this chapter.

/7.1 TIrregularity by Fibrillation

The approach of measuring irregularity in the tage surface suggested by Pastoureau et al. [20]
was the Fibrillation Index (FI). This is describedmore detail in section 3.2.1. To refresh on the
exact calculation, the formula for Fl is statedem 7-1.

In this thesis the FI measurement has been pertbbyehe original approach and in addition two
other approaches, proposed by this thesis, havediadied. The three approaches are described in
the following paragraphs.

d=Euclidian distance, Eq. 7-1: Fibrillation Index (FI)
| = length of surface curve.

7.1.1 Method Description
7.1.1.1 Full Width

The original approach of the FI method, measuressadhe entire articular cartilage of either the
femoral or tibia region. This measurement has Ipsgformed, and the results are used as reference
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for the other histomorphometric methods applieagntasure the cartilage matrix. The FI method
using full width is illustrated in Eq. 7-1.

7.1.1.2 Delimited Width

The approach suggested by this thesis is to pertbar-l measurement delimited by the applied
measurement model. The Fl is measured from theoffét at the cartilage surface and to the end
of the surface curve. An illustration of this ieen Figure 7-1.

The approach was tested in the work of this thésisjndicated no significant improvements in the
correlation with OA affection compared to the omgi approach. For this reason, the approach is
rendered superfluous, and is not described anlgdurt

T T
o My
A

Figure 7-1: Specimen 196-14. Measuring delimited Fdy the Euclidean distance and the surface curveoth
indicated by jagged black lines.

7.1.1.3 Dividing into Stretches

Using the advantage of fast computer processinig, possible to split up the measured area and
performs several FI measurements at minor stretdimescalculated fibrillation is then defined by a
sum of the measured FI of all stretches.

A study of this approach using the numbers of ciiet from 2 to 20 delimited by the measurement
model has been performed in this thesis. The esudre observed to be more random and
independent of the actual irregularity, as the neimiif stretches increases. For this reason this
approach is not useful and is not described artiid¢ur

7.1.2 Interpretation of Measurements

By the definition of the Fl, the yielded resultg &xpected to be close to one for healthy specimen,
whereas the more affected specimens have loweesvatwards zero. No further calculations of the
results are applied before comparison.
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7.2 Irreqgularity by Thickness Measurement

The degeneration caused by OA results in irregylan the cartilage surface. This makes the
irregularity a good indicator for the degree of Oe irregularity can be measured by measuring
the thickness of the cartilage.

7.2.1 Method Description

This measurement method is performed based orpjiieed measurement model, by the use of the
base line and left offset. The thickness of theilege matrix is found by measuring the Euclidean
distance from the base line and to the surface efiglee cartilage. This is done with a specific

interval along the base line as illustrated on gmented image by Figure 7-2. The result is a
sampled curve of thickness values, which refldutssurface curve of the cartilage matrix.

 Left offse

Figure 7-2: Thickness measurement illustrated on ggnented image of specimen 103-17. Used interval of
measurements for this illustration is 60px.

The purpose of the thickness measurement is taidedbe
irregularities in the cartilage surface. This iukgity
consists of small and large gaps. A special casdahfese
gaps occurs when the surface is undermined by the O
affection. This case creates ambiguous possiblaitiens

of the thickness measurement, as illustrated imrgigy-4.

In this thesis, the thickness measurement has tefmed

as the distance to the exact cartilage surfaceu(€ig-4a).
Another approach is by the sum of all cartilageues for
each sample (Figure 7-4b), but this approach da®s n
correctly reflect the surface curvature and is tbunFigure 7-3: Failure by inner
inappropriate. A third approach is to measure Hiekhess CUrvature thickness measurement.
as the distance to the inner curve (Figure 7-4d)isT

approach can cause critical failure, if small dgeps occur

as illustrated in Figure 7-3, and is for this reasot applied.
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Figure 7-4: Ambiguous thickness measurement defirdns. Base line and thickness measurement indicatea a
cropped part of specimen 213-5. (a) To the exactrface (applied in this thesis). (b) Sum of cartilag tissue. (c)
Following inner curvature.

7.2.2 Interpretation of Measurements

The measured results from the method are intepreyestatistical calculations to get a single
guantitative value for the irregularity. In thelwing, X is used to indicate the set of valued tha
the result of each performed thickness measurements

The following set of hypotheses is proposed forrdwilts of the thickness measurement depending
on the two extreme levels of OA:

1. Measuring a specimen with a healthy cartilage mgiglds a smooth curve with values at a
high level.

2. The measurement of a cartilage matrix, which islyigffected by OA vyields a set of values
with high variance at a lower level than the health

R X A X
---------- Overall trend

J\\ | Y ﬂv\ﬂ.\\ |

Sample nc Sample nc

() (b)

Figure 7-5: Theses for thickness measurement ressalX of two extremes. (a) Healthy specimen. (b) Speen
highly affected by OA.
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The two theses are illustrated in Figure 7-5. Baspdn the theses, four basic statistics are
candidates as features:

1. Total value of X (area under the curve)
2. Overall average of X.

3. Overall variance of X.

4. Slope of X

To measure the total value of X is equal measutigsize of the cartilage, delimited by the
measurement model. The size is a composite of awvanpeters: the thickness of the cartilage and
the width of the measured cartilage. The compositiakes the results harder to interpret, because
long and thin is similar to narrow and thick. Thepected measurements of the specimens is
somewhere in between, and hard to determine itlineal sick. Also the size is directly dependent
upon the segmentation process, which is an unwdatddre. The overall average is close related
to the total value, and for the above mentionedars, both candidates are excluded. The residual
two candidates are kept for further evaluation.

The expected difference in variance and irregylanitX, depending on the degree of sickness, can
be evaluated by the first derivative of X. ThisulésinJ, , which describes the changes in the set
of values and thereby the surface curve of thelaget The exact calculation &f, is stated in Eq.
7-2 and is found by the formula of the first nuroatiderivative.

0, = X~ X4

> Eq. 7-2: First numerical derivative of X.

The result of this calculation is a set of derivatvalues, which is expected to be correlated ¢o th
degree of OA as described by the following cases:

1. A specimen with a healthy cartilage yields an Xhwatsmooth curve, and results in values
of O, close to zero.

2. The thesis of the right part being more affecteahtthe left (by Meacock [16]) is the basis
for this case: A specimen that is affected by O&lds an X with a smooth curve as in case
1 in the first part but a growing variance in tlagtdr part. This will result in trend values
starting in the range of zero and then a growingiéacy of both positive and negative
values ofl], .

3. A strongly OA affected specimen yields an X witlgthivariance, which yields both large
negative and positive values far, .

Basic statistics is chosen to evaluate the resfilS, based on the above mentioned cases. From
experimental studies the calculation [0f yielded both positive and negative values withcdm
same magnitude for all degrees of OA. This makesatferage a bad parameter and is for this
reason not used for evaluation. The growing tengefthe magnitude of the values, is measured
by variance, and this parameter is the best foluatiag the results ofl, . The calculation of the

sample variance of the trend is stated in Eq. 7-3.
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Definition: The calculation of the variance of the first nuic&rderivative of the
thickness measure is referred to asttbed variance in the following.

Zn: (Di _E)Z
|:| = i=1
var n—l

Eq. 7-3: Trend variance of X

To sum up, the following features are calculated evaluated:

1. Overall variance of X.
2. Slope of X.

3. Trend variance of X (Variance of the first numeriderivative O, ).

7.3 Results

The described measurement methods were appligdetstdy set of 201 specimens. A sample
interval of 1px was used. Three results of thekinéiss measurements have been hand picked and

illustrated in Figure 7-6a.

From the thickness measurements, the first numeteravative was calculated as described earlier
in this chapter. In the actual calculations thé s samples of each measurement were excluded
from the calculations, to avoid incorrect high \edwf U, , which is caused by the drop to zero in

measured thickness values in the end. Corresporeisigit of [1, results for the handpicked

measurements are illustrated in Figure 7-6b.
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Figure 7-6: Results of three handpicked measuremest (a) Thickness measurement. (b) Trend variancd o
measurement (last 25 samples of each measuremenvhdeen excluded as explained).
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7.3.1 Correlation with Cartilage Matrix Structure Score

Measured results have been grouped by manually giggilage pathology score (see Table 7-1).
As the affection of the OA progression, the caglamatrix is expected to degenerate from a
smooth surface into irregular and missing cartildgem this a set of trend hypothesis is proposed
in Table 7-2.

Manually given pathology score
0 1 3 6 8

Number of

X 11 48 43 62 37
specimens

Table 7-1: Specimens grouped by manually given caldge pathology score.

Feature Trend hypothesis for stronger affectio®By
FI Value towards zero.
Overall Variance An increase in values.
Slope Larger negative values.
LTV An increase in values.

Table 7-2: Trend hypothesis of the three cellularif features.

In this section the results of the four calculdtmtures described earlier, are divided into grdups
the manually given pathology score to test for Gepehdent differences. Basic statistics and box
plots for the trend variance are seen in Figure FFer basic statistics of all features, the reasler
referred to Appendix E.

Manually given pathology score
0 1 3 6 8 é 15 * T
N 11 48 43 62 37 g ;
Min 0.07 0.07 0.13 0.22 1.41 3 10 +
Max 0.46 0.92 3.46 15.28 18.45 %
Mean 0.19 0.28 0.85 3.43 7.41 s 5
SD 0.10 0.17 0.80 3.12 4.31 £ . é
o — = l:——rr_|

Score 0 Scorel Score3 Score6 Score 8

Figure 7-7: Basic statistics for the trend varianceResults are grouped by manually given pathologycsre.

An observation of the basic statistics and box fotthe trend variance indicates an exponential
growing trend in the variance of the values. Bylgipg a transformation by In, the observations are
transformed to approximate equal variance. The gg®of this transformation is illustrated in
Figure 7-8 by box plots before and after the tramsftion. In the following only the results of the
transformed observations are used. The exact asilonlis stated by Eq. 7-4.

Definition: The calculation of In to the trend variance israblated and referred
to asLTV in the following.
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Figure 7-8: Transformation by using In to approximae normal distribution. (a) Trend variance. (b) Into the
trend variance (LTV).

Distributions have been verified for the groupedufts of LTV and residual features, and are

Zn:(Di _E)2

In| =

n-1

LTV =

Eqg. 7-4: In to the trend variance of X (LTV).

concluded to be approximately normal distributedx Blots of all features are seen in Figure 7-9.

Figure 7-9: Box plots of calculated matrix features (a) FI.
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From the differences in the mean values and byaViewaluation of the box plots for all three
features, an overall as well as individual trenthpty with the respective trend hypothesis for each
feature. F-test, T-test and Mann-Whitney tests Hman performed for all features (see Table 7-3,
Table 7-4 and Appendix F) and are commented iridkt@wving.

Both T-test and Mann-Whitney indicates significdifterence between the grouped results of the
FI feature at a 95% level of significance. Thisidades a strong correlation with the trend

hypothesis and thereby the level of OA impact ef ¢artilage matrix. This confirms that the work

of Pastoureau et al [20] is applicable to the mauedel of OA.

Both the variance in thickness and slope of thisknmeasurements yields less significant results
compared with the Fl. Both features are unablasbndjuish between group 0 and 1.

Tests results for the LTV feature indicates siguaifit difference between the grouped results for all
groups and thereby confirms the trend hypothesishis feature. Compared to the FI feature, the
LTV is better to distinguish between group 1 ant\&,worse to distinguish between group 0 and 1.
The variance of the grouped results is far moreakfr the LTV than the FI, which is confirmed
by the F-tests.

F-test T-test
Ovs1 1vs3 3vs 6 6vs 8 Ovs1l 1vs3 3vs6 6vs 8
Fl 0.32 0.013* 0.0025* 0.62 0.011 0.0013 <0.0001 <0.0001
Variance 0.12 0.003* 0.95 0.12 0.49 0.0002 0.0003 <0.0001
Slope 0.18 0.33 0.87 0.18 0.12 0.034 0.0077 <0.0001
LTV 0.44 0.011* 0.97 0.075 0.037 <0.0001 <0.0001 <0.0001

*These F-tests rejectatie null-hypothesis at a 95% level of significanee the corresponding T-test is performed for
unequaldistribution.

Table 7-3: F-test and T-test results for the threealculated features.

Mann-Whitney
Ovs1 1vs3 3vs 6 6vs8

Fl 0.0093 0.0030  <0.0001 0.0002
Variance 0.48 0.0003 0.0003  <0.0001
Slope 0.14 0.027 0.010  <0.0001
LTV 0.028  <0.0001  <0.0001  <0.0001

Table 7-4: P-values for Mann-Whitney tests for calalated features.

7.3.2 Treatment Effect

The results of the calculated features have beempgd by control and treated specimens. Normal
distribution has been verified for calculated reswf both groups for all features by visual
inspection of normal score plots and histogramsidBsatatistics of the grouped results have been
calculated. Box plots of the grouped distributidriree calculated features are seen in Figure 7-10.
For more results, the reader is referred to AppeRdi
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Figure 7-10: Box plots of calculated cellularity fatures grouped by control and treated specimens. &I. (b)
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Students T-test and Mann-Whitney are used to tedlifferences between the grouped results, and
thereby possible treatment effect indicated byféadures. The results are stated in Table 7-5. The
overall variance does not indicate any significalifference. The slope of the thickness
measurement indicates a significant difference laoith FI and LTV indicate a high significant
difference between the control and treated group.

F-test T-test Mann-W.
Fibrillation Index 0.89 0.0017 0.00054
Overall variance 0.72 0.18 0.094
Slope 0.14 0.011 0.0031
LTV 0.67 0.00045 0.00038

Table 7-5: F-tests, T-tests and Mann-Whitney for aatrol versus treatment group for all calculated catilage
matrix features.

7.4 Discussion

A set of quantitative features based upon thickmesasurement of the cartilage matrix have been
described throughout this chapter. The performéakiiess measurement is strongly related to the
curvature of the cartilage surface, which is thestraffected part of the cartilage matrix in the
perspective of OA impact. The features are stasisttalculations from this measurement and are
thereby also strongly related to possible OA aitect

The features have been tested for validity by ¢aticen with manually given pathology scores. The
FI has been used as a reference for this valida#idinproposed features complied with the
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respective trend hypothesis. The LTV feature pentat better than the features by overall variance
and slope of the thickness measurement, and wamntiiddeature to match the Fl in distinguishing
between the grouped results.

The second test for validity by indication of tmeant effect yielded results of a significant
difference between the control and treated groupbfith LTV and the slope of the thickness
measurement. The overall variance does not indemayesignificant effect. For both the T-test and
Mann-Whitney, the LTV indicates a more significamatment effect than the FI.

From the study of the cartilage matrix it was fouhalt the irregularities in the cartilage surface a
by far the best indication of OA affection. Otheonphometric parameters, e.g. size and thickness
are concluded to be bad indicators.

From the analysis performed throughout this chapted by the results of the performed
calculation, the LTV feature is concluded to be #tmngest end point for indication of OA
affection of the cartilage matrix. The end pointletermined to be correct and validated better than
the FI. Also the grouped results by the LTV haveldas differences in the variances than Fl, which
indicate a more direct correlation with the OA aftfen.
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Chapter 8

Cellularity of Chondrocytes

This chapter covers the analysis of the changellnlarity of chondrocytes in connection with OA.
The cellularity is measured by a quantitative mdtbased upon the methods used by pathologists
as described in Chapter 3. The method has bg#ie@po the study set and both the method and
the results are described in detail throughout tthapter. The calculated features from the
measurements have been verified by using the migngiaen chondrocyte pathology score, and
have been used as end points to determine thengataeffect of the drug compound tested on the
study set.

Only the most important results are illustratedhis chapter. A full listing of all results is segn
Appendix G, and the reader is encouraged to lodkerappendix while reading this chapter.

8.1 Measurement Method

The measurement in this chapter is performed actprd the applied measurement model by
using a baseline and a left offset. The measuremgrgrformed by sampling perpendicular to the
base line as illustrated in Figure 8-1.

() (b)

Figure 8-1: Cellularity measurement with an intervd of 10px illustrated on segmented image of specime.37-20.
(a) Overview with base line and left offset indicagd. (b) Detailed view of base line and perpendiculaample
lines.
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For each sampling the following tissues have beeasured:

e Chondrocyte tissu
* Chondrocyte centee:.

o Cartilage tissue _—%

The measurement is done by counting the numbeixefspof the given type of tissue, and summed

up for each sample. The measurement of the choytéotcludes the chondrocyte centers as well.
The measurement of the cartilage includes bothdtomytes and centers, since they are part of the
cartilage area.

The result is a set of values along the base lmmeech of the measured types of tissue. The
cellularity is calculated from these measurememysarea fractiorparea Which was introduced in
section 3.3. To refresh on the calculation, theaéiqn of pareaiS Stated again in Eq. 3-4.

— A:ells

Parea = v Parea U [0:1] Eq. 8-1: Cellularity by area fraction.
A:artilage

8.2 Interpretation of Measurements
In the following Y is used to indicate the measueabof the cellularity measurement.

From the tendencies of cellularity, the followinrgrids of Y are expected: For the measurement of
Y in case of a healthy specimen, the cellularitgxpected to be high compared with the cartilage
area, i.e. Y yields a set of high values (illusicain Figure 8-2a). Because of the tendency in
difference between left and right side, a measun¢éroka medium affected specimen has higher
values in the first part of the set Y than the l@dtistrated in Figure 8-2b). In case of a sick
specimen, the measurement will yield a lower setatdies than for a sick. The difference between
left and right is less than for the medium affedfiéidstrated in Figure 8-2c).

» o X A X
---------- Overall trend

» » »

» Ll »
Sample nc Sample nc Sample nc

(a) (b) (c)

Figure 8-2: Expected trends of measurement resulfer Y. (a) Healthy. (b) Medium affected. (c) Sick
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By elaborating on the proposed trend thesis, twn robaracteristics define the difference in state
of cellularity between the three degrees: overgamand overall trend. From these characteristics,
three approaches for evaluation have been pro@ostdpplied.

The first and most simple approach is by calcuiatime average of all the cellularity samples for

each specimen individually. This yields a singlerage valueY for each specimen as stated in
Eq. 8-2.

n

Y,
= .Zzl“ ' Eq. 8-2: Average of cellularity.
n

Wheren is the number of samples in the measurement.

The second feature is based upon the thesis @relif€e in overall trend. This difference is found
by fitting a line through the samples by linear ressgion as explained in section 6.2.1.5 and
measuring the slope of the line. A healthy specimgresult in a slope value close to zero and a
sick will result in a large negative slope valua @xception occurs by using this approach: if the
specimen is strongly sick, the cellularity will bgerall low in both sides and the slope value will
only be slight negative. To compensate for thisecdlse calculated slope is normalized by the
calculated average value of the specimen. Thislyite formula in Eq. 8-3. Performed tests during
this project have indicated an improvement in difee between specimens at different stages.

a
S = 7Y Eq. 8-3: Normalized slope

Wherea, is the slope coefficient in the function of thiéefd line: y = a-x + b.

A third approach is by evaluating the measuremefdrY AY
each sample by using a given threshold values
illustrated in Figure 8-3. The exact calculation tige Ty

count of samples above the threshold normalizethby 111001000
total number of samples as stated in Eqg. 8-4. €kalts t
will yield values close to 1 for healthy specimeasd
values towards O the more affected the specimesms ar -
The calculation is an expression of the percentdghe Sample nc

full cartilage that contains enough chondrocytesbéo
classified as healthy. Figure 8-3: Threshold evaluation illustrated.

Sy, >1)

T :i=1
v n

Wheret is the defined threshold value anid an indicator function, which is 1 when the cdiod
is true and O otherwise.

Eqg. 8-4: Evaluation by threshold.
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Three approaches for defining the threshold weggested:

1. Single average- One overall average value is calculated for théha measurements of the
entire study.

2. Individual averages— An average value is found for each measuremmhtuaed as threshold
only for the given. The idea is to make it possiioleevaluate a single measurement separately
without results from the entire study as in thstfguggestion.

3. Multiple averages— An average is found for each sample slot acrtbs¥ the measurements.
This result in a vector of average values. A liadfiited through the calculated values, and
values from the line are used specific for eachpdarsiot. The idea of this approach is to create
a general model of the sampled cellularity.

The first approach is the simplest. It is stablel grelded results with high correlation to the
manually given pathology score. These results pexied later in this chapter. The second
approach is too dependent on the given measuresnentherefore a bad indicator of the absolute
OA level. The third is more sophisticated by figfia line as a model to the general sampled
cellularity. Unfortunately this approach might rerecsome of the information indicating the level
of affection, and the yielded results were good, ltad far less significant correlation with the
manually given pathology score than the first. Bo# mentioned reasons the second and third
approach has been excluded and are not descrigddrémer.

To sum up, the following features are calculatednfithe cellularity measurement:
1. Overall average for each specimen.

2. Normalized slope of measurement for each specimen.
3. Threshold by one overall average value for all Bpens.

8.3 Results

The described measurement was performed on thg sédf 201 specimens.

The cartilage area has been calculated  *°
all measurements, and three handpick s —— Specimen 1335, score2
results are seen in Figure 8-¢ 4, \ —— Specimen 780:44 scoret
Measurement of chondrocyte area is se
in Figure 8-5. The plots are of ¢
handpicked specimen from each patholo
score group, to make it possible t
compare distinctive features that separe =~
the groups.

1
—— Specimen 262-11, score 0

Measured cartilage area [px]

T T T T T T T T T T T T T T T T T T T T
1 201 401 601 801 1001

Sample

Figure 8-4: Measured cartilage area for selected sgimens.



8.3 Results 63

40
35
30

40
35
30

40
35
30

g g
& E] &
i) [} i)
> > >
[$] (%) (s}
<} | <] <]
- | M oo | I T R
§ é 20 J l f| I é é 20 S é 20
S 15| | S 15 Il | 5= sk | |
T 10 B 10 T 10
Z s 2 5] | 2 5
$ 0 A g 0 $ 0
2 T T T T T u T T 2 1 E
1 201 401 601 1 201 401 601 1 201 401 601
Sample Sample Sample
(a) (b) (c)

Figure 8-5: Measured chondrocyte area for selectespecimens. (a) Specimen 262-11, score 0. (b) Spegirh33-5,
score 2. (c) Specimen 760-14, score 5.

The cellularity by area fractiopaea has been calculated from the measurements, anidta p
handpicked measurements is illustrated in Figuge 8-

02 —— Specimen 262-11, score 0 02 —— Specimen 262-11, score 0

—— Specimen 133-5, score2

— Specimen 133-5, score2

o
o
]

—— Specimen 760-14, score5 0.15

1| 1\ |

— Specimen 760-14, score5

Smooth area fraction
o
=

o
o
a

Chondrocyte area fraction
o
-

ﬂ 0.05 W el

1 201 401 601 801 1001 1 201 401 601 801 1001
Sample Sample

() (b)

Figure 8-6: Cellularity by area fraction pg,., for a selected specimen. (a) Original measuremer{b) Smoothed
measurement to ease interpretation of measuremer 1D Gauss kernel by the size of 30 samples was &pd.

A problem with spikes occurs in the cellularity @adhtion. In some cases the specimen contains a
relative high value of chondrocyte area in relationcartilage area in the last samples of a
specimen. In these cases, the cartilage arease ttozero, so the results of the calculations are
extremely high values, compared to the generaltsesthis problem is illustrated by Figure 8-7. To
compensate for this problem, the lastamples are excluded from the calculations. Thebau of
samples to exclude is empirically set from obséowadf the given study. A proper number for the
study at hand is 15 sample slots to exclude.
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Chondrocyte area fraction

Last sample number

Figure 8-7: Spike problem illustrated by last 50 smples of all chondrocyte area fraction calculationsExclusion
of last 15 samples is illustrated by a vertical redlotted line.

By known fact there will be a decreasing trend e humber of chondrocytes as the disease
progresses. From this fact trend hypothesis atedstar all three features in Table 8-1.

Feature Trend hypothesis for stronger affection by OA
Overall average A decrease in mean.
Normalized slope Larger negative values.
By threshold Value towards zero.

Table 8-1: Trend hypothesis of the three cellulari features.

8.3.1 Correlation with Chondrocyte Score

Measured results have been grouped by manuallyhgilendrocyte pathology score (see Table
8-2). Normal distribution has been verified foradated results of all groups for all calculated
features by visual inspection of normal score péotd histograms. Basic statistics of the grouped
results have been calculated. Box plots of the ggdudistribution of the calculated features are

seen in Figure 8-8.
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Figure 8-8: Box plots of calculated cellularity fetures. (a) Overall average. (b) Normalized slopec) By
threshold.
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Manually given pathology score
0 2 5

Number of

specimens 9 152 40

Table 8-2: Specimens grouped by manually given chdrocyte pathology score.

From the basic statistics a decrease in mean viduéise overall average feature confirms the trend
hypothesis, which is also seen from the correspmntox plot. The trend hypothesis for both the
normalized slope and the threshold feature is etsdirmed by their respective basic statistics and
box plots. Performed T-tests indicates signifiadifference in mean on a 95% level of significance
between all groups for each of the three featurdvidually. The p-values for F-tests and T-tests
are stated in Table 8-3. Additionally the Mann-Vidki was performed, which indicated significant
difference between the medians of the grouped tsesDblculated p-values for Mann-Whitney are
stated in Table 8-4.

F-test T-test

Ovs2 2vs5h Ovs5 Ovs?2 2vs5 Ovsb
Overall average 0.197 0.0004* 0.648 0.0001  <0.0001  <0.0001
Normalized Slope 0.0004* 0.75 0.0007* <0.0001  <0.0001  <0.0001
By threshold 0.0091* 0.10 0.045* <0.0001  <0.0001  <0.0001

*These F-tests rejectetthe null-hypothesis at a 95% level of significanse corresponding T-test is performed for
unequaldistribution.

Table 8-3: P-values for both F-test and T-test foall combinations of groups for each of the features

Mann-Whitney

Ovs?2 2vs5 Ovsb
Overall average 0.0001  <0.0001  <0.0001
Normalized Slope 0.0004 0.0034  <0.0001
By threshold <0.0001  <0.0001  <0.0001

Table 8-4: P-values for Mann-Whitney tests for calalated features.

8.3.1.1 Smoothing

A study of smoothing the measurements to improeestparation of the grouped data has been
performed. A 1D gauss kernel at various sizes wasvaluted with the measurements. The
smoothing did improve the results of the normalizémpe and cellularity by threshold, at large
kernel sizes (100px-200px), but not remarkablesandothing is seen as superfluous.

8.3.2 Treatment Effect

In the previous section all three features weregmao be good indicators for the level of affeatio
by OA. This makes them useful for determining tieatment effect of a given drug compound. The
calculated results are divided into groups by adnand treated. Normal distribution has been
verified for calculated results of both groups &blr features by visual inspection of normal score
plots and histograms. Basic statistics of the gedugesults have been calculated. Box plots of the
grouped distribution of the calculated featuressaen in Figure 8-9.
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Figure 8-9: Box plots of calculated cellularity fetures grouped by control and treated specimens. (&@verall
average. (b) Normalized slope. (c) By threshold.
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Students T-test and Mann-Whitney are used to tedifference between the grouped results, and
thereby possible treatment effect indicated byféagures. The results are stated in Table 8-5. The
tests for both the overall average and celluldntyhreshold, do not agree if there is any sigaiiic
treatment effect on a 95% level of significancee lormalized slope indicates a highly significant
treatment effect indicated by both the T-test armhMWhitney.

F-test T-test Mann-W.
Overall average 0.22 0.070 0.030
Normalized Slope 0.97 0.0002 0.0004
By threshold 0.03* 0.206 0.047

*These F-tests rejectetthe null-hypothesis at a 95% level of significanse corresponding T-test is performed for
unequaldistribution.

Table 8-5: F-tests, T-tests and Mann-Whitney for catrol versus treatment group for all three calculaed
cellularity features.

8.4 Discussion

A set of quantitative features, describing theutatity of the chondrocytes in the articular cagi,

has been presented in this chapter. The featueesaboulated from a measurement based upon area
fraction of the chondrocyte area in respect to d¢hdilage area. This measurement is strongly
related to the cellularity volume fraction, andrétey a strong measure of the spatial cellularity in
the cartilage matrix. Decrease in the cellularysed by OA influence can therefore be measured
by this area fraction. Argumentation for theseestants are performed in section 3.3.

All three proposed features indicated a significaotrelation to the manually given pathology
score, which is seen as the truth of OA affection.

The overall average of the cellularity did not cate any significant treatment effect on a 95%
level of significance. This makes this feature akvend point for assessment of OA influence on
cellularity.

The cellularity by threshold is as good as the aeverage cellularity, but the feature requires a
proper threshold value to be set. This is seen dssadvantage, and no advantages are seen
compared to the overall average feature. Additigndid this feature not indicate the expected
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treatment effect. For these reasons the cellulagtyhreshold is not seen as a good end point for
OA affection of the chondrocytes.

The normalized slope of the measured cellulariticated a highly significant treatment effect.
This confirms the hypothesis of a difference inwality of the left and right side caused by the
OA affection. To elaborate on this, the results barseen as an OA stage dependent fact, that the
cellularity is affected in advance of the cartilagatrix degradation. This fact can be confirmed
even more by an age dependency study that des¢hbeatevelopment process of the OA disease.
Such a study has been carried out in this thesissatlescribed in Chapter 12.
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Chapter 9

Subchondral Bone Structure

This chapter covers the analysis of the thickemiragess of the subchondral bone, caused by OA.
The process is examined by changes in the bondétylehthe subchondral bone.

The applied method for measuring the bone densityenerally described in Chapter 3. Two
features are calculated from the measurement aedl insthe analysis. The measurement method
has been applied to the study set, and both thieangethe features and the results are described in
detail throughout the chapter. Only the most imgratrresults are illustrated in this chapter. A full
listing of all results is seen in Appendix H, ame treader is encouraged to look in the appendix
when reading this chapter.

9.1 Measurement Method

The measurement of the bone density is performeddnsuring the area of bone tissue underneath
the articular cartilage in respect to the totabaifkhis is stated by Eq. 3-5.

j— ABone

Psone = , IOBoneD[O:l] Eqg. 9-1: Bone density.

AT otal

The measurement is performed inside a rectangobarwhich is aligned to the base line used in
the measurement model. The box is defined by alegigen by the measurement model and with a
fixed height. To include as much information asgiae, the fixed height is given as the largest
possible distance from the base line to the botbonder of the image. The smallest of the largest
possible distances from all the specimens in thdysset is found, and is used in all the bone
density measurements applied to the study setndlade the entire cartilage/bone interface area,
the box is extended by a top offset. The top offsempirically set and used for all the performed
bone density measurements.

The measurement method is illustrated in Figure @Here segmented tissue, measured as bone, is
indicated by black. Other measured tissue is indéchy white, and tissue that is not included & th
measurement is by individually given original colArdescription of which types of tissues that are
measured is found in section 3.4.1.

The area inside the box is measured in lines peipelar to the base line. This is done by sampling
with steps of 1 px, and results in a set of sarplees describing the bone density along the line.
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L

Figure 9-1: Performing subchondral bone measuremendn segmented image of specimen 174-14. Base lind a
left offset from the measurement model is indicated#1 Top offset. #2 fixed box height.

9.2 Interpretation of Measurements

In the following, Z is used to indicate the sesampled bone density measurements for an arbitrary
specimen.

The first feature from the measurement is the dvavarage of the bone density. The calculation of
this feature is defined by Eq. 9-2.

n

Z.
5 - ; : Eqg. 9-2: Average of bone density.
n

Wheren is the number of samples in the measurement.

From the known fact that the OA affection startdhia right side of the specimens, the following
statements of the bone density dependent on thaft@étion is given:

* A healthy specimen will have an equally distribubeche density.

» An affected specimen will have a higher bone dgnsithe right side.

* A highly affected and sick specimen will have ag@aly higher bone density and almost
completely bone tissue in the right side.

From these statements, the slope of the measuredrisrgeen as an interesting feature to calculate
and use as end point for the condition of the sabdhal bone. The slope of Z is found by linear
regression (section 6.2.1.5) of the values in Z.

The trend hypothesis is that there will be a grgntnend of the average bone density as the disease
progresses i.e. the higher pathology score, thbehigone density. The trend hypothesis for the
slope of the bone density is a rise in values ap#tihology score values increase.
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9.3 Results

The described measurement was performed on thg saiadf 201 specimens. The largest possible
height of the measurement box was calculated t@x58nd the top offset was empirical set to
100px. Both setup values were used for all the oreasents in the study set. An example of the
result of a bone density measurement is illustrdtgd-igure 9-2, which can be related to the
segmented image in Figure 9-1.
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Figure 9-2: Bone density measurements. (a) Speciméi4-17, score 0. (b) Specimen 862-20, score 8

9.3.1 Correlation with Bone Score

Measured results have been grouped by manuallynddeme pathology scores (see Table 9-1).
Normal distribution has been verified for calcuthtesults of all groups for both end points by
visual inspection of normal score plots and histogg. A slight skew of the distributions of the
overall average was seen. Because of this, the Mé&mimey results are preferred in favor of the T-
test for this feature.

Basic statistics of the grouped results have batulated. Box plots of the grouped distribution of
the calculated features are seen in Figure 9-3.
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Figure 9-3: Box plots of measured subchondral bonkeatures grouped by manually given pathology scoréa)
Average bone density. (b) Slope of bone density.
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Manually given pathology score
0 3 8

Number of

; 4 92 105
specimens

Table 9-1: Specimens grouped by manually given borpathology score.

From the differences in the mean values for theamesbone density and by visual evaluation of
the box plots, an overall as well as individualippes trend of the density values confirms the tten
hypothesis. The performed T-tests indicate sigaificdifferences in mean between each of the
groups. A significant difference between the groigpalso confirmed by the Mann-Whitney test at
a 95% level of significance.

The trend hypothesis for the slope of the boneitlerssconfirmed by the same facts. Also both the
T-tests and Mann-Whitney indicates significant eliéinces between the groups for this feature at a
95% level of significance.

P-values of the F-tests and T-tests are seen iteBaB. Additional results for Mann-Whitney test
for difference in median is stated in Table 9-3.

F-test T-test
Ovs 3 3vs8 Ovs 8 Ovs3 3vs8 Ovs8
Overall average 0.232 0.021* 0.418 0.0003 <0.0001  <0.0001
Slope 0.013* 0.015* 0.026* <0.0001 0.0234 <0.0001

*These F-tests rejectetthe null-hypothesis at a 95% level of significanse corresponding T-test is performed for
unequaldistribution.

Table 9-2: P values for F-test and unpaired one-tkid T-test performed on the grouped feature results

Mann-Whitney

0Ovs 3 3vs8 0Ovs 8
Overall average 0.0015 <0.0001 0.0004
Slope 0.030 0.024 0.0029

Table 9-3: P-values for Mann-Whitney tests for calalated features.

9.3.2 Treatment Effect

The calculated values have been grouped by coamicbkreated specimens. Normal distribution has
been verified for calculated results of both grofgsboth end points by visual inspection of normal
score plots and histograms. Basic statistics ofjtbeped results have been calculated. Box plots of
the grouped distribution of the calculated featuses seen in Figure 9-4. For more results, the
reader is referred to Appendix H.
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Figure 9-4: Box plots of measured subchondral bonkeatures grouped by control and treated. (a) Averag bone
density. (b) Slope of bone density.

By performing an F-test it was seen that the twaugs of data are equal distributed for only the
overall average, but not for the slope (see Tablg &n expected effect of the treatment will yield
a lower bone density and a lower slope value fertteated group. Both trend hypotheses were
confirmed by a significant difference in mean tddtg T-tests on a 95% level of significance using
a one-tailed T-test. The results of Mann-Whitnegidate significant difference between the
medians for both features.

F-test T-test Mann-W.
Overall average 0.11 0.0036 0.00752
Slope <0.0001* 0.0121 0.037

*These F-tests rejectetthe null-hypothesis at a 95% level of significanse corresponding T-test is performed for
unequaldistribution.

Table 9-4: F-tests, T-tests and Mann-Whitney for aatrol versus treatment group.

9.4 Discussion

A pair of quantitative features for determining tbendition of the subchondral bone has been
presented in this chapter.

Both features were found to be significantly catetl to the manually given pathology score and
thereby the level of OA affection of the subchohdrane. In addition, both features indicated a
difference between the control and the treated mravhich then indicates an effect of the

treatment. This was proven by both the Student&stTand by the Mann-Whitney test.

The group of score 3 has a remarkably higher stdndaviation than the other two for both
features. These deviations are addressed to dbyhtise pathologists when assigning pathology
score, because it is rather easy to manually disisihh between a fully healthy (score 0) or a very
sick specimen (score 8 and above), but in betweaarder.
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The group of score 0 contains only 4 specimensghvitiakes the use of statistics unreliable. It has
to be noticed that this group had by far the sreabtandard deviation, in both the case of overall
average and slope of bone density measurementhatits to the precision.

The lacunae areas are large blobs in the bonesti$éie variation of these only has minor influence
on the average bone density, whereas the slopbeobane density is highly dependent on the
placement and sizes of each individual lacuna. Riwerbox plots and basic statistics of the latter
feature, it is seen that the results of group Jlaps the other groups. As mentioned, this is partl

caused by inaccuracy of the manual assessmentthisutcan also be due to inaccuracy in
measurements by this feature.

Even though the statistical tests indicated sigaift results for the slope feature, this featumois
seen as reliable. The average bone density is@esiamd strong feature, which is concluded to be
the best end point for the OA influence of the $wdndral bone.

A more sophisticated feature based upon the composif the lacunae and subchondral bone plate
is a possible end point for the condition of thechondral bone. This is not a part of this thdsis,
is addressed further in Chapter 14.



Chapter 10

Method Analysis Evaluation

This chapter sums up on the results and discus$ionsthe previous three chapters. For each of
the parameters of joint degradation, an optimalmidt has been selected:

» Irregularities in the cartilage matrix by In to ttrend variance of the thickness measurement
(LTV).

* Cellularity by slope of area fraction measurement.
* Bone density by average bone area fraction.

The end points have been validated by correlatigh tihe manually given pathology score and
found applicable for determining treatment effelt overall elaboration of the treatment effect
indicated by these end points is performed in ercli0.3. Possible correlation of the three end
points and the meaning of this are examined in@edi0.2. The necessity of a verification of the
applied left offset was pointed out in section &8l is performed in section 10.1.

A further validation can be performed by studyiig tcorrelation with expected age dependent
trends of the OA disease. This study has been npeef in this thesis and is described in Chapter
12.

10.1 Verification of Left Offset

A study varying the value of the applied left offseas performed. Values in the range Opx to
1334px (two times the optimal) was applied in thadg. The calculated p-values for the T-tests and
Mann-Whitney were used to evaluate performancaegnd points.

The calculated offset was useful for the cartilag#rix structure, but the cellularity indicatedttha
lower offset would be better. The reason is that tfffset is found by the first occurrence in
irregularity in the cartilage surface. Becaused®kularity is often affected at an earlier stalgernt
the cartilage matrix, the occurrences of cellWaatfection is more to the left (lower left value)
than the ones of cartilage irregularity. The bommsity was not influenced noticeably by the
changes of the left offset.



76 Method Analysis Evaluation

A variation of the applied left offset had in gealeonly a little influence on the significance bkt
statistical tests. By this study, it was found thia precision of the applied left offset is of low
importance. Using a left offset is still recommetide keep a focus on the most affected area of the
tibia region.

10.2 Overall Correlation

The correlation between the parameters of jointratbgiion is calculated to examine the
relationship between the parameters. The obsenstare approximately normal distributed
therefore the correlation is preferred to be deteeoh by the parametric Pearson correlation
coefficientr, which indicates the linear correlation between s&t of observations. This coefficient
values is calculated by the formula in Eg. 10-1[by] and the value of the coefficient is in the
range -1.6< r < 1.0 indicating the following:

« -1.0to -0.7 indicates a strong negative relatignbbetween the two variables.

* -0.7 to -0.3 indicates a weak negative relationship

« -0.3to 0.3 indicates little or no relationship tlee variables are independent of each other.
e 0.31t0 0.7 indicates a weak positive relationship.

« 0.7 to 1.0 indicates a strong positive relationsigfween the two variables.

1 & %=X, —Y
r= Z( —)(——) Eq. 10-1: Pearson's r coefficient.
n _1 i=1 SX Sy

WhereX andY are the two set of observations to test for cati@h, withn observations in each
set.

A p-value can be determined from theoefficient by testing the null-hypothesisraf0 with n-2
degrees of freedom by the test statistic in Eq2.1The two-tailed p-value is then determined by
P(T=t) = P(T>t) + P(T<-tgiven by the T probability density function. Ifettp-value is lower than a
significant limit, then the null hypothesis is refied and the correlation is seen as significarthby
given level of the limit.

Eq. 10-2: Test statistic for r coefficient.

The calculated results for each end point have bgletted pairwise in Figure 10-1 with
corresponding correlation coefficients and p-vaineBable 10-1.
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Pearson’s

r coefficient p-value
Cartilage and cellularity -0.55** <0.0001
Cartilage and bone 0.51** <0.0001
Cellularity and bone -0.28* <0.0001

Table 10-1: Correlation coefficients for correlation between the end points of each parameter of joint
degradation.
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Figure 10-1: Pairwise scatterplots of the end poist (a) Cartilage and cellularity. (b) Cartilage andbone. (c)
Cellularity and bone.

From the results of the Pearson correlation iteisnsthat the condition of the cartilage matrix is
correlated to both the cellularity and the subchahbdone parameters determined by the calculated
end points. This means that a specimen with aregjutar cartilage matrix also has an affected
cellularity and/or the bone, and visa versa. Frbendorrelation tests it can not be determined which
causes the other, only that a correlation exists.

The value of the correlation coefficient betweea ¢ellularity and the bone is noticeable lower, and
indicates only a little relationship. This meanatth specimen with an OA affected subchondral
bone, does not necessarily have an affected cafjulnd visa versa, it does occur in some cases
though, but this is addressed to other conditions.

10.3 Treatment Effect

Overall, the cartilage matrix and cellularity enoirg indicated the same significance of treatment
effect, but the subchondral bone end point was l@eenpared to the other (see Table 10-2). This
is caused by either of three reasons, or a combmat

1. OA at the stage of this study has affected therpatars of joint degradation differently.
2. The applied methods have differences in validity eorrectness.
3. The used drug compound influences the parametgosnbidegradation differently.
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It is hard to determine which and to be able toctage if the found treatment effect is correct. It
has to be confirmed by other validated standardpaimck and by the use of other drug compounds
with known effect.

T-test Mann-Whitney
LTV 0.00045 0.00038
Slope of cellularity 0.0002 0.0004
Bone area fraction 0.0036 0.00752

Table 10-2: Summarizing the treatment effect result for end points of each parameter of joint degradéon.
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Chapter 11

Implemented Solution

11.1 Introduction

A software module has been designed and develappibve the applicability of the proposed end
points. Additionally the module is seen as a prgietmodule, which can be further developed for
pathologist users at companies, as for examplefiSanentis.

Requirements for the module are stated in 11.1ehjuRement analysis of the requirements has
been carried out to determine an optimal designiamplementation of these. A set of tools for

Object Oriented Analysis and Design (OOAD) preserig Larman in [11] have been selected for
the analysis and design of the module. Only toot$ @rinciples of high relevance have been used
because of the limited scale of the developed so@&wThe tools are briefly described in the first
part of section 11.2 and 11.4.2, and applicatiothe$e is described subsequently. In descriptibns o
the tools, the applied terms are emphasized to maesy for the reader to identify and understand
the tools.

When reading this chapter it is assumed that tadereknows the end points, which have been
concluded to be measured in Part Il. An understenaif the images in the study set and
corresponding segmented images is also assumed. tAés measurement model described in
Chapter 5, including the terms of base line &fiddffset are to be known.

Definition: The developed module is referred to as the “OAr@fiar module”
throughout the thesis.

11.1.1 Requirements
The module is designed within the scope of thisithevhich gives the following prerequisites:

1. As input a study set of specimens is expected. Bpelcimen is a microscope image of
medial histological sections.

2. Correct segmentation of the images is a prereguiRiéquirements for the segmentation are
described in section 4.2.



82 Implemented Solution

The following goals are set for the module:

3. The module has to be semi automatic with as littieraction and required work by the user
as possible.
4. Time of processing is not critical but has to beegtable for the user.
5. Following proposed end points are to be calculatgdmatically for each specimen.
a. Cartilage Matrix Structure
i. Fibrillation Index (FI)
ii. Ln to the variance of the first numerical derivatiof thickness measurement
of the cartilage (LVT).
b. Chondrocyte Cellularity
i. Overall average of chondrocyte area fraction (CCV).
ii. Cellularity by slope (CCS)
c. Subchondral Bone Structure
i. Overall average of bone volume (SBV).
6. For the measurement model the following needs tdsred:
a. Calculation of a general left offset for the givendy set.
b. Defining an individual base line for each specimen.

The module is required to match the software gindeland framework used by Visiopharm. By
these guidelines the following requirements artedta

7. The module has to be implemented as a part of isiepharm VIS software.

8. The module has to be embedded in a DLL with a ginterface by VIS standard.

9. The module has to be programmed in C++.

10. The solution should take advantage of Visiopharnglfibaging Utilities) functionality.
11.The development must be based upon the ATL (Adiemplate Library) framework.

A description of the Visiopharm VIS software is giv in section 11.1.2. A description of
Visiopharm IU is given in section 11.1.3.

The measurements are only performed on the tilgiame Harduare Control

11.1.2 Visiopharm Integrator System ewcost
The Visiopharm Integrator System (VIS) is the mai  Viewing Plug-in
product of Visiopharm A/S. The software is mainl Graphical
developed for aiding life science research with gena  MentegeFlugin st
analysis. The structure of VIS is build to refleitte
workflow of this type of work, with individual modies for
image acquisition from microscope, various imagalysis
tools, and statistical tools for analysis of resulthe user
can either perform analysis on a single image or au
batch process on a study set. Both the images esults
from analysis calculations are stored in a databéke
structure of VIS is illustrated in Figure 11-1. Figure 11-1: The overall structure of
the VIS software. Borrowed from [25].

The user interacts with VIS using a Microsoft Windo

Segmentation Plug-in

Custom Plug-in
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based graphical user interface. A screenshot fhemunning application is seen in Figure 11-2.

Figure 11-2: Screenshot from running VIS software ging the Segmentation module. The following arease
indicated on the screenshot: (1) Module bar. (2) Tadbar. (3) Work area. (4) Card view of study in VISdatabase.

11.1.3 Visiopharm Imaging Utilities

For general image processing purposes, Visiophane beveloped the Imaging Utilities SDK (IU-
SDK). It offers a set of basic data structures dtmring matrix and bitmap data, with numerous
methods for manipulating and managing memory fesé¢htypes. A layer of basic image algorithms
uses these data types for carrying out image asdiysctionality e.g. classification, filtering and
geometric measuring. Some improved standard fumaity is included as well such as random
values, rounding, FIFO list and file managementayer of advanced algorithms is on top of the
basics taking advantage of the subjacent functilgndaiost of these algorithms concern general
image processing.

Visiopharm have used the IU-SDK as foundation fur VIS software. The SDK is distributed
along with the VIS software as well and can be anmnted by the costumer in their own stand-
alone imaging solutions.

In this project the IU-SDK has been used to develop software functionality used in the
histomorphometric analysis. This work process haslanthe integration of the OA Quantifier
module straightforward.
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11.2 Requirement Analysis

The initial requirement analysis is carried outusing some of the OOAD tools as stated in the
introduction of this chapter. First step in thelgs& is to clarify theactors, who interacts with the
module. The goals of the actors are defined byrélogirements described in section 11.1.1. To
determine the overall process of using the modekecasesre used. Use cases are written stories,
which describe the needed work of the actors ftilftHhe goals. Each step in this process can then
be analyzed and optimal implementation can be ahéted.

11.2.1 Actor Definition

In this project only one actor is active; the pédlgest. He is used to be working with VIS in gerlera
as part of the pre-clinical research. His inteni®to evaluate the degree of sickness of each enous
in a set of mice. Images of the left knee jointrad left hind leg have been taken by microscope as
described in section 2.3. These images are impant®dS and used for the evaluation of the mice.
The goal of evaluating each image is a set of gagine measures for each end point.

He expects the evaluation process to be as autdnaatgossible by minimizing time spend on
trivial procedures. The possibility of manual guida is wanted though, to perform minor
corrections and to add known a priori information.

Definition: The pathologist actor is the only user of theeysand is referred to as
‘the user’ throughout the chapter.

11.2.2 Use Case

A use case is used to describe the overall wonk flerformed by actors in the system. In this
analysis, a use case is defined describing the weriormed by the pathologist user. This use case
requires a study set of images, which has beerabtyrsegmented as stated as prerequisites in the
requirements. The use case is given by the follgwsurccess scenario:

1. The user manually defines individual base linessfrh specimen using VIS functionality.
2. An optimal value for the left offset is calculateg using the OA Quantifier module.
3. Following specific parameter, which are relatecetml point calculations, is calculated by
using the OA Quantifier module:
a. Max box height for SBV
4. The following end points are calculated by using @A Quantifier module:
a. Fibrillation Index (FI)
b. Ln to the variance of the first numerical derivatiof thickness measurement of the
cartilage (LVT)
c. Overall average of chondrocyte area fraction (CCV).
d. Cellularity by slope (CCS)
e. Overall average of bone volume (SBV)

The first step is described in detail in the follogisection.
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Each of the items in step 2 to 4 is performed kg uker by two minor steps. First the user sets
settings for the calculations in the OA Quantifirodule. Secondly the calculations are executed
and the OA Quantifier module returns the resultsh&f calculations to the user. The specific
implemented solution is described in the followsagtion.

11.3 Integration in VIS

From the possible modules in VIS, the Segmentatmaule is the most relevant, and for this
reason selected to encapsulate the OA QuantifielureoTwo options are possible for enabling the
functionality to the user. The module can eitheatbailable in one of the segmentation steps or by
a VIS Custom Algorithm. A discussion and selectidmvhich, is performed in the following.

The Segmentation module is split up into the follaysteps:

1. Preprocessing Selection of input channels and of applied filtessaling and Boolean
operations of input channels.

2. Classification The actual segmentation. Several classical andifgpesegmentation
algorithms can be chosen to be used.

3. Post processingFor refinements after the segmentation. A setifbérént image analysis
techniques can be chosen from.

4. Output Calculations of variables based upon the imagegmented image. The results are
stored in the VIS database for later processings&hvariables are referred to as Output
Variables.

5. Process ImageControls the execution of one of the above fowpstindividually or
execution of all steps in the given order. Whenceakag the first three steps, they are
applied to the current image in the work area. Géleulated output results from step 4 are
printed in the dialog of the Process Image step.

As the OA Quantifier module is to perform measumetadased upon the classification including
eventual post processing steps, the module istedldo be available in the Output step. The
advantages/disadvantages of this selection aralaw/$:

» Advantages
0 The selected step makes the overall process i#tiiti the user.
0 A variable can be defined and calculated for eaehsured end point.
o0 The user can define which end points to calculate.
o Possibility of calculating the end points for eitlaesingle image or full study set.
o Calculated Output Variables are stored automagigalthe VIS database.
» Disadvantages
o Common routines are performed separately and thereblundant for each
calculated variable which increase the overall tohexecution.
o Calculations, which require results based uporetiteée study set, are not possible
without manual guidance.

The advantages point in the direction of easy atditive use of the module, which is good. The
first mentioned disadvantage is only a problenm& tcommon routines are heavy. If this is the case,
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optimization has to be performed. The second dmatdhge makes the work process for the user
more troublesome. It has to be taken into consimeravhen designing by finding an optimal
solution, which makes the work flow as easy asiptesfor the user.

A second option is to let the module be availalji@ /IS Custom Algorithm. These algorithms are
a part of the Segmentation module, but not pathefsegmentation process. This makes the option
less intuitive to the user. Also the interface $ettings up the calculations is to be designed from
scratch as well as functionality for storing thesulés in the VIS database. None of the
disadvantages from the first option are solved Hig bption. All in all this option only adds
disadvantages and is for this reason rejected.

None of the disadvantages of the first option aitecal. The OA Quantifier module is then selected
to be available by the Output step.

On basis of this selection, a description of indigg the steps of the success scenario in VIS is
described in the following sections.

11.3.1 Manually Defining the Base Line

First step in the success scenario is carried mMI$ by using the measurement tool. This tool
offers functionality for standard measurement oigtd, angles and area, which is decided by the
user selecting the wanted mode. The pathologistissesed to this tool which is an advantage and
a good reason for selecting the tool for this task.

To define the base line, the distance mode is uBeeluser points out the start and end point of the
base line. The base line is to be placed through dértilage/bone interface parallel to the
orientation of the cartilage matrix. This is illcetied by Figure 11-3.

"

Figure 11-3: Base line pointed out manually by usimmeasurement tool in VIS. The VIS measurement tod the
black line across the image.

11.3.2 User Control of the Calculations

To perform a calculation, an Output Variable nebdscreated and set up. This is done from the
Output dialog by a set of steps as illustrated igyfe 11-4. The type of input for the variable is
selected by the user. A calculation performed gy @A Quantifier module is seen as an “OA
Measure” input in the Output dialog. The settinggt tthe user is able to set for each calculation in
the module are described in section 11.4.3.
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Figure 11-4: Steps for adding and setting up an Oput Variable in VIS. In this example the Output Variable is
an OA measure of the chondrocyte cellularity, whichs calculated by the OA Quantifier module.

The calculations are simply initiated by pressi@gfculate” in the Process Image dialog. This is
illustrated by Figure 11-5a. When the calculatibase been performed successfully, the results are
printed in the dialog and stored in the datababés i illustrated in Figure 11-5b.
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Figure 11-5: Performing calculation of Output Variables in the Segmentation module in VIS. In this exaple
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11.4 Module Design

11.4.1 Module Overview

The functionality of the OA Quantifier module is bedded
in a DLL in accordance with the requirements. Ateiface
function enables VIS to create a dialog with thecsjc
parameters for the module. Another interface fuamcti GUI
enables VIS to execute the calculations. Thesetiimgare =
both given by VIS standard. _ _
Calculation Interface Dialog Interface
I I VIS

The functionality that performs the calculationsiescribed
in the following section.

Dialogs
The use of the dialogs has been described in setfic8.2 Fomctona, || E—
and the specific settings in the dialogs are desdriin Clon ok |
section 11.4.3. \L OA Quantifier Module
In accordance with the requirements, the OA Quantif
module makes use of the IU SDK functionality asefas _ _ 1U class
possible. Mainly the Clmage class is the most usdich e Cmage
offers functionality for handling the image data. - |
A diagram illustrating the system architecture bé tOA el Sz SR
Quantifier module and related item as describedv@be  Figyre 11-6: Overview diagram of
seen in Figure 11-6. the OA Quantifier Module and
connections to upper and lower
layers.

11.4.2 Calculation Functionality

The design of the software classes are based wmpdrts: the functionality requirements and the
main flow in the module. In this section the desigrperformed usinglass diagramandclass
descriptionsto describe the classes and their relationshypgh&more the interaction between the
classes is illustrated by aimteraction diagram. These tools help to clarify the optimal
implementation of the required calculation functbty.

As described in the success scenario, the uses teednodule with a set of settings and specifies
the wanted calculation to be performed for eachpQui/ariable. When the user initiates the
calculation the following main flow is executed:

1. Set settings

a. General settings

b. Measure specific settings

c. Initiate data structures
2. Perform pre processing

a. Find work area defined by tibia cartilage region
3. Perform primary processing

a. Apply the base line

b. Perform the given measurement
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c. Calculate end point from measurement
4. Return calculated result to user.

This main flow is controlled by a main function, i is supplied with settings either by the dialog
via the interface function or loaded in the modintam external INI files. The user settings are
described in section 11.4.3. The functionality leé tnodule has been divided into a set of classes.
The classes and the relationships of these argtrdied in Figure 11-7 and descriptions of the
classes are in the following section.

«implementation class» «implementation class» «implementation class»
. . OAquantifier BiomarkCalculator [~~~ MatrixCalculation
Main Function | ---->—— -3

1
|
1
1 1 1 !
1 «struct» !
FI_SETTINGS 1 !
|

1 «struct» } «implementation class»

MEASURELINE | ~~ 7 SurfaceCurveAnalyzer,|

«struct»
LVT_SETTINGS

1 1

|

|

1
«struct» 0.* }
CCV_SETTINGS !
«struct» «implementation class»
1 MEASUREPOINT Cartilagelmage

«struct»
CCS_SETTINGS

«struct»
SBV_SETTINGS

1

Figure 11-7: Class diagram of the calculation fundébnality classes in the OA Quantifier module.

11.4.2.1 Class Descriptions
This section includes a brief description of thiegkation functionality classes. The software sttsuc
are not described.

OAquantifier

This class enables the interface for the functipnai the calculation functionality classes. Bysth
interface all settings concerning the calculatioas be set and processing can be invoked. Also
necessary preprocessing functionality is managethibyclass. The flow in the calculation process
is controlled by this class by using the functidiyadf the BiomarkCalculator class.

BiomarkCalculator
This class implements the described measuremenelnind base line, left offset and all the

measurement methods to be performed.

SurfaceCurveAnalyzer

This class is dedicated to the measurement of ittdl&tion Index. The class is able to isolate the
tibia cartilage region and measure the cartilagéase by the FI method. This class makes use of
functionality for tracking surface curve implemeshtey Visiopharm.
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Cartilagelmage
This class extends the IU Cimage class by speftifictionality for measuring the tibia cartilage
area. This class is only used by the SurfaceCuragiar.

MatrixCalculation
This class offers statistical calculation functitityaapplied on the CMatrix class in IU. The class
only used by the LVT measurement.

11.4.2.2 Class Interaction

From the described main flow of the module, theeseary interaction between the classes can be
determined. This is illustrated in Figure 11-8.

MainFunction

> LoadImageData()
> LoadSettings()

Create()
«implementation class»
OAquantifier

SetSettings() !

PreProcess() }
1

FindROI()
Return (ROIfound)

SetLeftThreshold()

DoProcess()

Create()

) «implementation class»
BiomarkerCalculator

BaselineFromPoints() i

SetSettings() i
1

Measure()

Return (result) |
|

Figure 11-8: Class interaction diagram of the clags in the OA Quantifier module.
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The interaction diagram is limited to describe ihieraction between the Main Function and the
two main classes in the module only. This is dangive an overview of the process. For more
details about the interaction between classestaaéer is referred to the source code included on
the CD-ROM (see Appendix I). When the OAquantifiavokes the Measure method in the
BiomarkerCalculator, the given measurement is peréal. This task is described in detail in the
following section.

11.4.3 User Settings

The user is able to select which measurement tonper A set of general settings can be set and
specific settings for each measurement. The foligwist states general and measurement specific
settings:

Category User setting

General Selection of measurement to perform.*
Left offset
Step size between measures

Fl (none)

LVT (none)

CCV (none)

CCs (none)

SBV Optimal height of box*

Table 11-1: User settings in the OA Quantifier modle. *These setting are available by dialog. All otérs by INI
file.

For debugging both during the development of thelul® but also if future users want to verify
the methods, a set of debugging settings have treated:

Category Debug setting

General True/false flag for indicating left offset
ID of VIS measurement to use for indicating

Fl True/false flag for indicating the surface curve and Euclidean distance.
ID of VIS measurement to use for indicating.
Truelfalse flag for debugging end point algorithm.

LVT True/false flag for general debug of measurement.
True/false flag for debugging the thickness measurement.

CCVv True/false flag for general debug of measurement.

CCs True/false flag for general debug of measurement.

SBV True/false flag for general debug of measurement.

Table 11-2: Debug settings in the OA Quantifier modle.

The approach of offering user settings in VIS tha&i by dialogs in the software or by external INI
files. This standard is followed in the implemematof the OA Quantifier module. The two
options are described in the following

11.4.3.1 Dialog Settings

Settings, which are often used by the user, ardaé@ in the Segmentation dialog. Most of the
user settings have been chosen to be availablealngd



92 Implemented Solution

VIS offers to store given configurations set upthg user in the dialog. A VIS Configurations
stores all specified Output Variables includingiags of these. This functionality is used to set u
three default configurations; one for each of thecpssing steps, which is step 2, 3 and 4 in the
success scenario. The user then loads the Contiiguffar the given step and only changes settings
if they differ from the standard.

11.4.3.2 INI files

To offer the option of tuning the modules in VISisipharm uses INI files for a large number of
settings. These settings are rarely set, and ar¢éhi® reason put in INI files instead of creating
dialogs with tons of settings. Settings from thé filks are loaded by the given module and applied
by the given module.

User settings not available by dialog are by INgdi In addition all debugging have been selected
to be available in the INI files.

11.4.4 Error Handling

Errors are reported in VIS by using error codesef\of general VIS error codes have been defined.
Furthermore a set of specific error codes can fiaatéfor each module individually. This has been
done for the OA Quantifier module.

11.5 Performance

For evaluating the overall consumed time for therus process a study, each part in the process
has been time measured. The results are statedble T1-3. The process was performed at a
3.4GHz Intel Pentium with 1GB of RAM.
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Time
Step Single[s] Batch

Manually defines individual base lines 5-7 20min
Manual setup of each Output value ~4 ~4s
An optimal value for the left offset <1 6min
Find optimal box height <1 6min
FI measurement <1

LVT measurement <1

CCV measurement <1 12min
CCS measurement <1

SBV measurement <1

Total 42 44min

Table 11-3: Consumed time of each step in the prage The total values include the specified setuprte for eight
Output variables. The batch job was performed on 2D specimens.

11.6 Conclusion

The required functionality was successfully implemeel as a module in VIS. All required end
points can be calculated by using the module. Thasurements of the end points are performed in
accordance with the measurement model using alibesend a left offset.

The module was chosen to be available as an OMaible in the Segmentation module. This
was pointed out to be natural in the work flow gfahologist, who is assessing mouse knee joints
using VIS.

In the implemented solution, the user is able tb uge parameters for some of the end point
measurements. This is easily performed by dialods/@xternal INI files. This makes the solution
user friendly.

The optimal solution would be only one button tslp@and then results of all end point measures in
return. This could not be complied with the implerteel solution. Each end point must be set up
and calculated individually. In addition a specifider is given for some of the end points, which
requires parameters to be calculated in beforehahdn all this gives a relative cumbersome
workflow for the user.

This is seen as a tradeoff of the advanced algositfor the end points. A more simple approach
would give a more simple implementation and ther@lyore simple work flow.

A requirement of as little work to be performed the user as possible was stated. With the
described solution, the user is required to perfomanual corrections of the segmentation and
manually define the base line of each specimerviddally. Additionally, the above mentioned

work with setting up the end point measurementsm@odess of calculating them has to be done.
This adds up to some work for the user, but leslsnaore precise compared to manual assessment.
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As stated in the requirements, the processing tsmet critical, but has to be acceptable for the

user. Tests have been performed and the time causilay each step in the process is stated in
section 11.5. The total process time is not seeanasceptable for the user, nor are any of the
process steps significantly more time consuming thiaers. For these reasons, no time was spent
on optimization.

All software guidelines stated in the requirememtse successfully followed.
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Age Dependency Study

An age dependency study has been performed ustngéasurement methods described in Part I,
and by calculation of the proposed end points. déeeloped OA Quantifier module described in
Chapter 11 has been used to perform the measot&me

The age dependency study is performed to illusttaeapplication of the proposed end points. In
addition this study is a further validation of teed points, by comparing results with known OA
age dependent tendencies. These tendencies ardbddsn section 12.2. A visual inspection of the
specimens in the study set has been performedciosel2.3 and evaluated with the known
tendencies and results.

In a larger perspective, an age dependency stweg ¢ine opportunity to investigate age related OA
tendencies. In the human model of OA only non-ivestudies have been possible as described
by Buckwalter et al. [3]. By the use of an animaidal, more detailed information is possible to
obtain. The performed age dependency study is @ffrtimtier in the field of clinical OA research,
by using the histological techniques, acquisitignnficroscope and advanced image analysis. The
results may be an important component in the utalsishng of OA progression and in further
research.

12.1 Study Set

The study set for the age dependency study, islasinto the study set applied for the
histomorphometric analysis performed in this thésee section 2.1 for a detailed description). The
study units are all male mice of strain STR/1N. Tiiee have been sacrificed with intervals of 3
weeks, giving groups at the ages of 6, 9, 12 andddks. Histological images of the medial part of
the knee joints have been acquired by the procedeseribed in section 2.3, and referred to as
specimens in the following. Only specimens withasidsrmedial tibia region are used in this study.
The total numbers of specimens and valid speciraenstated by Table 12-1.

Definition: The time period between 6 weeks and 9 weeks &eead to as the
first period, 9 to 12 thesecond periodand 12 to 15 ththird period .
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Time Mice thal Specimen; _vvith
Specimens Valid Tibia
6 weeks 24 123 %
9 weeks 24 121 96
12 weeks 24 119 o4
15 weeks 22 124 29
Total 94 487 379

Table 12-1: Number of specimens, in the age depenmuyy study set, grouped by time. The ‘Valid Tibia’ olumn
states the numbers of specimens that have a valithia region for the study.

The specimens have been segmented using VisiopAatm Histology module as described in
chapter 4.2. Manual corrections were performed eiosntly of all four sets (4-5 hours/set of
work), and base lines were pointed out using VI&steement tool.

12.2 Known Tendencies

A general set of known tendencies of OA impactia knee joint, have been described throughout
the thesis, mainly in Chapter 3. The age rel&ediencies, describes at what time each of the
known tendencies occurs. This depends highly uperapplied animal model and even the given
strain because each strain has its own age depemdeperties of characterizing the OA
progression.

For the male mice of strain STR/1N, the biologicladnges, caused by OA development, are at the
earliest observed around the age of fifty days €éks), as stated by P. M. van der Kraan et al. [10]
At the age of twelve weeks, the OA impact tendsbéosevere for around 60% of the mice,
according to U H Dietz et al. [7] and [18]. Fronesle facts, it can be concluded that the studied
period from six to fifteen weeks, includes the maémiod, of which STR/1N develops OA.

It is a known fact that the chondrocytes are afféah advance of the cartilage matrix (Goldring

8.

Which degradation of either the cartilage matrixhe subchondral bone happens first, and eventual
causes the other to happen, is unknown. The peefbiage dependency study might contribute to
understanding of this.

In the case of a study unit, with no basis for digpi@g OA, none of the OA related symptoms are
expected. In these cases, the chondrocytes mathtairartilage matrix fully, and no decrease in the
cellularity or degeneration of the cartilage matwitl occur. Neither does any thickening of the
subchondral bone happen. By this general fact,adasgrved differences in the results can be seen
as age related OA tendencies and not addressetbamgal age related progress.
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12.3 Observed Tendencies

Each set of specimens has been inspected visuadlydascribed, to give a counterpart and add
nuance to the results of the quantitative methdte. entire image of the histological section is
evaluated for each specimen but the focus has ynlag@n kept at the tibia region.

6 Weeks

The specimens are in general very healthy. No uteggies are seen in the surface of the cartilage
matrix of any of the specimens. The cellularityolsserved to be dense and uniformly distributed

across the cartilage matrix. Large lacunae regemesspotted underneath the articular cartilage
across the tibia region and only a low bone densigseen. For a few specimens, some of the bone
tissue is torn apart, but this is addressed mdnualing in the histology procedure.

9 Weeks

These specimens are clearly affected by the disdagsgularity and cavities are seen in the
cartilage surface at the centre of the joint (thieomost right part in the image). The cartilage
matrix is deformed at a minor scale, caused byspresfrom the subchondral bone. The cellularity
varies from high to medium in the right part of tatilage whereas the left is in general high. The
lacunae areas are smaller and more separated cainjmathe 6 weeks group. The subchondral
bone enters from the right towards the left andssfiie cartilage matrix and lacunae.

For a few specimens, none of the above mentionsdreétions are done. They are in the same
condition as the 6 weeks group.

12 Weeks

The specimens of this group vary from almost nodei@pact to highly affected. Degradation of
the cartilage matrix is seen mainly in the jointtre, but also in the centre of the cartilage fone
specimens. In a few cases, most of the right gaheocartilage matrix is missing. The cellularisy
clearly reduced compared to the group of 6 weehss iE general trend across the cartilage matrix
i.e. difference between left and right are onlynséar a few specimens. The condition of the
subchondral bone and lacunae are identical to theeks group.

15 Weeks

A few specimens are not noticeable affected byQAadisease, but the residual are highly affected.
The cartilage matrix for the latter is missing e tright part and/or severe irregularity is seethe
surface. Still chondrocytes resides inside the neimg cartilage, but are clearly reduced compared
to healthy cases. The condition of the subchorfalvak are only slightly worse compared to the 9
and 12 weeks groups.

12.4 Performed Measurements

The performed measurements are based upon thabdesaneasurement model (see Chapter 5)
and the best end points for each parameter of glagtadation (see Chapter 10) are measured and
calculated as described in the following.

For the measurement model, a left offset has balkenlated for the entire age dependency study by
guidelines described in section 5.2, and base hags been pointed out manually.
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To measure the cartilage matrix, the LTV end pamtthod has been performed, and the
Fibrillation Index are calculated and used as exfee.

The cellularity has been measured by area fracfarhondrocyte tissue area divided by cartilage
tissue area and both the average cellularity amdstbpe across the cartilage normalized by the
average has been calculated and used as end points.

The bone density has been measured by bone acti@ritaand the average bone density has been
calculated and used as end point.

12.5 Results

An optimal left offset was calculated to lag=573px from occurrence of irregularity values of
Mp=1118px andsp=273px. The largest possible box height for meaguthe bone density was
found to be 423px. These setup values have bedie@mpthe measurement process.

The results have been grouped by time for eacheoénd points. Box plots for each group are seen
in Figure 12-1. To quantify the OA progress in epehiod, the differences between each group of
results have been calculated by an unpaired Tars$tMann-Whitney test, of which the p-values
are stated in Table 12-2. The results are commentee following.

For the cartilage matrix end points, a drop infhand a rise in LTV values were expected. Both of
these trend theses were fulfilled by the resultd. oA the tests for both end points indicated
significant differences yet less significant foe thecond and third period.

For the cellularity a decrease in the average valube area fraction and larger negative values fo
the normalized slope of the area fraction were etgquk Both of these trend theses were fulfilled
but the trend thesis regarding the normalized shege only weakly fulfilled. This indicates that the
cellularity is affected uniformly across the catje matrix as the OA progresses over time. The
decrease is strongest in the first period, and esefak the last two periods.

The subchondral bone develops rapidly, from hawieglthy symptoms with low bone density and
large lacunae areas, to a strong OA impact indichtethickening, in the first period. From the

point of nine weeks, it stabilizes at a very untigaktage, with high bone density, throughout the
rest of the observed period in this study.
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Figure 12-1: Box plots of end point distributions ly time. (a) Fibrillation Index. (b) Irregularity in cartilage
matrix structure by LTV. (c) Cellularity by average area fraction. (d) Cellularity by normalized slopeof area
fraction. (e) Bone volume.
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Difference in mean Difference in median
by T-test by Mann-Whitney
1% period 2™ period 3" period 1% period 2" period 3" period
Fibrillation Index <0.0001* 0.037 <0.0001 <0.0001 0.052 <0.0001
Irregularity by LTV <0.0001* 0.013 0.0006 <0.0001 0.0062 0.0007
Average cellularity <0.0001* 0.045 0.0006 <0.0001 0.012 0.0004
Cellularity by slope 0.0016* 0.20 0.28* <0.0001 0.11 0.11
Bone volume <0.0001 0.0075* 0.10 <0.0001 0.0055 0.17

*T-test has been performed for uneqdatribution because of difference in varianceigated by f-tests rejectintpe
null-hypothesis at a 95% level of significance.

Table 12-2: P-values for both T-test and Mann-Whitey for consecutive groups by time for each of thend
points.

12.6 Conclusion

The observed tendencies described in section h2l3he presented results corresponded well with
each other, describing the OA age related tendengi¢he study. These observations and results
also correspond to the general known OA symptorssriteed in Chapter 3 and the age dependent
tendencies of strain STR/1N described in sectio@.1R2aboration of the results is performed in the
following to emphasize interesting and overall asp®f these results that are seen as new to the
field.

The end points were able to indicate the expe&wrdencies of the parameters of joint degradation
related to age dependent development of OA. Ordydhllularity by normalized slope yielded
results with a low indication of the OA progressisl calculated feature is concluded to be a bad
end point for age dependent tendencies.

A clear trend was seen in that all parameters Hieetad the most in the first period. Especially
thickening of the subchondral bone, progresseslisam the first period, more rapid than the two
other parameters of joint degradation. This indisdhat the bone is affected the first, and might b
a great contribution to the degradation of the otparameters. This is a very interesting
observation, which might contribute to the underdiag of OA progression.

The progress of both the degradation of the cgdilaatrix and the decrease in cellularity is slower
but still describes the main part of period with @#pact. Because of this equality in progression,
it is hard to determine which is affected firstdamight cause or contribute to the affection of the
other. This does not comply with the expected tangeof the cellularity being affected first, as
described in section 12.2. Further study of th& fieriod and the period until 6 weeks are required
to clarify this.

It is important to keep in mind that the conclud@A tendencies only can be applied to mice of
strain STR/1N and not directly other animal mod®l$n the case of human OA disease. For more
general conclusions, further studies in other ahm@dels are needed.
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Chapter 13

Discussion

The applied histomorphometric measurements angribigosed endpoints described in this report
are generally discussed and put into a larger petsfe in this chapter.

13.1 Measurement Method

13.1.1 Applied Model

In the work of this thesis a throughout examinatio&s been performed using the applied
measurement model. The model consists of two maamponents: a base line and a left offset. In
the analysis of the histomorphometric methods andhe application of the end points, these
components was found simple to use and yet workea good guideline. The base line helps to
orient the measurement dependent on the orientatitire articular cartilage and thereby makes the
measurements consistent.

13.1.2 Sampling

In the performed measurements, the possibilityash@ing across the tibia region was used to
determine possible features for end points. Thesillted in the discovery of a strong end point of
cellularity by normalized slope in the area frastimeasurements. A general technique of using the
difference between the left and right side of thedral tibia for determining the stage of OA
affection was also found by the sampling processdi#onal strong end points can be found by
taking advantage of this difference by an asymmetodel. This is addressed further in section
14.1.2.

13.2 End Points

A demand of strong quantitative end points wasedtat the motivation of this thesis (see section
1.4) and additionally addressed in the evaluatibouorent histological assessment (see Chapter
3). Strong end points have been defined for eaclthefparameters of joint degradation and
application of these has been illustrated by sigaift indication of treatment effect and by

performing an age dependent study.
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The important factor is the correctness of the paimts and an argumentation of this has been
performed for each end point in the discussioniseadf the three measurement chapters (see
sections 7.4, 8.4, 9.4).

By visually evaluating the specimens, the irregtits in the cartilage surface are clearly seere Th
calculated cartilage matrix features were ablerd these irregularities. It is far harder to asdée
cellularity and subchondral bone manually. Theutaflty is rather diffuse and when evaluating it,
it is almost only possible to make a distinctiotween few chondrocytes and many. Everything in
between is impossible to evaluate manually, whechanfirmed by the manually given pathology
scores that only makes use of three out of fivesiptes scores and with most observations in the
middle group (score 2). Same tendency is seen \whaluating the subchondral bone. It is only
possible to distinguish between a bone containihgla number of large lacunae and a low number
of small lacunae, and everything in between iddaliff to evaluate and the score 3 is given.

The discussion in the paragraph above emphasizedifficulties of manually distinguishing
between the grades of disease affection. The pegpesnd point indicates strong differences
between extreme groups of specimens grouped byatigmgiven pathology scores and at the same
time an overall trend is confirmed, which indicatbat higher precision is possible with these
guantitative measurements compared to the mannigihgasystem. By the use of the proposed end
points the above mentioned difficulties are avoided

In addition, errors in the manual given score fog study set used for the histomorphometric
analysis was found by the applied and points (ggeeAdix B). This was pointed out at the meeting
the March 30, 2006 (see Appendix D), and the em@se subsequently corrected. This is a good
example of quantitative methods being superior anual assessment.



Chapter 14
Future Work

The work of this thesis is a good basis for detamng strong quantitative end points for the mouse
model of OA, still more work has to be done. Pdssilmprovements and new studies is addressed
in this chapter inspired by observations and ga@gmerience in the work of this thesis.

14.1 Measurement Model

14.1.1 Simplification of Left Offset

Evaluation of the left offset indicated that thisngonent is important, but the precision of the
applied value is not crucial. For this reason aemple approach or a rule of thumb is suggested
to define a proper left offset. From the gainedegigmce in the work of this thesis, the following
approach is suggested:

» Measure the length across all cartilage matrix@berstudy set. The left offset is defined by
the longest divided by three.

A study of this approach has to be carried outaluate the correctness.

14.1.2 Asymmetry model

From observations and by known tendencies deschipédeacock [16] the right side of the tibia is
affected more and in advance of the left side. Taslts in an asymmetry of the two areas that
could be the basis of a strong measurement model.

The degree of sickness caused by OA can be detednbip performing calculations of end points
inside two boxes in each side and measure thereliffe (see Figure 14-1). This approach is less
cumbersome compared to sampling and calculatistope, but may reveal the same results.



106 Future Work

Figure 14-1: Asymmetry model illustrated by pairs & boxes on specimen 103-14. 'A' boxes are for
measurements of cartilage matrix and cellularity. B' boxes are for measurements of subchondral bone.

14.2 End Points

14.2.1 Further Validation

To fully validate the proposed end points, studyhaf application on a larger scale is required. In
addition, research of application of the end point®ther animal models of OA, e.g. rabbits or
guinea pigs, is of great interest and would furtreidate the end points.

14.2.2 New Approaches

The thickening of the subchondral bone is maingnsas a v-shaped entering from the joint centre
(right side of the specimen images). The lacunabsin the subchondral region are large and
connected in the case of a healthy specimen anllesraad separated in the case of OA affected.

A more sophisticated feature based upon the abesgeritbed observations of the subchondral
composition, is a possible end point for the coadibf the subchondral bone. The idea occurred at
a late stage of the thesis and no study of thisbesn performed, but is suggested for future
research in the field.

14.3 Functionality Improvements

14.3.1 Base Line

The base line is essential in the applied measuremedel. In the work of this thesis, the base line
has been pointed out manually. The base line ntighibund automatically by fitting a line through
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the cartilage/bone interface from measurements hef segmented tissue in this area. An
implementation of this and a validation study isgmsed as possible future work.

14.3.2 Focus of Measurement

To ensure correct and optimal end points it is irtgpd that the focus of the end points
measurements are kept on the most affected areaisTihe key idea of the proposed measurement
model in this thesis but still by the used approatsegmentation of the image, the focus partly
relies on manual corrections. Improvements of thgnentation and measurement methods are
recommended to guarantee that the affected amesia® without any need of manual corrections.

In addition, bone area in the area towards thet joentre (right side of specimens) could be
interesting to include in the measurements. Thesitierand composition of this bone area is
observed related to the level of OA impact.
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Chapter 15

Conclusion

The overall objective of this thesis was to clarignd propose strong quantitative
histomorphometric measurements related to the sthg@A affection in the mouse model. The
scope has been of the medial tibia region of theekjoint and parameters of joint degradation
caused by OA.

A set of quantitative measurements have been tescrand proposed from the knowledge of

histopathology assessment. The measurements doenped according to a proposed measurement
model using a base line and a left offset to kemoig on the most affected area of the joint. The
measurement model was concluded to be a good ftandar the measurements, but the precision

of the applied left offset was found less important

The measurements were performed using image asalfysiicroscope images of histopathological
sections of knee joints from mice. The images weym a study set of fifty mice. As part of the
image analysis, segmentation of the images wa®npeedd using the Visiopharm Auto Histology
module. The segmentation process was successfuharskegmentation required a limited work of
manual corrections. The specific measurements wareed out by geometric calculations and
algorithms implemented in C++ using Visiopharm IimggUtilities SDK.

For the parameter of the cartilage matrix structareneasurement of the cartilage thickness was
used to measure irregularities in the cartilagdaser caused by OA impact. An end point was

calculated by a statistical feature of this meawearg. This end point was found to have a strong
correlation with the manually given pathology scondich is interpreted as the stage of OA

affection.

By argumentation in section 3.3 the cellularity waefined by a fraction of chondrocyte area
divided by cartilage area. By sampling across ibie articular cartilage, a feature was calculated
by the slope of cellularity measurements. Thisueatvas found to be a strong end point for the
cellularity by a high correlation with the manuadjiven pathology score.

The condition of the subchondral bone has beersssdéy the bone density defined by a fraction
of measured bone tissue divided by measured amerngath the articular cartilage. This feature
has been proven applicable in the model of guings lpy Pastoureau et al. [20] and was found in
this thesis to be the best end point for the subdfa bone in the mouse model. The end point had
a strong correlation with the manually given patigyl score.
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All three end points were applied to measure tfiecebf a drug compound applied to half of the
study set. All end points indicated highly sigrafint effect of the applied drug by both unpaired
Students T-test and Mann-Whitney. This validatedehd points even further.

The application of the end points has been illtsttrdy an implementation in a Visiopharm VIS
module. The module was used to perform an age depey study. The end points complied with
the known age dependent trends. In addition, thdyshas clarified a trend of the thickening
process of the subchondral bone occurs in advaneetlo the cartilage matrix and the cellularity of
chondrocytes being affected, in the mouse modél4af

An asymmetry of the left and right side of the naédibia was found in this work. A clear
correlation was found between the progress of Od the asymmetry. This correlation indicates
that the right side of the medial tibia is degetedtdirst, and then the affection of OA evolves
towards the left side, which confirms the work pemnied in the guinea pig model of OA by [20].

The tendencies pointed out are only confirmed is $kudy of OA in the mouse model, and cannot
necessary be mapped to other animal models or dorah diagnostics. Further study of other
animal models has to be performed.

As an overall result of this thesis, a set of gjromantitative histomorphometric end points have
been defined. In perspective these end points eaanbmportant component in the development of
an international standard of assessing the dedrestenarthritis.
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Appendix A
List of Control and Treated Groups

The following is a list indicating the grouping antontrol and treatment group of the specimens in
study STR/1N-25-05 by Sanofi-Aventis. The specifiesnber is the study unit number of the given
mouse.

Control Treated
103 174
133 213
137 296
196 351
216 354
262 372
317 377
362 405
376 439
397 536
398 568
476 605
489 609
497 723
502 782
602 789
631 800
735 801
760 821
816 824
820 843
822 845
832 890
862 931
921 985
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Appendix B
Manually Given Pathology Score

The following is a list of manually given pathologgores for the specimens in study STR/1N-25-
05 by Sanofi-Aventis.

The list was updated in April 2006 because of irmdrgiven pathology scores. The errors was

found in the initial analysis by the use of thegmeed methods, and pointed out at the meeting with
H. Guhring March 31, 2006, see Appendix D. Cdeé@acores are emphasized in bold.

Modified Mankin score used by Sanofi-Aventis

The pathology scores in the list are from the sptable below.

Cartilage matrix Cellularity of Subchondral bone
structure chondrocytes
0 Normal 0 Normal 0 Normal
Surface Remodeling
L irregularities 2 Reduced 3 processes
Superficial . .
3 fibrillation 5 Strongly reduced 8 Thickening
6 Clefts in deep 8 Total loss of
zones cartilage
8 Complete loss of

cartilage
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Study Study

Unit | Measurement | Cart | Cell | Bone Unit | Measurement | Cart | Cell |Bone
103 | 11med-F 568 | 11med 1 2 3
103 | 14med 3 2 3 568 | 14med 1 2 3
103 | 17med 3 2 3 568 | 5Smed 1 2 8
103 | 20med 6 2 8 568 | 8med 1 2 8
103 | 23med-T 8 2 8 602 | 11med 1 2 3
133 | 11med 8 2 8 602 | 14med 6 2 8
133 | 14med 6 2 8 602 | 17med 1 2 8
133 | 17med-F 602 | 8med 1 2 3
133 | 5med-T 6 2 8 605 | 10med 1 2 3
133 | 8med 6 5 8 605 | 14med 1 2 3
137 | 11med 1 2 8 605 | 17med 3 2 3
137 | 14med 3 2 8 605 | 20med-T 1 0 3
137 | 17med 6 2 8 605 | 7med-F

137 | 20med 6 5 8 609 | 11med 3 2 8
174 | 11med-F 609 | 14med 8 5 8
174 | 14med 1 2 8 609 | 17med 6 5 8
174 | 17med 1 2 3 609 | 8med 3 2 8
174 | 20med-T 0 2 3 631 | 11med 8 5 3
174 | 23med-T 1 2 3 631 | 14med 8 5 3
174 | 8med-F 631 | 17med 8 5 8
196 | 11med 8 5 8 631 | 20med 6 2 3
196 | 14med 8 5 8 723 | 11med 6 2 8
196 | 17med 6 5 8 723 | 14med 6 5 8
196 | 8med 6 5 8 723 | 17med 8 2 3
213 | 11med 3 2 8 723 | 20med 6 2 3
213 | 2med-F 735 | 11med 3 2 3
213 | 2med-T 6 2 8 735 | 14med 6 2 8
213 | 5med 6 2 8 735 | 17med 6 5 8
213 | 8med 6 2 8 735 | 20med 6 2 8
216 | 11med 3 2 8 760 | 11med 8 5 8
216 | 14med 6 2 8 760 | 14med 8 5 8
216 | 17med-T 6 5 8 760 | 17med 8 5 8
216 | 5med-F 760 | 20med-T 6 5 8
216 | 8med 3 2 8 760 | 8med-F

262 | 11med 1 0 3 782 | 11med 3 2 3
262 | 14med 1 2 3 782 | 14med 6 2 3
262 | 17med-T 0 2 782 | 17med 1 2 3
262 | 5Smed-F 3 782 | 20med-T 3 2 3
262 | 8med 1 2 3 782 | 8med-F

296 | 11med 8 5 8 789 | 11med 3 2 8
296 | 14med 8 5 8 789 | 14med 6 2 3
296 | 17med 8 5 8 789 | 17med 3 2 8
296 | 20med-T 8 5 8 789 | 20med-T 3 2 3
296 | 8med-F 789 | 8med-F

317 | 11med 8 2 8 800 | 13med 1 2 3
317 | 14med 8 2 8 800 | 17med 1 2 3
317 | 17med 8 2 8 800 | 20med 1 2 3
317 | 20med 6 2 8 800 | 23med 0 0 3
351 | 11med 3 2 8 801 | 11med 6 5 8
351 | 14med 6 2 8 801 | 14med 6 2 3
351 | 17med-T 3 2 8 801 | 17med 6 2 3
351 | 5med-F 801 | 20med 1 2 3
351 | 8med 3 2 8 801 | 23med

354 | 11med 8 2 8 816 | 11med 1 2 8
354 | 14med 8 2 3 816 | 14med-T 3 5 3
354 | 17med-F 816 | 17med-T 3 2 3
354 | 5med-T 6 2 3 816 | 2med-F

354 | 8med 8 5 8 816 | 5Smed-F

362 | 11med 6 2 8 816 | 8med 1 0 3
362 | 14med 6 2 8 820 | 11med 6 2 8
362 | 17med 6 2 8 820 | 14med 6 2 3
362 | 20med-F 820 | 17med 3 5 3
362 | 7med-T 3 2 8 820 | 8med 6 5 8
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Study Study
Unit | Measurement | Cart | Cell | Bone Unit | Measurement | Cart |Cell |Bone
372 | 11med-T 8 2 8 821 | 11med-F
372 | 14med-F 821 | 14med 8 2 8
372 | 14med-T 8 2 8 821 | 17med 8 2 8
372 | 17med 8 2 8 821 | 20med 8 2 8
372 | 20med 8 2 8 821 | 23med-T 8 2 3
372 | 23med-F 822 | 10med-F
376 | 14med 6 2 8 822 | 13med 1 2 8
376 | 17med 6 5 3 822 | 17med 3 2 8
376 | 20med 6 2 8 822 | 20med 3 2 8
376 | 23med 6 5 3 822 | 23med-T 3 2
377 | 11med 1 2 3 824 | 10med 1 2 8
377 | 14med-F 824 | 14med 0 2 3
377 | 2med-T 3 2 3 824 | 17med 0 2 3
377 | 5Smed 1 2 3 824 | 7Tmed 1 2 8
377 | 8med 1 2 3 832 | 11med 8 2 3
397 | 11med 6 2 3 832 | 14med 3 5 3
397 | 14med 6 2 3 832 | 17med-T 3 2 3
397 | 5med 3 2 8 832 | 5med-F
397 | 8med 3 2 8 832 | 8med 6 2 8
398 | 13med 8 2 8 843 | 11med 8 2 8
398 | 17med 6 5 3 843 | 14med-T 6 2 3
398 | 20med 6 5 3 843 | 17med-T 1 2 0
398 | 23med 6 5 3 843 | 2med-F
405 | 10med 1 0 8 843 | 5med-F
405 | 14med 3 2 8 843 | 8med 8 2 8
405 | 17med 6 5 8 845 | 11med 3 2 8
405 | 20med-T 3 2 3 845 | 14med 1 2 3
405 | 7med-F 845 | 17med 6 2 3
439 | 10med 1 2 8 845 | 21med 1 0 3
439 | 14med 3 2 3 862 | 14med 8 2 8
439 | 17med 3 2 3 862 | 17med 8 2 8
439 | 20med 1 2 3 862 | 20med 6 5 8
476 | 11med 1 0 3 862 | 23med 6 2 8
476 | 14med 1 2 3 890 | 11med 1 0 3
476 | 17med 3 5 3 890 | 14med 0 2 3
476 | 20med-T 0 2 3 890 | 17med 0 2 8
476 | 7Tmed-F 890 | 20med 1 2 3
489 | 11med 6 2 8 921 | 11med 1 2 3
489 | 14med 6 2 8 921 | 14med 1 2 3
489 | 17med 6 2 3 921 | 17med 0 2 0
489 | 20med-F 921 | 8med 1 2 3
489 | 8med-T 6 5 8 931 | 11med 3 2 8
497 | 10med-F 931 | 14med 6 5 8
497 | 14med 1 2 3 931 | 17med 6 2 8
497 | 17med 3 2 3 931 | 20med 3 2 3
497 | 20med 3 2 8 985 | 11med 1 2 3
497 | 23med-T 3 2 3 985 | 14med 0 2 3
502 | 14med 6 2 8 985 | 17med 1 2 3
502 | 17med 6 2 8 985 | 8med 1 2 3
502 | 20med 8 2 8
502 | 23med 6 2 3
536 | 10med-F
536 | 14med 3 2 3
536 | 17med 6 5 3
536 | 20med 3 5 3
536 | 23med-T 1 2 3
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Appendix C
First Presentation for BE and MGR

Thursday the 28of March 2006.

Participants: Michael Grunkin (Visiopharm), Bjarggsbgll (IMM, DTU), Eigil Mglvig Jensen
(stud. M.Sc. at DTU).

Agenda

1. EMJ makes a presentation of preliminary resultswsatl methods.
2. All discuss further improvements and overall gaalgroject.

Summery of EMJs presentation

1. Segmentation has been performed using module detgldhomas Ebstrup. Segmentation
results were overall a success.

2. Methods for measuring the condition of the carglagatrix structure, cellularity of
Chondrocytes and bone density were presentedniergkfor all the applied methods a
polynomial fitted through the cartilage/bone inéed was used. Measurements were performed
perpendicular from this line in a fixed number fess.

3. Cartilage matrix structure has been measured byll&iton Index (FI), Fibrillation Area Index
(FAI) and irregularity in thickness. The results as follows:

a. Fl proved a correlation with the manually givenhmdbgy scores, but only weak for sick
specimens.

b. FAIl was an adopted method from the three-weeksseocair DTU in January 2006. The
method is elaborated from FI. The results wereal/ére same as with FI.

c. Measurements of the irregularities in the cartilagdrix surface by the thickness
yielded highly significant results. By calculatitige first derivative they were enhanced
even more. Also a difference between the contrdlteeated group in the study was
proven.

4. The cellularity was measured by two different feesu cell count and cell area. Both were
normalized by the area of the cartilage. A new etbf finding the density of cells by distance
mapping was proposed. The results are as follows:

a. Cell count and cell area count yielded almost #mesresults. Both were only slight
significant, but indicated a trend of lower celhithaas a result of higher pathology score
i.e. more affection by osteoarthritis.

b. The distance mapping of cells turned out to bealdltustration of cell density.
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Discussion by all participants

1. The suggested segmentation is accepted.
2. Use of polynomial as measure line is doubted by MB&suggests, to use a straight line
instead.
3. Cartilage matrix structure
a. Both MGR and BE suggests to investigate FI and fiAher for possible
improvements. But only with low priority.
b. See3.a
c. MGR and BE appreciates the successful results. $hggest to include more
specimens to improve precision and correctnesssofits.
4. Cellularity
a. Investigate further to improve results.
b. MGR and BE find the approach of using distance nmapimteresting, but not the
item to keep focus at. Continue investigationsawm priority.

Preparations for meeting with Hans Gihring

* Alarge print of a specimen image for discussiothwiG.
» Keep presentation at a lower level of detail anthigaguccessful parts.
» Discuss biological matters and questions with HG.
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Meeting with Hans Guhring, Aventis

Thursday the 30of March 2006.

Participants: Michael Grunkin (Visiopharm), Hansh@ig (Aventis), Eigil Mglvig Jensen (stud.
M.Sc. at DTU).

Agenda

1.
2.

3.

4.
5.

HG presented background about the osteoarthrgesareh and new results.

EMJ presented the results from first iteration igfrhaster project. Comments on the used
methods are listed in Enclosure A.

Additional calculations and a plot were made togettom the current results, see
Enclosure D.

Discussion of specimen with incorrect pathologyreco

Discussion of correct region of interest and furtlesearch.

Statements

=

Focus in the further research will still be the métbia of the mouse knee.
The measurement images are still evaluated indiliglagainst the given pathology score.
No use of the mean of four measurement imagesafdr specimen.
Using a fixed number of samples for measuring @&asurement images is a bad idea. Use a
fixed sample width in pixels instead.
A pathology score is given with focus on the masndged part. This is the base for
choosing a region of interest for the measurements.
An optimal region of interest will be found usirtgetprocedure described in Enclosure B.
c. Inside this region the following will be measured:

i. Cartilage surface irregularity.

ii. Cellularity of chondrocytes.
d. Underneath the region the following will be measiure

i. Bone density (Bone/not-bone ratio).
A suggestion of making a mean model of the carilags declined. The reason is lack of
time in this project.
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Tasks

1. HG will send the following:
a. Study with corrected masks and labels by mail (DVD)
b. Corrected pathology score list by email (Excel agsheet).
c. Data for age dependent study.
2. EMJ will continue the research in respect to tlageshents given above.

Enclosure A

Quantitative measurements methods

1. Curvature of matrix structure.

a. Splitting the curve into several stretch and maaguhe Fibrillation Index (FI) and
Fibrillation Area Index (FAI) was used in the fiitration. MGR stated that he does
not find this method useful. HG had some doubthefmethod. EMJ concludes that
this method will have a very low priority in therflier research.

b. A constrained method of measuring the cartilagektiess using a second order
polynomial as baseline was used in the first iterafThe method gave promising
results. MGR found a line more proper than the pagial. HG had doubts of the
polynomial as well but found the overall idea ieing. He also added that the
tidemark is a good borderline for measurementsthsihard to find. EMJ concludes
that a line fit through the borderline of the dage and bone will be used as
baseline. This is explained in details in EnclodBi@nd illustrated in Enclosure C.

2. Cellularity of chondrocytes.

a. A fraction of the cell area per cartilage area wsed as main feature for cellularity.
This will still be the main feature.

b. A method of illustrating the density of the celtedgpossible base for calculation the
cellularity was proposed by EMJ. MGR and HG foulnel tnethod interesting, but
still hard to see the exact application of the mmdtiEMJ will have to work further
on this method, but only with low priority.

HG stated that using 100 sample slots in methodathdh20 sample slots in method 1.b needs
reasonable arguments. EMJ will work on this.
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Destructed cartilage ratio

MGR suggested a method of measuring the ratio stideted cartilage. The method is based on a
mean thickness outline of all cartilages for a gtuahd a proper acceptance zone will be defined
from this mean. Parts of each individual cartildmgng outside the acceptance zone will be
classified as destructed part. A ratio can be tatled for each cartilage as followed:
—_ I‘D
Ron =1
Where Lg is the length of the cartilage angd are the summed length of destructed cartilageecurv

Lp = ZLDi

Lp1 Lo2

Missing cartilage

Cartilage
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Enclosure B

Finding optimal region of interest
This method consists of three steps:

1. Find left/right bounds where cartilage residesarenbeen.

2. Calculating a baseline for the measurements.

3. Find optimal threshold for left bound inside bounids further focus of the region of
interest. This threshold will be general for allamerement images in a study, but may differ
from study to study.

The terms used are illustrated inEnclosure C Encéo€.

Step 1

The left bound is either defined using the leftmpsint of the segmented cartilage area. Another
solution is the round off of the tibia in the lsitle. The two solutions are evaluated and the one
with the lowest deviation over all images will beed.

The right bound is more lose defined because obtten diffuse shape and type of area in the right
side. Using the right side of the segmented cgsilia not an option, which has been stated in the
results of the first iteration and is confirmed H¢. The right bound is found using the following
guidelines:

* The borderline between the medial and the cené& @irthe joint.
* Use the width of the medial femur, and the leftimbas offset.
* Be creative!

Step 2

The baseline represents the bottom offset of thasmrement. First the borderline between the
cartilage and the subchondrial bone is detecteletween the left and right bounds. The baseline is
then a line fitted through the borderline.

Step 3
A general thresholdie; has to be found for a given study. Overall of ¢stissof two minor studies:
1. Find the threshold.

2. Verify the threshold.
a. If not satisfied, redefine the threshold procedurd start from 1 again.
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Finding the threshold is done by threshold estiomabiased on a calculated threshold distdéhéer
each measurement image according to the followroggulure:

1. In between the left and right bound, the curvatsimaeasured using samples with fixed
width.

2. The resulting signal is derived numerically byfitst derivative.

3. The standard deviation is measured for each savaple.

4. The distance is then defined as the number of saughlies to the first deviating value.

A limit for the deviation in item 4 has to be defth

This threshold distande is calculated for all measurement images and egpldited as illustrated
in Figure 2. For all the calculated valuedothere will be a minimum and a maximum value, and a
meanpp can be calculated.
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Figure 2 — Standard deviation of first numerical deivate of the curvature measurement with calculatio of
distanceD illustrated.

It is wanted to ensure that the threshold has 9be6mfidence i.e. two times the standard deviation
are subtracted from the mean distance. This yiélel$ollowing formula for the threshold:

Ieft lu D
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Enclosure C

Image illustrating the terms used and the definition of region of interest

Figure 3 - Medial Measurement image, with region ointerest indicated.
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Enclosure D

Feature space of curvature and cellularity

Feature space of curvature and cellularity,
control vs treated
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Note: The plotted “treat” is only the treated specim€&he plotted “cellularity” is both the treated
and control specimens (treated are underneathrieg™ plots).
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Appendix E
Evaluation of Segmentation

This appendix describes the evaluation of the Visewm Auto Histology Module used for
segmentation of the specimens. Requirements fagvhkiation are described and results and issues
are stated. The conclusion of the evaluation is gegection 4.2.4.

Requirement Specification

Optimal settings for the module have been defingd/isiopharm as default values. No further
adjustments applied.

Each image is evaluated corresponding to the reopgnts for segmentation described in section
4.2.1. Minor manual corrections are allowed asesdtéty requirement 3. Based on the requirements,
each image is evaluated by the following list ofesesuccess criteria:

1. Cartilage tissue
» Correct segmentation of all articular cartilagesuis towards the joint space in the
tibia region.
2. Chondrocytes
» Correct segmentation of each chondrocyte.
e Failure if there is an overall tendency of too muiibsue is segmented as
chondrocyte from the tissue surrounding the chandes.
» Failure if there is an overall tendency of toddittissue is segmented as chondrocyte
from the tissue surrounding the chondrocytes.
3. Bone tissue
» Correct segmentation of all bone tissue insiddithe region.
4. Lacunae
» Correct segmentation of lacunae inside tibia region
» Distinction between lacunae colloids and backgromsdle lacunae is preferred but
not critical.
5. ldentification of the tibia cartilage region.
* The tibia cartilage region is to be outlined by tledined type of mask in VIS.
* Minor areas of joint space included in mask is ptegi.e. not a failure.
* Minor areas of bone tissue included in mask is ptecki.e. not a failure.
» All important features for measurements of tibigitzge must be included.
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Each of the above criteria is given one of theofwlhg grades:

= Perfect segmentation. (successful)

= Minor corrections (successful)

= Major corrections (successful)

= Wrong segmentation. Corrections exceeds time limit.
= Impossible to correct. (Failure)

The verification of chondrocytes counting is penfied separately, by the following procedure:

6. Chondrocyte centers for cell counting
» Thirty images are picked at random from all possiibhages in the study. This is
done to limit the workload of the evaluation.

» Chondrocyte centers are counted inside tibia egeiregion
i. Manually by visual inspection. This count is seen ground truth for

evaluation.

ii. Automatically aided by VIS without manual correcisoof the chondrocyte
centers.

iii. Automatically aided by VIS with manual correction$ the chondrocyte
centers.

* Amount of chondrocytes are tested as follows
i. Test for difference in mean between manual and hatbmatic counts by a
two-tailed paired t-test at a 95% level of sigrafice.
ii. Determine correlation between manual and both aatiomcounts by
calculation of correlation coefficient.
iii. Calculate difference between manual and both automzounts. The
standard deviation of these two differences aréuated.

Notice that corrections must not violate the regumient of semi automation as defined earlier. For
this requirement a corresponding criterion is state

7. Semi automation
a. The main process of the segmentation is to be pee automatically.
b. Criteria 1 through 6 can be corrected manuallyitfillfthe given criteria.
c. The total time spent on manual corrections is té&dy within a maximum of 2 min
per image.

This criterion is evaluated dependent on the tinspent on manual correction by the following
scale:

* Perfect segmentation, t <= 30 sec (successful)

* Minor corrections, 30sec <t <= 1min (successful)
* Major corrections, 1min < t <= 2min (successful)
* Wrongful segmentation. t > 2 min (Failure)

* Impossible to segment (Failure)
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Results

The segmentation module was applied to all 201 e@rag the study set. An example of the
resulting segmented image is seen in Figure 15athEmage was evaluated according to the
described criteria.

(@) (b)

Figure 15-1: Segmentation result of specimen 103-1¢) Original image. (b) Segmented image.

A separate study of the chondrocyte counting wafopeed according to requirements. The study
was performed on a randomly subtracted sub selidf tsegmented images from the study set.
First a manual counting was carried out and segoadtomatic counting by VIS. Following the
segmented images were manually corrected and agexdomatic counting by VIS. The average
time of the corrections was 110 seconds. The ek stated in Table 15-1. This issue is
addressed in the following section.

Both VIS counting are correlated with the manualrtmg but in general VIS counts a higher
number of chondrocytes indicated by the p-valuetheft-test. This indicates that differences are
caused by a bias. By manual correction this biasbeareduced, but it is time consuming by using
almost all time assigned for manual correctionshi@yrequirements.

Manual VIS VIS corrected
Average* 206 242 222
SD of differences* - 25 17
T-test (p-value) - <0.001*f <0.001**
Correlation coefficient - 0.86 0.93

Table 15-1: Results of evaluation of counting chomdcytes. *These results are in number of chondrocegs.
**This t-test rejects the null-hypothesis on a 95%evel of significance.

A summery of the results is stated in Table 15-2er@ll 4 images failed to fulfill all criteria with
time, 2 images were impossible and 195 images gakseevaluation within the specified time. In
general images that fails one criterion, fails otkbdteria as well because of an overall bad
segmentation. The two images, that failed, didooottain the femoral part of the joint. This caused
the segmentation module to fail, because of ladkfofrmation for orientation.
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Criteria No Minor Major Exceeds | Impossible
corrections | corrections | corrections limit

Cartilage tissue 136 60 0 3 2
Chondrocytes 129 65 1 4 2
Bone tissue 192 4 0 3 2
Lacunae 185 11 0 3 2
Tibia region 83 112 1 3 2
Semi automation 139 46 10 4 2

Table 15-2: Summery of results from evaluation ofegmentation by VIS Auto Histology module.

Issues

From the evaluation process, a series of commomeeigtion issues and special issues are
addressed in this section. The cases are desautdlustrated by screen shots from VIS, with
area of interest highlighted by a red ellipse. Timages are of the original image with the
segmented image as an over layer. Differencesdnddgree of transparency of the label layer,
causes the colors of the images to be varyingisnsiection.

Cartilage Tissue

Common segmentation cases of the cartilage tissuenaor areas, which are either incorrectly
classified or not classified as cartilage tissueeSe cases are easily corrected manually. A harder
issue occurs if the classifier uses a too narromgeafor classification of cartilage tissue, and
thereby generally classifies too little as illugddin Figure 15-2. This case is nearly impossible
correct manually within the specified time.

.

Figure 15-2: Classifier uses too narrow range, whicresults in wrong segmentation. (a) Specimen 174-
14 (b) Specimen 262-11.

Chondrocytes

A hard case to segment is two overlapping chondescy his is handled well by the segmentation
module as illustrated in Figure 15-3. Common missifecation is chondrocytes, which are totally
excluded by mistake as in Figure 15-4.



14.3Functionality Improvements 141

(b)

Figure 15-3: Specimen 931-14. An example of goodyseentation.  Figure 15-4: Specimen 133-5.
Two overlapping chondrocytes are identified seperaty, Missing segmentation of a
illustrated (a) before and (b) after segmentation. chondrocyte.

Chondrocyte Centers for Cell Counting

In the Resultssection previously, a difference in mean was dtéigtween manual counting and
automatic by the VIS module, with a higher mearthgylatter. This difference is mainly caused by
two cases:

1. The borderline of the cartilage area is darker tt@n rest of the cartilage tissue, and
wrongly classified as chondrocyte tissue. Theseclassifications lead to a series of
incorrect chondrocyte centers as illustrated irufFgdL5-5.

2. Vague chondrocytes lead to sparse segmentation)ynradithe cell membrane. This diffuse
segmentation is interpreted by the module as skekoadrocytes, and several chondrocytes
centers are then wrongly indicated as illustratgéigure 15-6.

Both cases are dependent on the settings for @eteat chondrocytes. These can be changed to
avoid the specific examples, but then other eroour. In general the segmentation and counting
of chondrocytes is a hard problem because of tliereinces in size, shape, focus and the
dependency of the placement of histology sliceespect to the given chondrocyte.

Figure 15-5: Specimen 789-14. Misclassification Figure 15-6: Specimen 216-11. Vague chondrocyte
of cartilage border leads to a series of incorrect leads to several chondrocyte centers, illustratedh)
chondrocyte centers, illustrated (a) before and  before and (b) after segmentation.

(b) after segmentation.
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Bone Tissue
No cases of interest were observed in the evaluatitbone tissue segmentation.

Lacunae

Segmentation of the lacunae in the bone tissue jgg
only at low priority, but misclassification can teeo  }
wrong measures of tissue with higher priority. The
misclassification concerns either the lacunae mscle &=
or the lacunae background. Cases of the first af
illustrated and commented in Figure 15-7, whereg
the latter is commented by Figure 15-8 and Figurf

15-9. (b)

Figure 15-7: Lacunae nucleus tissue
misclassified wrong in two cases: (a) Specimen
931-17, as cell tissue. (b) Specimen 985-11, as
lacunae background.

@ (b) @ (O

Figure 15-8: Specimen 862-17. Lacunae Figure 15-9: Specimen 862-14. Lacunae
incorrect segmented as cell tissue. lllustrated a incorrect segmented as cartilage tissue.
before and (b) after segmentation. lllustrated (a) before and (b) after segmentation.

Identification of the Tibia Cartilage Region

This part of the segmentation is the hardest amdidered as the most important. Minor errors can
easily be corrected by manual corrections thougle Eases are addressed of which the four first
needs minor and the last needs major corrections:

1. Top of tibia cartilage is excluded from the markedion because of the assumption of an
umbrella shape as describedAipplied Methods. lllustrated in Figure 15-10a.

2. Part of the meniscus is close to the tibia camilagnd is for this reason included by the
mask. lllustrated in Figure 15-10b.
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3. Steps in the post processing include area betwsesdgmented cartilage region and the
joint space, if assumed to be a part of the redimsome cases this is incorrect and results
in a jagged region marking towards the joint-spdliestrated in Figure 15-10c.

4. The defined region mask includes too much of théilage towards the right part of the
image. lllustrated in Figure 15-10d.

5. Both femoral and tibia region are marked as onlg oegion. This happens if the femoral
and tibia regions are connected in most of the. ditaatrated in Figure 15-10e.

(d) | (e

Figure 15-10: Examples of special cases of identifition of the tibia cartilage region. Cropped imags are
taken from following specimens: (a) 133-11 (b) 2184c) 137-20 (d) 213-2 (e) 174-20



144 Evaluation of Segmentation




Appendix F
Results — Cartilage Matrix Structure

This appendix contains the calculated results ftbm cartilage matrix structure measurements
described in Chapter 7. Some of the methods asedoupon thickness measurements of the
cartilage matrix, which is defined as X in the doling. The following methods have been applied
and stated by results in this appendix:

» Fibrillation Index (FI)

* Overall variance of X

» Slope of X

* Lnto the variance of the first numerical derivatof X (LTV).

The results are divided by following analysis parts

» Correlation with pathology score
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

* Treatment effect
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

The plots are small because of limited space iragpendix. This makes the labels hard to see and
they have been chosen to be removed. Instead eagsrplnormal score plot and histogram are
illustrated below. These can be used as guidelimen evaluating the plots.
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Correlation with Pathology Score

Normal Distribution Verification

Normal score plots and histograms for the measuresngrouped by manually given cartilage
matrix pathology score (see Appendix B). The sapimas been performed by Sanofi Aventis
according to the modified Mankin grading systemcdégd in section 3.1.1. The specimens in the
study set only represents score 0, 1, 3, 6 and 8.
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Slope of Thickness Measurement

Score 0 Score 1 Score 3 Score 6 Score 8
9 0. 0. [ 01 o
8 0.1 01 0.1 o o
m 0.05 0O}
C_G o ° 0.1 o 02
g -0.05] /( 01 0.2 -0.2 0.4
§ 01y 5 10 15 0% 20 40 60 0% 20 20 60 03] 3040 ) 50 -0.65 10 20 30 20
E 1! 10, 20y 1!
8

E © 10 o 9 10
[@)] 4 10|
°) I I 4 i h ‘
- 5] 5|
2] 2 I 2| 5
T

,81 I 0 0-1 0.2 0.3 -82 -0.1 0 0.1 0.2 82 02 0 0.2 0.4 .8_3 0.2 0.1 0 0.1 -36 -04  -0.2 0 0.2

In to the Trend Variance
Score 0 Score 1 Score 3 Score 6 Score 8

o
8 -1 1] 2|
2 -1.5| A o 1| 2
CU -2 2 1 0] 1)
g 2.5 2 -1
o i
zZ o 5 10 15 ~o 20 40 60 o 20 40 60 T 20 40 60 80 o 10 20 30 4
£ | I b
CU 2]
= 6|
(@)
@] 4
+— 1
0 2
T | d

-3 -2 -1 0 -3 -2 -1 0 -

Basic statistics and box plot

Fibrillation Index

Manually given pathology score ‘
Yy d p )% =

0.9 1
0 1 3 6 8 % é T
~ 0.8 N T 1
N 11 48 43 62 37 < 7
Min 0.78 0.72 0.62 0.35 0.29 - l
c 0.6 4
Max  0.93 0.93 0.94 0.91 0.80 g
=05 4
Mean  0.89 0.85 0.80 0.61 0.51 5 l
SD 0042 0056 0082 0128 0118 o l |
0.3 1

Score 0 Scorel Score3 Score 6 Score 8



148

Results — Cartilage Matrix Structure

Overall Variance
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Trend Statistic Tests

In the following two remarks are used:

*These f-tests rejectethe null-hypothesis on a 95% level of significanige corresponding t-test is performed for

unequaldistribution.

**Notice that the tested means are opposite ofagsimption in the thesis. In these cases the tisesfected and the

results of the t-test are useless.

Fibrillation Index

F-test T-test
Manually given pathology score Manually given pathology score

1 3 6 8 1 3 6 8
0 0.32 0.027* 0.0006* 0.0013* 1 0.11 <0.0001 <0.0001 <0.0001
1 - 0.013* <0.0001* <0.0001* 3 - 0.0013  <0.0001  <0.0001
3 - - 0.0025* 0.021* 6 - - <0.0001 <0.0001
6 - - - 0.62 8 - - - <0.0001

Mann-Whitney Test
Manually given pathology score

1 3 6 8
0 0.0093 0.0004 <0.0001 <0.0001
1 - 0.0030 <0.0001 <0.0001
3 - - <0.0001 <0.0001
6 - - - 0.0002

Overall Variance
F-test T-test
Manually given pathology score Manually given pathology score

1 3 6 8 1 3 6 8
0 0.12 0.91 0.94 0.30 1 0.49 0.0023 <0.0001 <0.0001
1 - 0.003* 0.001* <0.0001* 3 - 0.0002  <0.0001  <0.0001
3 - - 0.95 0.16 6 - - 0.0003  <0.0001
6 - - - 0.12 8 - - - <0.0001

Mann-Whitney Test

Manually given pathology score
1 3 6 8

0.49 0.0047  <0.0001  <0.0001

- 0.0003  <0.0001  <0.0001

- - 0.0003  <0.0001

o W |k O

- - - <0.0001
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Slope of Thickness Measurement

F-test T-test
Manually given pathology score Manually given pathology score

1 3 6 8 1 3 6 8
0 0.18 0.071 0.078 0.021* 1 0.12 0.018 0.0001 <0.0001
1 - 0.33 0.37 0.039* 3 0.034  <0.0001  <0.0001
3 - - 0.87 0.27 6 0.0077  <0.0001
6 - - - 0.18 8 <0.0001

Mann-Whitney Test
Manually given pathology score

1 3 6 8
0 0.14 0.0072  <0.0001  <0.0001
1 - 0.027  <0.0001  <0.0001
3 - - 0.010 <0.0001
6 - - - <0.0001

In to the Trend Variance
F-test T-test
Manually given pathology score Manually given pathology score

1 3 6 8 1 3 6 8
0 0.44 0.042* 0.034* 0.26 1 0.037  <0.0001  <0.0001  <0.0001
1 0.011* 0.0074* 0.50 3 <0.0001  <0.0001  <0.0001
3 0.97 0.089 6 <0.0001  <0.0001
6 0.075 8 <0.0001

Mann-Whitney Test

Manually given pathology score
1 3 6 8
0.028 <0.0001 <0.0001 <0.0001
- <0.0001 <0.0001 <0.0001
- - <0.0001 <0.0001
- - - <0.0001

® |W [k |O
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Treatment Effect

Normal Distribution Verification
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Ln to the Trend Variance
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Basic statistics and box plot

Fibrillation Index
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Slope of Thickness Measurement
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Appendix G
Results - Cellularity of Chondrocytes

This appendix contains the calculated results fribrta measurements of the cellularity of
chondrocytes described in Chapter 1. The perfdrmmeasurement is an area fraction of the
chondrocyte area divided by the cartilage areaisddfined as Y in the following.

The following methods have been applied and stayagsults in this appendix:

* Overall average of Y
* Normalized slope of Y
* Threshold of Y

The results are divided by following analysis parts

» Correlation with pathology score
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

e Treatment effect
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

The plots are small because of limited space iragpendix. This makes the labels hard to see and
they have been chosen to be removed. Instead egaroplnormal score plot and histogram are
illustrated below. These can be used as guidelimen evaluating the plots.
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Correlation with Pathology Score

Normal Distribution Verification

Normal score plots and histograms for the measursmngrouped by manually given cellularity
pathology score (see Appendix B). The scoring e performed by Sanofi Aventis according to
the modified Mankin grading system described irtieac3.1.1. The specimens in the study set only
represents score 0, 2 and 5.
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Basic statistics and box plot

Overall Average
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Treatment Effect

Normal Distribution Verification

Overall Average
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Results — Cellularity of Chondrocytes

Basic statistics and box plot
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Appendix H
Results — Subchondral Bone Structure

This appendix contains the calculated results ftbe analysis of the subchondral bone density
described in Chapter 9. The result of the subdradrbone measurement is defined as Z in the

following.

The following methods have been applied and stayagsults in this appendix:

* Overall average of Z
* Slopeofz

The results are divided by following analysis parts

» Correlation with pathology score
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

e Treatment effect
o Normal distribution verification
0 Basic statistics
0 Box plot of distributions

The plots are small because of limited space iragpendix. This makes the labels hard to see and
they have been chosen to be removed. Instead egaroplnormal score plot and histogram are
illustrated below. These can be used as guidelimen evaluating the plots.
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Correlation with Pathology Score

Normal Distribution Verification

Normal score plots and histograms for the measumsmgrouped by manually given bone

pathology score (see Appendix B). The scoring e performed by Sanofi Aventis according to
the modified Mankin grading system described irtisac3.1.1. The specimens in the study set only
represents score 0, 2 and 5.
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Basic statistics and box plot
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Treatment Effect

Normal Distribution Verification

Overall Average
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Basic statistics and box plot

Overall Average
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Appendix 1
CD-ROM Contents

A CD-ROM is included in the print for the examirmati evaluation by my supervisor, sensor and
additionally for Visiopharm. The CD-ROM contain®tfollowing grouped by folders:

Images
Example images of the specimens that has beenassddta in the thesis. Images from three mice
are included:

e« 103 — Medium OA affected
e 174 — Mild OA affected
« 196 — Severe OA affected

Module
This includes all the source code of the OA Quartihodule, and a Microsoft Visual Studio 2003
project that includes the source code files.

Poster

The poster and abstract submitted for ®&RSI 11" World Congress on Osteoarthriti006, in
Prague. The poster is in three formats of samaaorergpt, .pdf, and .png. The abstract is in plain
text (ASCII).

Report
The final report of the thesis is included in tveorhats: .doc and .pdf.

Study data
Data for the applied study set:

* STR1N-25-2005-scorel.xls - A scoring list of the@mens, for all three parameters of
joint degradation (cartilage matrix, cellularitycdasubchondral bone).

* STR-1N-25-2005-Decode.xls — Decode list for groofpsontrol and treated.

» tibia_new_score.xls — Revised scoring list (cagglanatrix and cellularity scores only).
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Visiopharm
Includes information materials and poster usedhéwork of this thesis from the Visiopharm site:
www.visiopharm.dk. The following files are included

* AutomatedHistomorphometry.pdf
» posteroarsi-2003-bone.pdf

» posteroarsi-2003-cartilage.pdf

» posteroarsi-2004-histo.pdf

* vis_web.pdf



Appendix ]

Poster for OARSI conference in Prague,
2006

A draft poster was prepared in the beginning of 2606 for theOARSI 11 World Congress on
Osteoarthritis 2006, in Prague, with detailed information of #yplied and proposed quantitative
histomorphometric measurements and end pointspdster is seen on the following page.

An abstract was submitted in the end of July 208&cdbing the contents of the poster. The abstract
is similar to the abstract in this thesis and isinduded in the report.
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Poster for OARSI conference in Prague,

Quantitative measurements of biological properties affected by

*IMM, Technical University of Denmark (DTU); **Visiopharm Inc., H@rsholm, Denmark

Preparations
50 male STR/1IN mice,
developing spontaneous

osteoarthritis, were sacrificed
with CO2 inhalation at 12
weeks of age. Their left knee
joints were removed and
decalcified for 3 days with
formic acid (decalcifier,
Shandon, Frankfurt/M.,
Germany), fixed in formalin
and embedded in paraffin.
Four sequential coronal
sections of the complete knee
joints (7 pm, 0.1 mm
apart) were stained with
hematoxyline-eosine. A total of
231 24 bit digital color images
of size 2600x2060 pixels were
obtained from the sections
using a Zeiss light-microscope
with a digital Camera (Zeiss
Axiocam HRC) at resolution.

As preparation for the
measurements, the images are
segmented. The segmentation
is performed to identify the
various types of tissues:
cartilage, bone, lacunae, cells
and separate the background
from these. The segmentation
is carried out by use of the
automated histology module in
the VIS software. The module
is dedicated for this purpose,
and is verified to be robust

towards varying staining
intensity and image
parameters.

Measurement Methods
Following biological properties
have been evaluated in the
analysis process of this study:

[0 Cartilage matrix structure
O Cellularity of chondrocytes
O Subchondral bone

Pathology scores were
manually assessed for each
specimen by pathologists at
Sanofi Aventis, dependent on
the degree of affection by OA.
A modified Mankin scoring
system was used. The scores
were given for each of the
three above mentioned
properties  separately. The
pathology scores are used as
end marks to indicate the level
of OA.

osteoarthritis in a mouse model

E. M. Jensen*, M. Grunkin**, B. K. Ersbgll*

Aim of the Study

Morphometric analysis of histological sections of the knee is essential for quantifying the
degree of joint damage and drug efficacy in animal models of osteoarthritis (OA). The
assessment of the histological sections is performed manually, which is time consuming and
introduces manual errors. Reliable quantitative measurements describing each of the
biological properties in the assessment are wanted. The aim of this study has been to
analyze the assessment process and propose quantitative measurements for each type of
biological property. The proposed measurements are verified as indicators of OA affection,
by use of manual given pathology scores as end marks. The study has been aided by the
Visiopharm VIS software.

All measurements have been
performed in the tibia region
of the medial part of the knee
joint. The study was focused
on the most affected area and
the differences in affection
between left and right part of
this region. A region of
interest (ROI) has been
defined, by a base line and a
left offset as illustrated in
Figure A. The cartilage is
highlighted by a dotted line.

-
2 50
S
£ 5 40
X g 30
i =3
5 N r
- [
> 101
% 00!
= 0 1 3 s 8
o Pathology Score for Cartilage Structure
3 0.06
=
[*] 0.05
] z [ ]
° 2 004
£ a
2 £ 008 # #
o g
“ £
° / s 002
g AL - © 001
(1] - ils .
= Prhondrocyes = > Pehondroces € [0- 1] C3 000
= Ammlaxe 0 2 5
8 Pathology Score for Callularity
12
o 1.0
c
o > 08 T
-1 i 1
s | Measurement | | & o
° ' 2
5 @ 04
<
8 02
>
(7] 00
Bone . N
Prone Pae €[0:1] D2 o s .

Pathology Score for Subchondral Bone

Conclusion

Quantitative measurements for all three biological properties were proposed. Significant
correlation with the degree of OA affection was proven using manually given pathology score as
end marks. This makes the proposed measurements strong candidates as biomarkers for
determining destructive affection caused by OA in the knee joint of the mouse model.
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visiopharm

TURNING IMAGES INTO KNOWLEDGE

Cartilage Matrix Structure (CMS)

In the progress of OA, the
articular cartilage matrix
degenerates towards the
subchondral bone and the joint-
surface becomes irregular. A
study of this irregularity of the
joint-surface has been performed
using VIS. The applied
measurement method is based
upon thickness measurements of
the cartilage as illustrated in
Figure Bl. The result of the
measurement is a set of values
describing the cartilage joint-
surface. The values have been
analyzed by using several
statistical and  mathematical
calculations as stated by Equation
B2.

Cellularity of Chondrocytes (CEC)

Apoptosis of the chondrocytes in
the articular cartilage is closely
related to OA. This affection of
chondrocytes caused by OA has
been examined inside the defined
ROI by calculating the
chondrocyte density. A cropped
part of an image is seen in Figure
C1 and the corresponding image
with segmented cartilage and
chondrocytes in Figure C2. The
measurement is performed on the
segmented image by measuring
area of cartilage (green) and
chondrocytes {(brown). The
chondrocyte density was
calculated by Equation C3.

Subchondral Bone (SCB)

The process of osteoarthritis
causes thickening in the
subchondral bone. This affection

has been investigated by
calculating the bone density
inside a box underneath the

articular cartilage as illustrated in
Figure D1. Both the area of the
bone (purple) and cells (blue)
inside the bone was measured as
bone. The bone density was
calculated by Equation D2.

Results

Significant and high correlations
between quantitative and semi-
quantitative manual grades were
found for all three aspects of joint
degradation: r(cart.)= 0.78,
r(bone) = 0.67, r(cell) = -0.43,
with significance levels p < 0.001
for all quantitative end-points..



