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Cuvinte cheie: analizd fractala, analizd multifractala, microarhitectura, os spongios,
calcaneu, radiografie, postmenopauza, osteoporoza senila.

Investigarea microarhitecturii trabeculare este strins legatd de studierea
osteoporozei si de evaluarea riscului de fracturd. Importanta cunoasterii microarhitecturii
osului spongios (trabecular) a fost recunoscuta in anul 1991, cand, in definitia osteoporozei
formulata de Institutele Nationale de Sanatate ( National Institutes of Health — NIH) din
SUA, la scaderea masei osoase s-a adaugat si deteriorarea microarhitecturii osoase.
Organizatia Mondiald a Sanatatii (OMS) a acceptat densitatea minerald osoasa (DMO),
care poate fi stabilitd cu mare precizie prin osteodensitometria cu fascicul dual de raze X
(DXA), ca principalul criteriu de diagnostic al osteoporozei. De la evaluarea
microarhitecturii spongioase se asteaptd o mai buna apreciere, independenta sau Tmpreuna
cu DMO, a rezistentei osului, a riscului de fractura, a grupurilor de populatie ce necesita
tratament activ, a rezultatelor tratamentului, a patogeniei osteoporozei.

Investigarea microarhitecturii trabeculare s-a efectuat prin foarte multe metode, de
la cele mai simple pand la unele foarte complexe, greu accesibile, costisitoare si/sau
invazive. Intre acestea, analiza de texturd a pattern-ului trabecular pe radiografia
calcaneului reprezintd astdzi o modalitate ieftind si accesibild. Complexitatea si
neregularitatea sunt atribute ale texturii radiografice trabeculare care pot fi cuantificate cu
ajutorul analizei fractale.

Scopul studiului nostru a fost de a testa si evalua mai multe metode de analiza
fractald puse la dispozitie gratuit de diferite colective de cercetatori, de a compara
capacitatea lor de a discrimina seturi de radiografii diferentiate pe criteriul varstei, de a
propune un algoritm pornind de la achizitia imaginii pana la clasificarea ei corecta.
Obiectivul ultim al acestui tip de investigatie este identificarea unui descriptor sau grup de
descriptori ai microarhitecturii trabeculare cu aplicabilitate clinica.



In partea teoretici a tezei sunt examinate n special, locul deteriorarii
microarhitecturii osului spongios in definirea osteoporozei §i motivele pentru care
diagnosticarea osteoporozei bazatd doar pe valorile DMO nu a mai fost considerata
suficientd, microarhitectura ca principald componentd a calitatii osului, relatia
microarhitecturd — proprietati biomecanice ale osului, metodele de evaluare ale
microarhitecturii osului spongios, modul in care radiografia ca imagine de proiectie
reflecta reteaua trabeculard tridimensionala.

Urmeaza o introducere in teoria fractala, o prezentare a metodelor de analiza
fractala, aplicatii concrete ale analizei fractale.

Sunt de asemenea trecute in revista reperele bibliografice ale temei.

Partea speciala cuprinde rezultatele aplicarii diferitelor metode de analiza fractala
pe diferite grupuri de radiografii si compararea capacitatii lor de a diferentia seturile de
radiografii analizate. Prezentarea cercetarii a fost structurata in 5 module corespunzéand
succesiunii reale n timp a aplicarii pe grupuri diferite de radiografii, a unor modalitéti
diferite de segmentare si de analiza fractala.

Obiectivele cercetarii

1. De a identifica noi programe (software), diferite de cele utilizate pana in prezent,
care sd permitd analiza fractald pe radiografia standard de profil a calcaneului.

2. De a compara performanta acestor algoritmi de analiza fractala, capacitatea lor de a
diferentia seturi de radiografii constituite pe criterii clinice, evaluata cu ajutorul a diferite
metode de analiza statistica si de clasificare.

3. De a evalua performanta analizei fractale aplicatd unor ROI diferite de pe
radiografia calcaneului

4. De a identifica o eventuala regiune de interes ,,ideala” pe radiografia calcaneului,
intelegand prin aceasta o regiune de interes care in conditiile utilizdrii mai multor metode
de analiza fractala si de analiza statistica, sa permita, Tn mod preponderent comparativ cu
celelalte ROI cercetate, obtinerea unor rezultate bune in ceea ce priveste diferentierea intre
seturi de radiografii constituite pe criterii clinice.

5. De a evalua beneficiul analizei mai multor regiuni de interes de pe aceeasi
radiografie si implicit de a verifica ipoteza conform careia, caracterizarea unei imagini prin
mai multi parametri ar putea ameliora clasificarea radiografiilor sau corelarea rezultatelor
analizei fractale cu parametri clinici.

6. De a verifica variatia diferitilor parametri fractali intre grupuri de varsta relevante
clinic, la femei.

7. De a pune la punct un algoritm reproductibil, de la achizitia imaginilor pana la
prelucrarea statistica a rezultatelor.

Material si metode
Obtinerea radiografiilor
S-au utilizat radiografii efectuate de rutind in ambulator, exclusiv pentru o indicatie
medicala. Au fost excluse cele de proasta calitate, cele provenind de la persoane cu
afectiuni locale sau tumefieri ale piciorului posterior si cele de la persoane cu afectiuni sau
cauze generale ce pot influenta DMO sau microarhitectura spongioasa sau prezentand
factori de risc ai osteoporozei.
Digitizarea radiografiilor
S-a efectuat prin fotografiere intr-o camera obscurd, cu o camera digitala Fujifilm
FinePix 2600 Zoom, cu o rezolutie de 2 megapixeli, la nivelul de calitate maxim, de la
15cm distantd, la parametri de setare automatd, radiografiile fiind aplicate pe un acelasi
negatoscop.



Selectarea regiunilor de interes

Pe fiecare radiografie au fost analizate 3 ROI de 150x150 pixeli: ROI 0 pozitionata
pe fasciculul trabecular talamic, corespunzand unor traiectorii de stress compresiv, ROI 1
centratd pe triunghiul lui Ward, corespunzand unui minim de traiectorii si ROI 2
pozitionata la intersectia fasciculului talamic cu portiunea posterioara a fasciculului
plantar, intr-o zona de intersectie a traiectoriilor de stress compresive si tensoare. S-a
urmarit pozitionarea ROI in zone relevante clinic $i cu o texturd trabeculard particulara.
Selectarea ROI s-a efectuat manual.

Segmentarea imaginilor

S-a efectuat dupa prelucrarea digitala initiala constand in transformarea imaginilor
foto ,,color”, in imagini in tonuri de gri. Am utilizat: o segmentare globala, dupa tonul de
gri corespunzand imaginii binare cu dimensiunea fractala box-counting maxima (DFBC);
0 segmentare adaptiva, pragul “local” fiind egal cu valoarea medie a tonurilor de gri pe o
vecinatate de 25 pixeli. Binarizarea imaginilor s-a efectuat doar cand algoritmul de analiza
fractala putea procesa doar imagini de acest tip.

Descrierea algoritmilor utilizati pentru analiza fractala

HarFA (http://www.fch.vutbr.cz/lectures/imagesci/), care permite calcularea
dimensiunii fractale “box — counting” pe imagini binarizate si calcularea si reprezentarea
grafica a ,,spectrului fractal” adicd a DFBC corespunzand fiecarui ton de gri luat ca prag
global pentru obtinerea imaginii binare.

FracTop v0.3b:
(http://seit.unsw.adfa.edu.au/staff/sites/dcornforth/Fractop/download.html), care permite
analiza multifractala pe imagini binare, calculand dimensiunile generalizate D(q) pentru
g= -5, -4,...4, 5, cu exceptia lui 1. Cei 10 parametri rezultati formeaza spectrul
multifractal.

Gwyddion (http://gwyddion.net/), care poate analiza direct imagini Tn tonuri de gri.
Gwyddion permite calcularea a patru tipuri diferite de dimensiuni fractale: prin metoda
cube-counting (FDCC), prin metoda triangulatiei (FDT), prin metoda variantei (FDV), prin
metoda ,,power spectrum” (FDPS).

Analiza si prelucrarea statistica a rezultatelor

Metodele utilizate au fost:

- analiza curbei ROC (Receiver Operating Characteristic), utilizand programului de
analiza statistica Medcalc (http://www.medcalc.be/index.php). Acesta permite calcularea si
reprezentarea grafica a ariei de sub curba ROC (AUC), valoarea p, sensibilitatea si
specificitatea

- algoritmul de clasificare supervizatd k — vecini cei mai apropiati (k-nearest
neighbor — k-nn)

- metoda validarii incrucisate ,,lasd-unul-afara” (Leave-one-out cross-validation —
LOOCV) asociata algoritmului k — vecini cei mai apropiati

Materialul de studiu

Este reprezentat de grupurile si seturile de radiografii studiate. Criteriul de
constituire a seturilor de radiografii comparate a fost varsta, optiunea fiind explicata si
justificata.

Primul grup de radiografii, format din 2 seturi a cate 12 radiografii provenind de
la 2 grupuri de céte 12 femei. Grupul premenopauza cu varsta intre 26 si 38 de ani (varsta
medie = 33 ani, deviatie standard = 3,8 ani) si grupul postmenopauza cu varsta intre 48 si
65 ani (varsta medie = 56 ani, deviatie standard = 5,5 ani).

Setul de 24 de radiografii de validare, atasat primului grup de radiografii, obtinute
de la 24 de femei postmenopauza, cu varsta cuprinsa intre 47 si 67 de ani, varsta medie 57
ani, deviatie standard = 6 ani.




Al doilea grup de radiografii, format din 2 seturi a cate 12 radiografii, primul
(postmenopauza) provenind de la femei cu varsta intre 50 si 55 ani (varsta medie = 53 ani,
deviatie standard = 1,6 ani) iar al doilea, de la femei cu varsta mai mare sau egald cu 70 ani
(varsta medie = 77 ani, deviatie standard = 6,2 ani).

Setul de 24 de radiografii de validare, atasat celui de al doilea grup de radiografii,
obtinute de la 24 de femei cu varsta cuprinsd intre 69 si 83 de ani, varsta medie 73,3 ani,
deviatie standard = 3,75 ani.

Rezultatele studiului

Tn Modulele I-1V, materialul de studiu a fost reprezentat de primul grup de
radiografii.

Modulul |

Fiecare imagine a fost caracterizatd prin DFBC maxima obtinutd din ,,spectrul

fractal” (HarFA). Rezultatele analizei ROC:

ROI 0 ROI 1 ROI 2
Avria de sub curba ROC 0,691 0,771 0,813
Nivelul de semnificatie P 0,0813] 0,0057] 0,0005
Sensibilitate (%) 83,33 58,33 91,67
Specificitate (%) 66,67 9167 66,67
Numarul minim de erori rezultat in urma clasificirii LOOCV asociatid k — nn, a fost 6.
Modulul 11

DFBC s-a calculat pe ROI binarizate prin segmentare adaptiva.
Rezultatele analizei ROC:

ROI 0 ROI 1 ROI 2
Avria de sub curba ROC 0,931 0,837, 0,764
Nivelul de semnificatie P 0,0001] 0,0001 0,0078
Sensibilitate (%) 100 91,67 58,33
Specificitate (%) 83,33 58,33 91,67
Numarul minim de erori rezultat in urma clasificirii LOOCV asociatid k — nn, a fost 6.
Modulul 111

Analiza multifractala s-a aplicat imaginilor binarizate obtinute prin segmentare
adaptiva. Rezultdnd 10 parametri pentru fiecare ROL, putem prezenta aici doar o sinteza a
rezultatelor. Rezultatele semnificative statistic au provenit, pentru toate ROI, de la valorile
D(q) pentru g mai mare sau egal cu 0, in cazul ROI 0 si pentru q = -1. Numarul minim de
erori rezultat Tn urma clasificarii LOOCV asociata k — nn, a fost 5.

Modulul 1V

S-au calculat cele 4 dimensiuni fractale: FDCC, FDT, FDV, FDPS (Gwyddion)
direct pe imagini in tonuri de gri. Rezultatele analizei ROC:

ROI ROI 0 ROI 1 ROI 2
Dimensiunea fractala | fdv |fdcc | fdt | fdps | fdv [fdcc | fdt | fdps | fdv |fdcc | fdt | fdps
Aria de sub curba ROC ] 0.757 ] 0.698 [ 0.601| 0.812 ] 0.587 | 0.635] 0.601| 0.812 ] 0.559| 0.78 | 0.79 | 0.84
Nivelul de semnificatie P [0.0105] 0.069 | 0.391[0.0005] 0.462 | 0.239] 0.391 [0.0005] 0.621 [ 0.004]0.003]0.0001

Sensibilitate (%) 58.33]| 41.7| 50 | 100 | 91.7 | 91.7 | 83.3 | 58.33 | 41.67 58.3 | 58.3 | 58.33
Specificitate (%) 100 | 100 | 83.3 50 41.7 | 417 | 41.7 | 100 75 | 91.7|91.7| 100

Numarul minim de erori de clasificare (LOOCV asociata k —nn) a fost 5.
Rezultatele pe setul de 24 de radiografii de validare: prin analiza ROC -
diferentiere acceptabila. Prin clasificarea k-nn s-au obtinut 7 erori (sensibilitate=70,83 %).



Modulul V

Pe al doilea grup de radiografii, s-a efectuat analiza multifractala a imaginilor
binarizate prin segmentare adaptiva (protocolul 1). Am gasit diferente semnificative
(AUC> 0,7, p<0,05) pentru valorile D(q), q = 0,2,3,4,5 si ROI 0. Numarul minim de erori
rezultat Tn urma clasificarii LOOCV asociata k — nn, a fost 8.

S-au analizat imaginile Tn tonuri de gri rezultaind FDCC, FDT, FDVsi FDPS
(protocolul I1). Rezultatele analizei ROC:
Numarul minim de erori de clasificare (LOOCV asociata k —nn) a fost 7.

ROI ROI 0 ROI 1 ROI 2

FD FDPS FDV FDT FDV
Aria de sub curba ROC 0,806 0,747 0,757 0,719
Gradul de semnificatie P 0,0008 0,0157 0,0105 0,0392
Sensibilitate (%) 83,33 83,33 75 75
Specificitate (%) 75 75 83,33 75|

Rezultatele pe setul de 24 de radiografii de validare: prin analiza ROC —
diferentiere acceptabila. Prin clasificarea k-nn s-au obtinut 4 erori (sensibilitate=83,3 %).

Discutia rezultatelor

Valorile DFBC maxime (Modulul 1) au fost mai mari pentru setul de radiografii
postmenopauza comparativ cu premenopauza, pentru toate ROL.

Si in Modulul 11, valorile DFBC, pentru toate cele 3 ROI, au fost mai mari pentru
setul de radiografii postmenopauza. Capacitatea de discriminare a radiografiilor din cele 2
seturi a fost mai mare utilizand analiza propusa in Modulul II decat in Modulul 1.

La fel in cazul Modulului 11l comparat cu Modulul Il, atat analiza ROC cat si
numarul erorilor de clasificare (LOOCYV asociata k — nn) confimand presupunerea initiala
a superioritatii analizei multifractale.

Tn Modulul 1V, rezultatele FDPS au permis o discriminare buna (AUC in intervalul
0,80-0,90) pentru toate cele 3 ROI. Pentru toate ROI, valorile medii ale celor 4 dimensiuni
fractale au fost mai mari la radiografiile postmenopauza. in Modulele 111 si IV, numarul de
erori prin analiza ROC si clasificarea LOOCYV asociata k — nn au fost egale.

In Modulul V, diferentele intre seturile de radiografii analizate, desi semnificative,
au fost mai mici decat cele dintre seturile pre- si postmenopauza prin aplicarea ambelor
protocoale. Randamentul de identificare corecta a radiografiilor al protocolului Il a fost
mai bun decét al protocolului 1. Media valorilor DF pentru grupul cu varsta mai mare sau
egala cu 70 ani a fost mai micd decat la grupul cu varsta intre 50 si 55 ani.

Toate ROI au reprezentat o sursa de informatie utild discrimindrii §i descrierii
seturilor de radiografii analizate.

Segmentarea adaptivd a condus la o discriminare mai buna intre seturile de
radiografii, decat segmentarea globala. Analizarea directd a imaginilor in tonuri de gri
reprezintda un avantaj.

Analiza multifractala a oferit rezultate in ansamblu mai bune decat FDBC si decat
dimensiunile fractale 3D. Dintre dimensiunile fractale 3D, cele mai bune rezultate s-au
obtinut pentru FDPS. Metoda de analiza fractala care va oferi un randament optim intr-un
anumit context, se poate afla doar prin tatonare.

Nu am putut confirma sau infirma ipoteza ca prin caracterizarea unei radiografii
prin mai multi parametri, se poate ameliora randamentul clasificarii. Dezavantaje ale
aplicarii algoritmilor k-nn: scdderea vitezei de calcul pe masura cresterii setului de
invdtare; selectarea prin tatonare a parametrilor utilizati.

Textura radiografica trabeculard prezinta o complexitate si neregularitate mai mare
in perioada postmenopauzd, fatd de perioada premenopauza, dupa care, la o varstd mai
mare sau egald cu 70 de ani, complexitatea si neregularitatea scad la valori uneori mai mici



chiar decat cele premenopauza. Variatiile dimensiunilor fractale legate de varsta trebuie
cunoscute.

Evolutii care vor contribui la cresterea randamentului analizei fractale pe imaginea
radiologica: obtinerea unor imagini cu o calitate si cu o rezolutie mai buna; utilizarea unor
algoritmi de analiza fractala mai performanti; clarificarea Tn timp a unor aspecte care
deocamdata nu sunt lamurite

Contributii originale

A. Analizarea unor ROI multiple pe suprafata imaginii radiologice a calcaneului

B. Modalitatile de segmentare ale imaginilor in tonuri de gri

C. Algoritmii de analiza fractala utilizati cu exceptia “box-counting”

D. Modalitati de analiza si prelucrarea statistica a rezultatelor

E. Individualizarea in cadrul categoriei mari a femeilor postmenopauza, a celor cu
varsta egala sau mai mare de 70 de ani

Concluzii generale

1. Radiografia uzuala de profil a calcaneului, digitizatd cu ajutorul unei camere
digitale comerciale, prelucratd si apoi analizatd cu algoritmi de analiza fractald se
constituie intr-o metoda ce permite sesizarea unor diferente la nivelul texturii trabeculare
intre grupuri de femei pre- si postmenopauza sau postmenopauza si cu varsta > de 70 de
ani.

2. Acest tip de investigatie al microarhitecturii trabeculare permite cuantificarea
complexitatii texturii trabeculare, fiind facil, neinvaziv, ieftin, accesibil. Radiografia este o
achizitie ieftind, preprocesarea si analiza se pot efectua pe un calculator personal. Gratie
internetului, pot fi descarcate si utilizate programe de prelucrare de imagine, de analiza
fractald si de prelucrare statistica, gratuite sau apartinand domeniului public, din ce in ce
mai complexe.

3. Pentru preprocesarea imaginilor efectuatd cu scopul obtinerii de imagini binarizate
am utilizat o metodd de segmentare globala si o metodd de segmentare adaptivd sau
dinamica. A doua metoda, mai sofisticatd din punct de vedere matematic ne-a permis o
mai bund discriminare a seturilor de radiografii. Segmentarea adaptiva identificd culmile
locale ale texturii trabeculare aducandu-le pe toate la acelasi nivel si anuleaza efectul
gradientului de luminozitate, aceste doua trasaturi explicand probabil succesul acestei
metode. Metoda de preprocesare este la fel de importantd ca si metoda de analiza fractala,
putand influenta rezultatele in aceeasi masura.

4. Toate cele trei regiuni de interes propuse au reprezentat o sursa de informatie utila
discriminarii si descrierii seturilor de radiografii analizate. Regiunea de interes care ofera
datele ce permit cea mai buna diferentiere intr-un context anume, poate varia in functie de
seturile de radiografii studiate, prelucrarea digitala, tipul analizei fractale, analiza statistica
sau procedeul de clasificare aplicate.

5. Dimensiunea fractala box-counting si analiza multifractalda pe imagini binarizate
prin segmentare adaptiva si dimensiunea fractala ,,power spectrum” au permis o
diferentiere buna a radiografiile studiate. Discriminarea unor seturi de radiografii separate
pe baza criteriului varstei reprezintd o etapd obligatorie pentru validarea unui parametru
fractal ca descriptor al microarhitecturii trabeculare. De asemenea ar trebui sa i se
cunoasca limitele fiziologice in care variaza cu varsta, ceea ce pana in prezent s-a efectuat
intr-o foarte mica masura. Variatiile dimensiunilor fractale legate de varsta trebuie avute in
vedere in orice studiu, pentru a nu reprezenta o sursa de viciere a rezultatelor.

6. Utilizand analiza ROC am pus in evidentd diferente semnificative statistic intre
seturile de radiografii comparate, iar algoritmii k-nn au permis clasificari ale radiografiilor
cu un numadr foarte mic de erori. Cand acuratetea testului pe ,,setul de invatare” este buna,
se poate anticipa un numar mic de erori $i in cazul clasificarii unor radiografii noi.



7. Algoritmii k-nn permit caracterizarea unei radiografii prin mai multi parametri
fractali. Folosind aceastd caracteristica am obtinut scadderea anticipatd a erorilor de
recunoastere a radiografiilor, Insd numai in mod izolat.

8. Dimensiunile fractale calculate au fost mai mari la setul de radiografii
postmenopauza comparat cu cel premenopauza. Dimensiunile fractale au fost mai mici
pentru radiografiile grupului cu varsta mai mare sau egala cu 70 de ani, decat la grupul
postmenopauza (50-55 ani). Aceastd evolutie a parametrilor fractali ar justifica in
continuare o investigarea separatd a texturii trabeculare pe radiografii la femei In varsta,
peste 70 de ani, neglijatd intr-o mare masura. In mod direct, dimensiunea fractala este
masura complexitatii si neregularitatii texturii trabeculare, dar s-a constatat o corelare a ei
cu varsta, parametri biomecanici ai osului, efectuarea sau nu a unei terapii antirezorbtive
osoase, prezenta sau nu a fracturilor pe os osteoporotic.

9. Metodele de preprocesare si cele de analiza fractala utilizate in acest studiu pot fi
aplicate si altor achizitii, precum imagini radiologice digitalizate direct sau cu rezolutie
mai mare.

10. Toate etapele investigatiei, de la achizitia imaginii la prelucrarea statisticd a
rezultatelor, sunt reproductibile si pot fi automatizate.

11. Caéile previzibile prin care se poate obtine o descriere mai bund a texturii
trabeculare pe imagini de proiectie sunt obtinerea unor imagini de calitate mai buna si cu o
rezolutie mai mare, utilizarea unor algoritmi de analizd fractald mai performanti si
clarificarea in timp a unor aspecte care deocamdatd nu sunt lamurite, credndu-se
perspectiva ca algoritmii de descriere si interpretare a continutului imaginii radiografice a
calcaneului sa fie integrati intr-o platforma de tip sistem expert (sau sistem inteligent) de
suport al diagnosticului.

12. Progresele recente in analiza de texturd aplicatd osului spongios inclusiv prin
analizd fractald, par sd ne apropie de momentul aparitiei unui descriptor al
microarhitecturii trabeculare cu importantd clinica. In acelasi timp mai exista inca multe
probleme neclarificate.

13. Acest tip de analiza poate fi util in Tn primul rénd Tn investigarea osteoporozei prin
informatiile pe care le poate oferi despre deteriorarea microarhitecturii tesutului osos.
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Investigation of trabecular microarchitecture is closely linked with the study of
osteoporosis and fracture risk evaluation. The importance of trabecular bone
microarchitecture was recognized in 1991, when National Institutes of Health (USA)
added microarchitectural deterioration of bone tissue to low bone mass in the definition of
osteoporosis. World Health Organization (WHO) accepted bone mineral density (BMD) as
the main diagnostic criterion for osteoporosis. BMD can be measured with high precision
using dual-emission X-ray absorptiometry (DXA). Evaluation of trabecular bone
microarchitecture is expected to contribute to a better assessement of bone biomechanical
properties, fracture risk, groups of population requiring activ treatment, treatment results
and a better understanding of osteoporosis pathogenesis. Investigation of trabecular
microarchitecture has been undertaken by a multitude of methods varying from the
simplest to the most complex, inaccessible, expensive and/or invasive. Among these,
radiographic texture analysis of the trabecular pattern represents a cheap and accessible
method. Complexity and irregularity of trabecular radiographic texture are attributes which
can be quantified using fractal analysis.

The aim of our study is: to test and assess a number of fractal analysis methods
offered freely by different research teams; to compare their capacity to discriminate sets of
radiographs differentiated by the criterion of age; to propose an algorithm starting from
image acquisition and finishing with its correct classification.

The ultimate aim of this type of investigation is to identify a descriptor or a group
of decriptors of the trabecular microarchitecture with clinical applicability.

The theoretical part of the thesis is focused mainly on the place of trabecular
architecture alteration in the definition of osteoporosis, the reasons for which the diagnosis
of osteoporosis based only on BMD was not considered satisfactory any more,
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microarchitecture as the main component of bone quality, the relationship between
microarchitecture and biomechanical properties, trabecular bone microarchitecture
assessment methods and the way in which the radiograph as a projection image reflects the
threedimensional trabecular network.

This is followed by an introduction to fractal theory, a presentation of fractal
analysis methods and practical applications of fractal analysis.

Also, benchmark references of the theme are reviewed.

The special part presents the results of the different fractal analysis methods
obtained from different groups of radiographs and a comparison of their ability to
differentiate the sets of radiographs. Presentation of the research was structured in 5
modules corresponding to the succesion of application of different thresholding and fractal
analysis methods to different groups of radiographs.

Objectives of the research

1. To identify new softwares different from those used until now for fractal analysis
of trabecular pattern on the plain lateral radiograph of the calcaneus.

2. To compare the ability of these fractal analysis algorithms to discriminate sets of
radiographs differentiated through a clinical criterion and to assess it using different
statistical analysis and classification methods.

3. To assess the efficiency of fractal analysis applied to different ROI from the
radiograph of the calcaneus.

4. To identify a potential ,,ideal” ROI, meaning by this a ROl which compared to
other ROI, under the condition of using various fractal analysis and statistical analysis
methods, to be a consistent source of results affording a good differentiation between the
sets of radiographs.

5. To assess the potential benefit of analysing more ROI on the same radiograph and
to verify the hypothesis that characterizing an image by more parameters, this could amend
radiograph classification and correlation of fractal analysis results with clinical factors.

6. To establish the variation of different fractal parameters between clinically relevant
age groups in women.

7. To establish a reproducible algorithm from image aquisition to statistical analysis
of results.

Material and methods
Obtainement of radiographs

Radiographs were used resulted from routine activity in the outpatient department.
Radiographs were indicated only for a medical purpose. Exclusion criteria for radiographs:
bad quality radiographs; patients with local diseases or swelling of the hindfoot; patients
with general diseases or causes with potential influence on BMD or trabecular
microarchitecture or presenting risk factors for osteoporosis.

Digitizing the radiographs

Photos were taken in a dark room using a Fujifilm FinePix 2600 Zoom digital
camera with 2 megapixels resolution, at the highest level of quality, automatic chosen
parameters, from a distance of 15 cm, with radiographs applied on the same negatoscope.

Selection of the regions of interest

Three ROI of 150x150 pixels were analysed on each radiograph: ROI 0 positioned
over the thalamic trabecular group, corresponding to compressive stress trajectories; ROI 1
positioned on Ward’s triangle, corresponding to a minimum of trajectories; ROI 2
positioned where the posterior part of plantar trabecular group intersects the thalamic
group , corresponding to the intersection of compressive and tensile stress trajectories. It

16



was intended to position the ROI in clinical relevant areas and also with a particular
trabecular texture. ROI selection was done manually.
Thresholding of images

Thresholding was performed after the initial digital preprocessing represented by
the transformation of coloured images in grayscale images. We used: global thresholding
by the gray level which rendered the binary image with the highest box-counting fractal
dimension (DFBC); adaptive thresholding, the value of the ,,local” threshold representing
the mean of the gray levels from a neighborhood of 25 pixels. Thresholding of the images
was done if the fractal analysis software could process only binary images.

Description of fractal analysis softwares

HarFA (http://www.fch.vutbr.cz/lectures/imagesci/), which allows calculation of
box-counting fractal dimension from binary images and calculation and graphic
representation of ,,fractal spectrum”, namely DFBC corresponding to each gray level used
as a threshold to obtain the binary image.

FracTop v0.3b:
(http://seit.unsw.adfa.edu.au/staff/sites/dcornforth/Fractop/download.html), which enables
multifractal analysis to be performed on binary images, thereby calculating generalized
dimensions D(q), g=-5,-4,-3,-2,-1,0,2,3,4,5. Graphic representation of D(q)/q constitutes
multifractal spectrum.

Gwyddion (http://gwyddion.net/), which can directly analyse grayscale images.
Gwyddion allows calculation of four different types of threedimensional (3D) fractal
dimensions using four different methods: cube counting method (FDCC); triangulation
method (FDT); variance method (FDV); ,,power spectrum” method (FDPS).

Statistical processing and analysis of the results

Implemented methods:

- ROC (Receiver Operating Characteristic) curve analysis, using Medcalc statistical
analysis software (http://www.medcalc.be/index.php). Medcalc allows calculation and
graphical representation of area under the ROC curve (AUC), p value, sensibility and
specificity.

- supervised classification algorithm k-nearest neighbor — k-nn

- Leave-one-out cross-validation method (LOOCV) associated to k-nearest neighbor
algorithm

Material of study

Is represented by the groups and sets of studied radiographs. The criterion used to
generate the sets of radiographs which were compared was age. This option was explained
and motivated.

The first group of radiographs, composed of two sets of 12 radiographs done to 2
groups of 12 women. The premenopausal group with ages between 26 and 38 years (mean
age = 33 years, standard deviation = 3,8 years) and the postmenopausal group with ages
between 48 and 65 years (mean age = 56 years, standard deviation = 5,5 years).

The validation set of 24 radiographs attached to the first group of radiographs, was
obtained from 24 postmenopausal women, with ages between 47 and 67 years, mean
age=57 years, standard deviation=6 years.

The second group of radiographs, composed also of two sets of 12 radiographs
done to 2 groups of 12 women. The first (postmenopausal) set with ages between 50 and
55 years (mean age = 53 years, standard deviation = 1,6 years) and the second set from
women with ages >70 years (mean age = 77 years, standard deviation = 6,2 years).

The validation set of 24 radiographs attached to the second group of radiographs,
was obtained from 24 women, with ages between 69 and 83 years, mean age=73,3 years,
standard deviation=3,75 years.
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Results of the study
In modules I-1V, the material of study was represented by the first group of

radiographs.

Module |

Each image was characterized by highest DFBC extracted from ,, fractal spectrum”
(HarFA). Results of ROC analysis:

ROI 0 ROI'1 ROI 2
Area under the ROC curve| 0.691 0.771 0.813
Significance level P 0.0813 | 0.0057 | 0.0005
Sensitivity (%) 83.33 58.33 91.67
Specificity (%) 66.67 91.67 66.67
Minimal number of errors resulted from LOOCYV associated to k-nn classification, was 6.
Module 11

DFBC was calculated on binarized ROl using adaptive thresholding.
Results of ROC analysis:

ROI 0 ROI 1 ROI 2

Area under the ROC curve] 0.931 0.837 0.764
Significance level P 0.0001 0.0001 0.0078
Sensitivity (%) 100 91.67 58.33
Specificity (%) 83.33 58.33 91.67

Minimal number of errors resulted from LOOCYV associated to k-nn classification,
was 6.
Module 111
Multifractal analysis was applied to binarized ROI using adaptive thresholding.
Because 10 D(q) parameters were computed for each ROI, only a synthesis of the results
can be presented here. Statistically significant results were obtained from all ROl from
D(q) values for q > 0 and in case of ROI 0 also for q = -1. Minimal number of errors
resulted from LOOCYV associated to k-nn classification, was 5.
Module IV
The 4 fractal dimensions, FDCC, FDT, FDV, FDPS (Gwyddion) were computed
directly on grayscale images. Results of ROC analysis:

ROI ROI 0 ROI 1 ROI 2
Fractal dimension fdv |fdcc | fdt | fdps | fdv |fdcc | fdt |fdps | fdv |fdcc | fdt | fdps
Area under ROC curve | 0.757 | 0.698) 0.601 | 0.812 | 0.587 | 0.635] 0.601 | 0.812 | 0.559| 0.781 0.785| 0.84
Significance level P 0.011 [ 0.069{ 0.391 | 0.001 [ 0.462 | 0.239 0.391| 0.001 | 0.621 | 0.004 | 0.003 | 0.0001
Sensitivity (%) 58.33 | 41.7 | 50 | 100 | 91.7 | 91.7 | 83.3 | 58.33 | 41.67 | 58.33 | 58.33 | 58.33
Specificity (%) 100 | 100 | 833 | 50 | 417 | 417|417 | 100 | 75 [91.67|91.67| 100

Minimal number of errors resulted from LOOCV associated to k-nn classification,
was 5.

Results from the 24 radiographs validation set: ROC analysis found an acceptable
differentiation. K-nn classification rendered 7 errors (sensibility=70,83 %).)

Module V

Multifractal analysis was applied to binarized ROI using adaptive thresholding
(Protocol 1) on the second group of radiographs. Statistically significant results (AUC>
0,7, p<0,05) were found for values of D(q), g = 0,2,3,4,5 from ROI 0. Minimal number of
errors resulted from LOOCYV associated to k-nn classification, was 8.

FDCC, FDT, FDV and FDPS were calculated from grayscale images (Protocol I).
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Results of ROC analysis:

ROI ROI O ROI 1 ROI 2

Fractal dimension FDPS FDV FDT FDV

Aria under ROC curve 0.806 0.747 0.757 0.719

Significance level P 0.0008 0.0157 0.0105 0.0392
Sensitivity (%) 83.33 83.33 75 75
Specificity (%) 75 75 83.33 75

Minimal number of errors resulted from LOOCYV associated to k-nn classification,
was 7.

Results from the 24 radiographs validation set: ROC analysis found an acceptable
differentiation. K-nn classification rendered 4 errors (sensibility=83,3 %).)

Discussion of the results

Maximum values of DFBC (Module I) were higher for the postmenopausal set of
radiographs than for the premenopausal set, for all ROI.

In Module 11 also, DFBC values for all 3 ROI were higher for the postmenopausal
set of radiographs. The capacity to discriminate the radiographs belonging to the 2 sets was
better using the method proposed in Module 11 compared with Module I.

The same observation can be made if we compare Module 111 with Module 11. ROC
analysis as well as the number of errors resulted from LOOCV associated to k-nn
classification confirm the initial supposition that multifractal analysis is superior.

In Module 1V, FDPS results enabled a good discrimination (AUC in 0,80-0,90
interval) for all 3 ROI. For all ROI, mean values of the 4 fractal dimensions were higher
for the postmenopausal set of radiographs.

In Module 111 and 1V, number of errors for ROC analysis and LOOCYV associated
to k-nn classification were equal.

In Module V, differences between the analysed sets of radiographs, although
significant, were less obvious than those between pre- and postmenopausal sets, for both
protocols. The capacity to correctly identify the radiographs was better for protocol Il than
protocol 1. Average values of DF for the group with age > 70 years were smaller than for
the group aged 50-55 years.

All ROI represented a useful source of data in order to discriminate and describe
the analysed sets of radiographs.

Adaptive thresholding enabled a better discrimination between sets of radiographs
than global thresholding. Direct analysis of grayscale images is advantageous.

Multifractal analysis offered better overall results than FDBC and 3D fractal
dimensions. From the four 3D fractal dimensions, best results were obtained in case of
FDPS. The fractal analysis method offering optimal efficiency in a certain context can be
identified only by testing and comparing.

We could not confirm or invalidate the hypothesis by which characterizing a
radiograph by more parameters would improve classification performance. Disadvantages
of using k-nn algorithms: slowing of computing speed while training set is growing.
Testing and comparing is needed to select parameters offering best performance.

Radiographic trabecular texture exhibits a greater complexity and irregularity
during postmenopausal period compared with premenopausal period. Subsequently, at an
age > 70 years, complexity and irregularity decrease to values sometimes lower than those
from the premenopausal period. Variation of fractal dimensions dependent of age must be
known.

Further developments contributing to a better performance of fractal analysis on
radiographic images: obtaining images with a better quality and resolution; using more
efficient fractal analysis algorithms; to elucidate some currently unsettled aspects.
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Original contributions

A. Analysis of multiple ROI from the radiographic image of the calcaneus.

B. Thresholding modalities of grayscale images.

C. Fractal analysis algorithms excepting “box counting”.

D. Modalities of statistical processing and analysis of results.

E. Separation of women with age > 70 years from the large category of
postmenopausal women.

General conclusions

1. Plain lateral radiograph of the calcaneus, digitized with a commercial digital
camera, processed and then analysed with fractal analysis algorithms represents a method
able to detect differences of the trabecular texture between pre- and postmenopausal
groups of women and postmenopausal and with age > 70 years groups of women.

2. This type of investigation of the trabecular microarchitecture allows trabecular
texture complexity cuantification in an easy, noninvasive, cheap and accesible way. The
radiograph is a cheap acquisition, preprocessing and analysis can be performed with a
personal computer. Thanks to the internet, free or belonging to the public domain, more
and more complex softwares for image processing, fractal analysis and statistical analysis
can be found, downloaded and used.

3. Image preprocessing done in order to obtain binary images was performed using a
global thresholding method and an adaptive or dynamic thresholding method. The second
method, more refined from a mathematical point of view, allowed a better discrimination
of the sets of radiographs. Adaptive thresholding identifies the local heights of the
trabecular texture leveling them and eliminates the light gradient, these two features
explaining probably the succes of this method. Preprocessing method is as important as
fractal analysis method and can have a similar influence over results.

4. All the three proposed regions of interest represented a source of data which proved
useful in order to describe and discriminate the analysed sets of radiographs. The region of
interest producing the data allowing the best discrimination in a certain context, can vary
depending of the sets of radiographs, digital processing, type of fractal analysis, statistical
analysis and classification algorithm.

5. Box-counting fractal dimension and multifractal analysis applied to images
binarized by adaptive thresholding and ,,power spectrum” fractal dimension allowed a
good differentiation of the studied radiographs. Discrimination of sets of radiographs
separated on the basis of age criterion represents an obligatory stage for validation of a
fractal parameter as a descriptor of trabecular microarchitecture. Physiological limits of its
age-dependent variation should also be known, which until now was achieved only to a
certain extent. Age-dependent variation of fractal dimensions has to be taken into account
in any study, otherwise it can represent a source of bias.

6. Using ROC analysis we found significant statistical differences between the
compared sets of radiographs. K-nn algorithms allowed classification of radiographs with
a very small number of errors. When the accuracy of the test on the training set is good,
than a small number of errors can be anticipated when classifing new radiographs.

7. K-nn algorithms enabled classification of radiographs labeled by more fractal
parameters. Using this characteristic we obtained an anticipated decrease of classification
errors but only in a singular instance.

8. Fractal dimensions were higher for the postmenopausal set of radiographs than for
the premenopausal one. Fractal dimensions were lower for the set of radiographs from
women aged > 70 years, than for the postmenopausal group (50-55 years). This evolution
of the fractal parameters would justify further investigation focused on the radiographic
trabecular texture for women aged > 70 years, neglected to a great extent. Even if fractal
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dimension represents the measure of complexity and irregularity of the trabecular texture it
was established that it correlates with age, biomechanical parameters of bone, following or
not an antiresorbtive therapy, existence or not of osteoporotic fractures.

9. Preprocessing and fractal analysis methods used in this study can be applied to
other acquisitions such as directly digitized radiological images or with a higher resolution.

10. All stages of the investigation, from image acquisition to statistical processing of
the results, are reproducible and can be automated.

11. Predictable ways by which a better description of the trabecular texture from
projection images can be achieved are: obtainment of images with a better quality and a
higher resolution; implementing more efficient fractal analysis algorithms; elucidating in
time some aspects which presently remain unclarified, thus opening the perspective of
algorithms for description and interpretation of the content of calcaneus radiographic
image to be integrated into an expert system type platform for diagnostic support.

12. Recent progress in texture analysis applied to cancellous bone, including fractal
analysis, seems to indicate that we are closing in on the discovery of a descriptor of
trabecular microarchitecture with clinical significance. Nevetheless, there are still many
unsolved problems.

13. This kind of analysis can be useful primarily in the investigation of osteoporosis by
means of the information offered about the alteration of trabecular bone microarchitecture.
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