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1 LISTA NAJCZESCIEJ UZYWANYCH SKROTOW

Elo(ll:s T(ti :::;?;Iski Rozwinigcie angielskie Rozwiniecie polskie
- ADC Apparent diffusion coefficient -
] ASAS Assessment of SpondonArthritis )
international Society
- axSpA Axial spondyloarthritis Spondyloartropatie osiowe
) CTSS Computed tomography )
syndesmophyte score
RTG CR Conventional radiography Zdjecie rentgenowskie
TK CT Computed tomography Tomografia komputerowa
- DCE Dynamic contrast-enhanced -
- DWI Diffusion-weighted imaging -
) eTHRIVE !Enhanc.ed T1 high—rejs,oll.Jtion )
isotropic volume excitation
European League Against Europejska Liga Przeciw
- EULAR . .
Rheumatism Reumatyzmowi
MR MRI Magnetic resonance imaging Rezonans magnetyczny
] MSASSS Modifie_d_stok_e ankylosing )
spondylitis spinal score
] OMERACT Outcome Measures in )
Rheumatology
- pPSpA Peripheral spondyloarthritis Spondyloartropatie obwodowe
Liczba pikseli z obszaru
referencyjnego przypisywana do
- R - danego piksela w obr¢bie
obszaru zainteresowania do
dalszej analizy
i REF i Szerokos’c: obszaru
referencyjnego
- ROC Receiver operating characteristic -
- ROI Region of interest Obszar zainteresowania
SKB Sl Sacroiliac joint Staw krzyzowo-biodrowy
- SpA Spondyloarthritis Spondyloartropatie
Spondyloarthritis Research
) SPARCC  consortium of Canada )
- STIR Short tau inversion recovery -
Optymalny prog, powyzej
- THoet - ktorego piksel bedzie uznawany
za zmieniony chorobowo
USG US Ultrasound Ultrasonografia




2 NOTA INFORMACYJNA

Niniejsza praca doktorska autorstwa lek. Iwony Kucybaly zatytulowana
LZastosowanie wieloparametrycznego rezonansu magnetycznego stawow krzyzowo-
biodrowych w diagnostyce spondyloartropatii osiowych” jest oparta 0 monotematyczny
cykl trzech artykuléw (dwoch prac oryginalnych, jednej pracy pogladowej)
opublikowanych w recenzowanym, mi¢dzynarodowym czasopiSémie naukowym
indeksowanym w bazie PubMed oraz uwzglgdnionym na liscie Journal Citation Reports

prowadzonej przez Thomson Reuters.

Laczna warto$¢ wspotczynnika Impact Factor catego cyklu prac wynosi 6,600 (wg
Journal Citation Reports 2018), ataczna liczba punktow Ministerstwa Nauki

I Szkolnictwa Wyzszego (Lista A) wynosi 160.
W sktad niniejszej pracy doktorskiej wchodzg nastgpujace publikacje:

1. Kucybata I, Urbanik A, Wojciechowski W. Radiologic Approach to Axial
Spondyloarthritis: Where Are We Now and Where Are We Heading?
Rheumatology International 2018; 38: 1753-1762. DOI: 10.1007/s00296-018-
4130-1 (IF: 2,200; Punktacja MNiSW 2017: 20)

2. Kucybata I, Ciuk S, Urbanik A, Wojciechowski W. The Usefulness of
Diffusion-Weighted Imaging (DWI) and Dynamic Contrast-Enhanced (DCE)
Sequences Visual Assessment in the Early Diagnosis of Axial Spondyloarthritis.
Rheumatology International 2019; 39: 1559-1565. DOI: 10.1007/s00296-019-
04373-x (IF: 2,200; Punktacja MNiSW 2019: 70)

3. Kucybata I, Tabor Z, Polak J, Urbanik A, Wojciechowski W. The semi-
automated algorithm for the detection of bone marrow oedema lesions in
patients with axial spondyloarthritis. Rheumatology International, data
publikacji online: 18 stycznia 2020 r. DOI: 10.1007/s00296-020-04511-w (IF:
2,200; Punktacja MNiSW 2019: 70)

Oswiadczam, ze wszystkie wersje plikow publikacji umieszczone W niniejszej

rozprawie doktorskiej sg jednakowe z wersjami zaakceptowanymi przez pismo.

Niniejsza praca doktorska posiada zgod¢ Komisji Bioetycznej Uniwersytetu
Jagiellonskiego (nr zgod: 1072.6120.16.2019 oraz 1072.6120.156.2018), jak réwniez



zostala przeprowadzona zgodnie z standardami etycznymi zawartymi w Deklaracji

Helsinskiej (1964) oraz jej pézniejszymi poprawkami.



3 STRESZCZENIE

Spondyloartropatie osiowe to heterogenna grupa choréb reumatycznych,
objawiajgcych si¢ gldwnie zajeciem stawow W obrebie kregostupa oraz stawow
krzyzowo-biodrowych. Obecnie preferowang metodg obrazowania, umozliwiajaca
wczesng diagnostyke tej grupy chordb, jest badanie rezonansu magnetycznego (MR)
stawow krzyzowo-biodrowych. Aby zapewni¢ najwyzsze standardy w diagnostyce tej
grupy chorob niezbedna jest znajomo$¢ aktualnych wytycznych migdzynarodowych
towarzystw reumatologicznych (European League Against Rheumatism, Assessment of
SpondyloArthritis international Society), jak i stata ocena zastosowania innowacyjnych
metod, mogacych usprawni¢ ich diagnostyke (takich jak badanie wieloparametrycznego
rezonansu magnetycznego, a takze zastosowanie sztucznej inteligencji w detekcji zmian

chorobowych).

Celem niniejszej pracy doktorskiej jest ocena przydatnosci badania
wieloparametrycznego rezonansu magnetycznego stawow krzyzowo-biodrowych

w diagnostyce spondyloartropatii osiowych poprzez:

o przeprowadzenie szczegétowego przegladu aktualnych wytycznych
dotyczacych wykrywania i monitorowania spondyloartropatii osiowych
z uzyciem metod diagnostyki obrazowej oraz ich obiecujgcych kierunkoéw

rozwoju,

o ocen¢ wiarygodnosci wizualnej oceny sekwencji dyfuzyjnej DWI
zmapami ADC oraz sekwencji perfuzyjnej DCE w wykrywaniu
aktywnych zmian zapalnych uoséb z podejrzeniem spondyloartropatii
osiowych, w poréwnaniu do sekwencji uznawanej za ztoty standard (STIR)
— zardwno pod wzgledem parametréw skuteczno$ci diagnostycznej, jak

I zgodno$ci miedzy badaczami,

o oceng skutecznosci detekcji zmian zapalnych 0 charakterze obrzeku szpiku
kostnego w sekwencji STIR, wchodzacej w sktad wieloparametrycznego
badania MR stawow krzyzowo-biodrowych, przy uzyciu zaprojektowanego

we wlasnym zakresie potautomatycznego algorytmu.

W Artykule nr 1, po przeprowadzeniu przegladu bazy danych PubMed —
MEDLINE, podsumowano najbardziej aktualne wytyczne towarzystw EULAR i ASAS



dotyczace zastosowania metod obrazowania w diagnostyce i leczeniu spondyloartropatii
osiowych. Zidentyfikowano réwniez najbardziej obiecujace kierunki rozwoju
w powyzszym zakresie, podkreslajagc potencjalng przydatnos¢ takich technik jak
badanie wieloparametrycznego rezonansu magnetycznego, niskodawkowe badanie
tomografii komputerowej oraz pétilosciowe i ilosciowe metody oceny aktywnosci

choroby.

W Artykule nr 2 dwodch niezaleznych badaczy oceniato w zmodyfikowanej skali
SPARCC badania wieloparametrycznego MR stawow krzyzowo-biodrowych pacjentow
z podejrzeniem spondyloartropatii osiowych w sekwencjach STIR, DWI z mapami
ADC oraz DCE. Nastepnie, wyliczano parametry skuteczno$ci diagnostycznej dla
sekwencji DWI z mapami ADC oraz sekwencji DCE w poréwnaniu do sekwencji STIR,
atakze analizowano poziom zgodnosci miedzy badaczami W ocenie poszczegodlnych
sekwencji wchodzacych w sktad badania wieloparametrycznego MR stawow krzyzowo-
biodrowych. Wizualna ocena sekwencji DWI z mapami ADC oraz sekwencji DCE jest
malo swoista icechuje si¢ nizszym poziomem zgodnosci miedzy badaczami
w poréwnaniu do sekwencji STIR, przy zadowalajacych wartosciach doktadnos$ci

i czulosci.

W Artykule nr 3 przedstawiono zaprojektowany we wlasnym zakresie algorytm
stuzacy do potautomatycznej detekcji zmian 0 charakterze obrzgku szpiku kostnego
w sekwencji STIR. Aby oceni¢ skuteczno$¢ dziatania algorytmu, dwoch niezaleznych
badaczy wykonato r¢czne segmentacje aktywnych zmian zapalnych w sekwencji STIR.
W kolejnym kroku poréwnano piksel do piksela oraz kwadrant do kwadrantu wyniKi
detekcji potautomatycznej oraz manualnej, a nast¢pnie wykonano analize statystyczng
z uzyciem wspotczynnika korelacji Spearmana. Poréwnanie zarowno pod wzgledem
liczby pikseli, jak i kwadrantow z obecnymi zmianami zapalnymi wykazato, ze wyniKi
detekcji przez algorytm cechuja si¢ zblizong wiarygodnoscia do recznych oznaczen

lekarzy radiologow.

Podsumowujac, przeglad literatury wskazuje na potrzebe zwiekszenia skutecznosci
obecnie stosowanych metod obrazowania w diagnostyce spondyloartropatii osiowych.
Jednakze, zastosowanie wizualnej oceny sekwencji dyfuzyjnej DWI oraz perfuzyjnej
DCE, wchodzacych w sktad badania wieloparametrycznego MR stawow krzyzowo-

biodrowych, nie przynosi korzysci we wczesnej diagnostyce axSpA. Z Kkolei,



zaproponowany poOlautomatyczny algorytm umozliwia detekcje aktywnych zmian
zapalnych powstalych w przebiegu axSpA na obrazach zsekwencji STIR ze
skuteczno$cig porownywalng do recznych oznaczen lekarza radiologa, a dodatkowo
pozwala na wykrycie zmian przez niego pominietych, jak i przyspieszenie ilosciowe;j

oceny aktywno$ci stanu zapalnego.



4 ABSTRACT

Axial spondyloarthritis is an inflammatory rheumatic condition, involving
primarily joints of the axial skeleton, namely: the intervertebral and facet joints in the
spine and the sacroiliac joints. Presently, magnetic resonance imaging (MRI) of the
sacroiliac joints is preferred imaging modality for the diagnosis of axial
spondyloarthritis. In order to provide the highest standards in the diagnostics of this
disease, it is vital to be acquainted with current recommendations of international
Rheumatology societies (such as European League Against Rheumatism, Assessment of
SpondyloArthritis international Society) and to constantly verify the usefulness of the
most prospective methods (e.g. multiparametric magnetic resonance imaging, artificial

intelligence), which may aid the diagnosis of axial spondyloarthritis.

The aim of the present PhD thesis was to appraise the application of
multiparametric magnetic resonance imaging of the sacroiliac joints in the diagnostics

of axial spondyloarthritis by:

o conducting acomprehensive literature search to create an up-to-date
summary of recommendations regarding the diagnostics and monitoring of
patients with axial spondyloarthritis with the use of diagnostic imaging as

well as the perspectives of the development in this field,

o evaluating the usefulness of the visual assessment of diffusion-weighted
imaging (DWI) and dynamic contrast-enhanced (DCE) sequence in the
detection of active sacroiliitis in the course of axial spondyloarthritis, in
comparison to the gold standard — STIR sequence,

o assessing the reliability of bone marrow oedema lesion detection on the
STIR sequence in patients with axial spondyloarthritis with the use of the

semi-automated algorithm.

In Article No. 1 a comprehensive search of PubMed — MEDLINE database was
conducted. An up-to-date summary of EULAR and ASAS recommendations regarding
the use of diagnostic imaging in the diagnostics and monitoring of axial
spondyloarthritis was created. Moreover, the most promising directions in the
development of axial spondyloarthritis imaging were outlined, emphasizing the

potential usefulness of such techniques as multiparametric MRI, low-dose computed
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tomography, as well as quantitative and semi-quantitative methods of disease activity

assessment.

In Article No. 2 two independent observers evaluated multiparametric MRI
examinations of the sacroiliac joints of patients with clinical suspicion of axial
spondyloarthritis with the use of modified SPARCC score. Assessed sequences were
STIR, DWI with ADC maps and DCE. Next, diagnostic efficacy parameters and inter-
observer agreement were calculated for DWI sequence with ADC maps and DCE
sequence, in relation to STIR sequence. The visual assessment of DWI and DCE
sequences characterized with poor specificity and low inter-observer agreement in
comparison to STIR sequence, but the accuracy and sensitivity of these sequences were

satisfactory.

In Article No. 3 the semi-automated algorithm for the detection of bone marrow
oedema lesions on STIR sequence in the sacroiliac joints of patients with axial
spondyloarthritis was designed. In order to verify the reliability of the algorithm, two
manual segmentations of bone marrow oedema lesions were created. In the next step,
pixel- and quadrant-wise comparisons of the semi-automated and manual detection
results were conducted with the use of Spearman’s correlation coefficient. Both pixel-
and quadrant-wise analysis showed that the algorithm had comparable reliability to the

manual examination evaluation by the radiologist.

In conclusion, a literature review revealed that there is a strong need to improve the
performance of the diagnostic protocol of axial spondyloarthritis with the use of
diagnostic imaging. However, the visual assessment of multiparametric MRI
examination of the sacroiliac joints, which consist of DWI and DCE sequence, do not
aid the early diagnostics of the axial spondyloarthritis. Conversely, the semi-automated
algorithm, designed in the present PhD thesis, enables for the detection of active
inflammatory lesions on STIR sequence in patients with axial spondyloarthritis with
similar reliability to the manual assessment of the radiologist. Additionally, it allows for
the detection of lesions missed by the observer and the quick quantitative evaluation of

inflammation extent.
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5 WSTEP

Spondyloartropatiami (SpA) okreslamy grup¢ przewlektych choréb reumatycznych,
wsrod ktorych wyrdozniamy posta¢ osiowa (axSpA) i obwodows (pSpA). W postaci
osiowej choroby dominujg objawy zwigzane Zz zapaleniem stawOw W obrebie
kregostupa oraz stawow krzyzowo-biodrowych (SKB). Ze wzgledu na wystepowanie
charakterystycznych zmian w badaniu rentgenowskim (RTG) w przebiegu axSpA,
dzielimy je na dwa stadia: ,,przedradiograficzne”, gdzie zmiany w badaniu RTG jeszcze

nie sg widoczne oraz ,,radiograficzne”, kiedy wynik badania RTG jest nieprawidlowy
[1].

Podstawowsg metoda diagnostyki radiologicznej axSpA jest badanie RTG SKB oraz
krggostupa [1]. Jednak ze wzgledu na fakt, iz w badaniu RTG s3 widoczne wyltacznie
zaawansowane  zmiany  w strukturach  kostnych,  $wiadczace 0 nasilonych
I nieodwracalnych zmianach wich obrebie, powstata potrzeba zmodyfikowania
kryteriow diagnostycznych tak, aby umozliwi¢ uchwycenie choroby we wczesnym
stadium. Przetomem okazaly si¢ kryteria ASAS (Assessment of SpondyloArthritis
international  Society — Migdzynarodowe Stowarzyszenie do spraw oceny
Spondyloartropatii) opublikowane w 2009 r., w ktérych wlaczono badanie rezonansu
magnetycznego (MR) SKB do protokotu diagnostycznego axSpA [2]. Powyzsze
kryteria umozliwity postawienie diagnozy axSpA osobom, u ktorych pojawily si¢
zmiany zapalne w obrebie SKB, jednak na tyle malo zaawansowane, Ze jeszcze nie
spowodowatly widocznych odchylen w badaniu RTG. Odsetek tego typu oséb,
pomijanych wcze$niej W procesie diagnostycznym, miesci si¢ W przedziale migdzy 20
a80% catej populacji oséb z axSpA [3]. W konsekwencji, $redni czas opoznienia
diagnostycznego skrocit si¢ z7 do 2 lat, co pozwolito na znacznie wczesniejsze
wiaczenie skutecznej terapii, zanim u chorego pojawity si¢ nieodwracalne, strukturalne
zmiany [4]. W zwiazku 2z powyzszym, znajomo$¢ najnowszych wytycznych
dotyczacych diagnostyki obrazowej pacjentdéw z axSpA jest niezbedna do ich
skutecznego leczenia i monitorowania, tak, aby okres ich nienaruszonej sprawnosci
fizycznej oraz wysokiej jakosci zycia zwigzanej ze zdrowiem byt jak najdluzszy.
Dlatego tez, w pierwszym etapie prac badawczych zdecydowano si¢ na dokladny
przeglad literatury pod katem najbardziej aktualnych wytycznych i najbardziej
obiecujacych technik, mogacych poprawi¢ jakos$¢ diagnostyki axSpA.
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Badanie MR SKB umozliwia uwidocznienie aktywnych zmian zapalnych pod
postacia obrzeku szpiku kostnego, zapalenia przyczepow Sciggien | wigzadet
(enthesitis), zapalenia btony maziowej (synovitis) oraz zapalenia torebki stawowej
(capsulitis) [5]. Jednakze, definicja aktywnego zapalenia SKB sugerujgcego
rozpoznanie axSpA wg kryteriow ASAS obejmuje tylko | wylacznie obecnosé zmiany
0 charakterze obrzg¢ku szpiku kostnego W przyleganiu do chrzastki stawowej SKB na
dwoch kolejnych przekrojach badania MR, lub obecno$¢ dwéch tego typu zmian na
jednym przekroju badania MR [6]. Podstawowymi sekwencjami stuzgcymi do
obrazowania obrzeku szpiku kostnego sa sekwencja STIR (Short Tau Inversion
Recovery), inny rodzaj sekwencji T2-zaleznej z supresja sygnatu z tkanki thuszczowe;j,

lub sekwencja T1-zalezna po podaniu gadolinowego srodka kontrastujacego [6].

Wykonany w pierwszym etapie przeglad literatury wykazal, Zze oprocz wyzej
wymienionych, standardowo stosowanych sekwencji, w diagnostyce axSpA moze
znalez¢ zastosowanie metoda wieloparametrycznego badania MR SKB. W tej technice
oprocz morfologicznej oceny widocznych struktur mozliwe jest uzycie takich technik
jak: obrazowanie dyfuzyjne (DWI) wraz z wyliczeniem mapy wspotczynnikow dyfuzji
(mapa ADC) oraz obrazowanie perfuzyjne (sekwencja DCE) [7]. Powyzsze techniki
pozwalaja zardbwno na réznicowanie patologii widocznych w podstawowych
sekwencjach, jak i na dokonanie ilo§ciowych pomiaréw wybranych parametréw, celem
proby ich skorelowania z aktywnoscia choroby, lub oceng odpowiedzi na leczenie. Tego
typu badanie znalazlo zastosowanie W obrazowaniu gruczotu krokowego, sutka oraz
w neuroradiologii, jednakze jego uzycie W reumatologii jest obecnie mocno
ograniczone i wcigz nie osiggnigto konsensusu co do jego przydatnosci [8-10]. Dlatego
niezbedne jest okreslenie czy widocznos¢ zmian zapalnych w sekwencjach
umozliwiajagcych ~ obrazowanie  dyfuzyjne iperfuzyjne jest =zblizona jak
w podstawowych, uznawanych za ztoty standard sekwencjach takich jak STIR — stad,
w drugim etapie prac badawczych zdecydowano si¢ na dokonanie analizy

poréwnawczej tych technik.

Zidentyfikowana w poczatkowym przegladzie literatury potrzeba zwigkszenia
wiarygodno$ci diagnostyki axSpA z uzyciem metod obrazowania jest zwigzana migdzy
innymi z faktem umiarkowanego poziomu zgodno$ci migdzy badaczami w ocenie
zmian zapalnych w obecnie uznawanych za ztoty standard sekwencjach MR. Zgodnos¢

badaczy co do obecnosci pozytywnego wyniku badania MR w kierunku diagnozy
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axSpA wedlug kryteriow klasyfikujacych ASAS wynosi 0,73 [11]. Jedng z metod
pozwalajacych na zwickszenie wiarygodno$ci interpretacji badan obrazowych,
a zarazem jedng z bardziej perspektywicznych galezi dzisiejszej Radiologii, Stajg sie
systemy komputerowego wspomagania oceny badania obrazowego z zastosowaniem
metod sztucznej inteligencji. Systemy te pozwalajg na skrocenie czasu I obiektywizacje
interpretacji badania obrazowego oraz na redukcj¢ btedow popetnianych przez lekarza
radiologa w jego ocenie [12]. Niestety, na chwilg¢ obecng tego typu systemy nie znalazty
jeszcze szerszego zastosowania w reumatologii. Aktualnie istnicjg jedynie dwa
narzedzia dedykowane axSpA: pierwsze do ilosciowej oceny zmian 0 charakterze
obrzeku szpiku kostnego w przebiegu zapalenia SKB w sekwencji STIR badania MR
[13], a drugie do detekcji zmian strukturalnych powstatych w przebiegu zapalenia SKB
w badaniu TK [14]. Pierwsze ze wspomnianych narz¢dzi umozliwia jedynie wykrycie
konturow zmian, ktore zostaty wskazane przez badacza, wigc nie pozwala na detekcje
zmian zapalnych blednie pominigtych przez lekarza radiologa [13]. Natomiast drugie
jest dedykowane TK, ktora nie jest ujeta w kryteriach klasyfikujacych ASAS
dotyczacych rozpoznawania axSpA [14]. Wciaz jednak brak jest narze¢dzia
wykorzystujacego metody sztucznej inteligencji, ktore umozliwialoby obiektywizacje
detekcji zmian o charakterze obrzeku szpiku kostnego uchorych zaxSpA oraz
przyspieszenie iloSciowej oceny aktywno$ci choroby. Ten fakt zasugerowat potrzebe
zaprojektowania oprogramowania, ktore pozwoli na potautomatyczne wykrywanie tego
typu zmian w sekwencji wchodzacej w sktad zaréwno zwyktego protokotu badania MR,
jak i badania wieloparametrycznego — sekwencji STIR, co zesp6t badawczy uczynit

w trzecim etapie prac badawczych.

14



6 CELE

Celem niniejszej pracy doktorskiej jest ocena przydatnosci badania
wieloparametrycznego rezonansu magnetycznego stawow krzyzowo-biodrowych

w diagnostyce spondyloartropatii osiowych poprzez:

o przeprowadzenie szczegblowego przegladu aktualnych wytycznych
dotyczacych wykrywania i monitorowania spondyloartropatii osiowych
z uzyciem metod diagnostyki obrazowej oraz ich obiecujacych kierunkoéw

rozwoju,

o ocen¢ wiarygodnosci wizualnej oceny sekwencji dyfuzyjnej DWI
zmapami ADC oraz sekwencji perfuzyjnej DCE w wykrywaniu
aktywnych zmian zapalnych uoséb z podejrzeniem spondyloartropatii
osiowych, w porownaniu do sekwencji uznawanej za ztoty standard (STIR)
— zarowno pod wzgledem parametréw skuteczno$ci diagnostycznej, jak

I zgodnos$ci miedzy badaczami,

o ocen¢ skutecznosci detekcji zmian zapalnych o charakterze obrzeku szpiku
kostnego w sekwencji STIR, wchodzacej w sktad wieloparametrycznego
badania MR stawow krzyzowo-biodrowych, przy uzyciu zaprojektowanego

we wlasnym zakresie potautomatycznego algorytmu.
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7.1 CEL

Celem pracy bylo podsumowanie aktualnych wytycznych migdzynarodowych
towarzystw reumatologicznych (EULAR, ASAS) dotyczacych wuzycia metod
obrazowania w diagnostyce i monitorowaniu spondyloartropatii osiowych, a takze

okreslenie mozliwych kierunkow rozwoju w tym zakresie.

7.2 MATERIAL | METODY

Przeglad bazy danych PubMed — MEDLINE zostat przeprowadzony pomiedzy
marcem a kwietniem 2018, data ostatniego wyszukiwania to 6 kwietnia 2018 r.
W pierwszym etapie uzyto takich fraz kluczowych jak ,,ASAS”, lub ,,EULAR”, lub
»~ASAS-EULAR”, lub ,,ASAS/OMERACT” oraz ,axial spondyloarthritis” celem
znalezienia najbardziej aktualnych wytycznych migdzynarodowych towarzystw
reumatologicznych dotyczacych zastosowania diagnostyki obrazowej w diagnostyce
i monitorowaniu axSpA. W kolejnym etapie przegladu zostaty zastosowane takie stowa
kluczowe jak ,,axial spondyloarthritis”, lub ,,ankylosing spondylitis” oraz ,,magnetic
resonance imaging”, lub ,,computed tomography”, lub ,radiography”, lub ,,imaging”.
Tytuly iabstrakty wyszukanych prac zostaly przejrzane celem identyfikacji
obiecujacych metod obrazowania, ktore moga znalezé zastosowanie U chorych na
axSpA, atakze potilosciowych oraz ilosciowych metod oceny aktywnos$ci choroby
w badaniach obrazowych o0sob z axSpA. Dodatkowo przeanalizowane zostaty
bibliografie znalezionych artykutow, aby wyodrgbni¢ prace speiniajace kryteria, ktore
nie zostaty wyszukane podczas przegladu bazy PubMed — MEDLINE.

7.3 PODSUMOWANIE PRZEGLADU
W pracy zostaly przedstawione najbardziej aktualne wytyczne towarzystw

reumatologicznych  EULAR i ASAS dotyczace zastosowania metod diagnostyki
obrazowej takich jak RTG, TK, MR, USG, scyntygrafia oraz obrazowanie hybrydowe
w diagnostyce i monitorowaniu axSpA. Osobno opisano diagnostyk¢ zmian
wystepujacych w stawach krzyzowo-biodrowych, w ktorych zmiany pojawiajg sie
zreguly na samym poczatku choroby 1ich ocena jest niezbedna we wczesnej
diagnostyce axSpA, oraz w kregostupie, ktorych ocena pozwala na okreslenie stopnia
zaawansowania procesow degeneracyjnych zwigzanych z chorobg. Na chwile obecng
jedynymi rekomendowanymi przez towarzystwa naukowe EULAR i ASAS metodami

obrazowania stosowanymi w diagnostyce i monitorowaniu axSpA sag RTG oraz MR,

17



ktorych skuteczno$¢ na chwilg obecng jest umiarkowana. Z tego powodu w pracy
zostaly opisane obiecujace techniki obrazowania, ktore potencjalnie moga zwigkszy¢
czutos¢ i swoistos¢ wykrywania axSpA, a takze utatwic¢ ich monitorowanie. W$rod nich
mozna wymieni¢ badanie wieloparametrycznego MR z uwzglednieniem takich technik
jak obrazowanie dyfuzyjne (DWI1) i perfuzyjne (DCE), a takze niskodawkowe badanie
TK. Dodatkowo, artykut ktadzie nacisk na potencjalng przydatnos¢ poétilosciowych oraz
ilosciowych metod oceny badan obrazowych, ktore pozwalajg na obiektywizacj¢ oceny
aktywno$ci choroby imoga zosta¢ wykorzystane miedzy innymi do badan nad
skuteczno$cia nowych metod leczenia biologicznego. Wsrdd metod poétilosciowych
mozna wyrdzni¢ skale SPARCC dla aktywnych zmian zapalnych i strukturalnych
wykrywanych w MR SKB oraz zmian zapalnych w MR kregostupa, skalg mSASSS dla
zmian strukturalnych w RTG kregostupa oraz skale CTSS do ilosciowej oceny
syndesmofitow w niskodawkowym badaniu TK kregostupa. Natomiast proponowane
w literaturze metody iloSciowej oceny aktywno$ci axSpA wywodza si¢ gldwnie
z badania wieloparametrycznego MR i najczes$ciej polegaja na ocenie wspotczynnika
ADC w obrazowaniu dyfuzyjnym, lub ksztattu oraz pola pod krzywa wzmocnienia
kontrastowego w obrazowaniu perfuzyjnym. Aktualnie, badania naukowe dotyczace
przydatnosci tych technik sg ograniczone, a ich rezultaty w wigkszoS$ci sprzeczne, wigc
zebranie tego typu informacji w jednym artykule moze postuzy¢ jako wartosciowe
zrodlo inspiracji dla badaczy zajmujacych si¢ problematyka obrazowania axSpA do
rozwoju bardziej skutecznych metod diagnostyki tej grupy chordb, atakze
udoskonalania obecnie obowigzujgcych rekomendacji migdzynarodowych towarzystw

reumatologicznych.
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Abstract

Current emphasis on diagnosing axial spondyloarthritis (axSpA) in early stage enforced the search for sensitive and specific
diagnostic algorithms with the use of imaging methods. The aim of this review was to summarise current recommendations
concerning the use of imaging techniques in diagnostics and monitoring of axSpA as well as to outline possible future direc-
tions of the development in this field. MEDLINE database was searched between March and April 2018. In the first phase,
such keywords were applied: ‘ASAS’, ‘EULAR’, ‘ASAS-EULAR’, ‘ASAS/OMERACT", ‘axial spondyloarthritis’, while in
the second step: ‘axial spondyloarthritis’, ‘ankylosing spondylitis’, ‘magnetic resonance imaging’, ‘computed tomography’,
and ‘radiography’, ‘imaging’. An up-to-date summary of European League Against Rheumatism (EULAR) recommendations
enriched with recent updates of Assessment of Spondyloarthritis International Society (ASAS) diagnostic criteria regarding
imaging in axSpA course was created. Moreover, we outlined the role of new in this field, promising imaging techniques,
such as diffusion-weighted imaging and dynamic contrast-enhanced sequences in magnetic resonance imaging (MRI) or low-
dose computed tomography (CT). As precise monitoring of axSpA activity is vital, we reviewed the most precise methods:
semiquantitative scores (e.g., Spondyloarthritis Research Consortium of Canada scores or CT Syndesmophyte Score) and
quantitative analysis of MRI-based apparent diffusion coefficient or perfusion maps and enhancement curves. According to
EULAR and ASAS recommendations, radiography and MRI still remain basic methods of axSpA diagnostics and monitor-
ing. However, the knowledge of state-of-the-art international guidelines combined with the awareness of emerging imaging
methods is the key to effective management of axSpA.

Keywords Sacroiliac joints - Axial spondyloarthropathy - Ankylosing spondylitis - EULAR recommendations - ASAS
recommendations - Magnetic resonance imaging

Introduction

The concept of *spondyloarthritis’ describes a heterogeneous
group of chronic inflammatory rheumatic diseases, which
subdivides into two categories: axial (axSpA) and periph-
eral (pSpA) spondyloarthropathies [ 1, 2]. The former group,
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axSpA, gathers broader spectrum of states involving the sac-
roiliac joints (SIJs) and the spine—ankylosing spondylitis
(AS) and non-radiographic axSpA [3].

Since the major symptom of the axSpA is chronic back
pain, which is highly prevalent in population and not spe-
cific, it became obvious that definite diagnostic criteria had
to be established [3]. Apart from clinical symptoms, radio-
logical findings have been integral part of the AS diagnosis
since the 1930s—especially detected on the SIJs radiogra-
phy, as it is the point of disease origin in almost all cases
of AS. The first official set of AS diagnostic criteria, which
included radiological assessment of the SIJs, was the modi-
fied New York (mNY) criteria, published in 1984. Later on,
the Amor (1990) and European Spondyloarthropathy Study
Group criteria (1991), created for the diagnosis of spondy-
loarthropathies in general, contained the same definition of
sacroiliitis as mNY criteria [4].
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Nonetheless, it was the Assessment of Spondyloarthri-
tis International Society (ASAS) criteria for axSpA (2009)
which triggered real breakthrough in diagnostics of this
disabling condition. The creation of separate diagnostic
arm based on the radiological visualisation of sacroili-
itis and incorporating magnetic resonance imaging (MRI)
as a sufficient method of SIJ inflammation detection, put
enormous emphasis on the importance of radiology in the
diagnosis of axSpA [5]. Capturing the disease on early, pre-
radiographical stage, what became possible owing to MRI, is
especially relevant in term of quick implementation of effec-
tive therapy—namely, TNF inhibitors, which are approved
in Europe also for non-radiographic axSpA [6].

On the other hand, a lot of authors criticise the ASAS
criteria [6-9], predominantly because of heterogeneity
in clinical characteristics and response to TNF inhibitors
between populations diagnosed by imaging and clinical arms
[8]. Another raised question is a tendency to lower speci-
ficity of imaging arm in previously unselected population
with chronic back pain, as lesions of mechanical origin may
mimic changes characteristic for axSpA on MRI [9]. Thus,
staying up-to-date with current recommendations of inter-
national societies (e. g., European League Against Rheu-
matism—EULAR, ASAS) and regular search for more and
more specific methods of axSpA evaluation is crucial for
physicians dealing with this subject professionally.

The aim of this review was to summarise current recom-
mendations regarding the use of imaging methods in diag-
nostics and monitoring of axSpA and to outline possible
future directions of development in this field which may
improve an effectiveness of early axSpA detection.

Search strategy

A comprehensive search of the MEDLINE database was
conducted in the period between March and April 2018.
The final search was carried out on 6 April 2018. Only pub-
lished data written in English was taken into account. In
the first phase of the search, such keywords were applied as
‘ASAS’ or ‘EULAR’ or ‘ASAS-EULAR’ or ‘ASAS/OMER-
ACT’ and *axial spondyloarthritis’ to obtain only up-to-date

Table 1 Grading of radiographic sacroiliitis

recommendations of international societies regarding the use
of imaging in diagnosis and management of axial spondy-
loarthritis. Preference was given to the sources published
within the past 9 years. In the next step, the search was con-
ducted with the use of the following keywords: ‘axial spon-
dyloarthritis’ or ‘ankylosing spondylitis” and ‘magnetic reso-
nance imaging’ or ‘computed tomography’ or ‘radiography’
or ‘imaging’. Titles and abstracts were analysed to identify
articles covering the topic of promising imaging methods
which have not been investigated thoroughly yet in the field
of axSpA as well as quantitative and semiquantitative meth-
ods of axSpA assessment with the use of imaging. In this
case, preference was given to articles published since 2005.
In addition, reference lists of articles which met inclusion
criteria in both cases were screened for other eligible studies.

Assessment of the sacroiliac joints
Conventional radiography (CR)
According to EULAR recommendations (2015) [1]:

1. CR of the SIJs is advised as the first imaging technique
to diagnose sacroiliitis associated with axSpA.

2. CR of the SIJs may be used for long-term structural
damage monitoring in axSpA—especially new bone
formation.

The radiographic definition of axSpA-related sacroiliitis
currently used in EULAR recommendations and the imaging
arm of ASAS axSpA diagnostic criteria, which is equal to
mNY criteria, is [5]:

1. Bilateral sacroiliitis grade > II.
2. Unilateral sacroiliitis grade > III.

Details regarding particular grades are shown in Table 1
(4].

The primary drawback of CR in the assessment of SIJs
is that it enables to visualise only late, post-inflammatory
changes—capturing the disease on such advanced stage may

Grade Stage Explanation

0 Normal Unchanged morphology of the joint

I Suspicious Blurring of the joint margins

11 Minimal abnormality Small localised areas of erosions or sclerosis, without alteration of the joint width

111 Unequivocal abnormality Moderate/advanced sacroiliitis: > 1 out of: erosions, sclerosis, widening/narrow-
ing of the joint space, partial ankylosis

v Severe abnormality Total ankylosis
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significantly diminish the positive effect of biologic therapy,
which is effective only with coexisting acute inflammatory
changes. Moreover, due to the complex anatomy of the SIs,
multiple techniques of their visualisation and highly subjec-
tive classification of the sacroiliitis signs, the reliability of
this method in less evident cases is arguable. However, up to
this point, any other imaging method has not surpassed the
CR in terms of cost-effectiveness, widespread availability,
and relatively low dose of ionizing radiation. Hence, the
CR most likely remains the basic modality used for sacroili-
itis detection in forthcoming years [10]. There may only be
an attempt made to implement more objective radiographic
classification of the SIJs structural damage than existing
mNY criteria.

Computed tomography (CT)
According to EULAR recommendations (2015) [1]:

1. CT might provide additional information on structural
damage if CR is negative and MRI contraindicated or
cannot be performed.

CT is regarded as a gold standard of the SIJs structural
damage detection [11]. Nonetheless, the most important sign
of active inflammation of the SIJs—bone-marrow oedema—
is not visible on this imaging modality. The same applies to
fatty degeneration of bone marrow, which is an indicator of
the early phase of chronic joint inflammation [4]. Combin-
ing aforementioned difficulties with high dose of ionizing
radiation and relatively high costs, when compared to CR,
reluctance towards CT use in diagnostics of axSpA does
not come as a surprise. On the other hand, low-dose CT
of the SIJs seems to be very promising technique and may
have a chance to replace CR as a method of structural dam-
age and new bone formation monitoring [12, 13]. Another
promising method is spectral CT, which enables to measure
both calcium and water concentration within a tissue. As a
consequence, the visualisation and quantitative analyses of
the bone-marrow oedema within the SIJs are possible and
this method may be a leap forward more accurate diagnosis
of the axSpA [14, 15].

Magnetic resonance imaging
According to EULAR recommendations [1]:

1. In some cases, such as young age of the patient or short
symptom duration, MRI of the SIJs is an alternative to
CR first imaging method of axSpA diagnosis.

2. When the diagnosis of axSpA cannot be established
based on clinical features along with CR and axSpA is
still suspected, MRI of the SIJs is recommended. Con-

sider the presence of both active inflammatory lesions
(bone-marrow oedema) and structural lesions (bone ero-
sion, new bone formation, sclerosis, and fat infiltration).

3. MRI of the SIJs may be used to assess and monitor dis-
ease activity in axSpA providing additional information
to clinical and biochemical assessments. The decision
regarding repeating MRI depends on the clinical circum-
stances. Short tau inversion recovery (STIR) sequences
are sufficient to detect inflammation.

4. MRI of the SIJs may provide additional information in
monitoring of their structural changes.

5. Extensive MRI inflammatory activity (bone-marrow
oedema) might be used as a predictor of good clinical
response to anti-TNFa treatment in axSpA. Hence, MRI
might aid in the decision of initiating biologic therapy,
in addition to clinical features and CRP.

As far as axSpA diagnosis is concerned, the imaging arm
of the ASAS criteria as one of the two equivalent defini-
tions of sacroiliitis includes signs of acute inflammation
highly suggestive of axSpA on MRI of the SIJs [5]. The
latest update of the definition of active sacroiliitis in the
course of axSpA by the ASAS MRI working group (2015)
equate active inflammation on MRI only with bone-marrow
oedema/osteitis and did not extend the definition of other
active inflammatory lesions (such as capsulitis, synovitis,
and enthesitis) or signs of chronic inflammatory changes
(such as erosions, sclerosis, fat deposition, and bony bridges/
ankylosis) [4, 16]. Precise definition of bone-marrow
oedema according to aforementioned criteria is a presence
of bone-marrow lesion, which is hyperintense on water-sen-
sitive T2-weighted sequences (e.g., STIR or fat-suppressed
T2-weighted) or enhancing on T1-weighted sequences after
the contrast media administration. If one lesion is present,
it must be visible on two consecutive slices of an MRI scan,
while the presence of at least two lesions on one slice is
sufficient to diagnose sacroiliitis. As well, the lesion must
be located in the subchondral bone in the region adjacent
to articular surface of the SIJs [16]. An example of typical
bone-marrow oedema lesion in the SIJs is shown in Fig. 1.

Although some authors proposed the inclusion of struc-
tural lesions to the definition of sacroiliitis highly sugges-
tive of axSpA [17, 18], there were too many discrepancies
with regard to a precise definition of these structural changes
appearance on MRI to include them in the final version of
the updated sacroiliitis definition. Nonetheless, in cases
when it is questionable if lesions visualised on the SIJs MRI
are “highly suggestive of axSpA”, the evaluation of struc-
tural changes within the SIJs (especially erosions) might be
beneficial for reaching the final diagnosis [16].

There exists a wide range of scoring systems facilitat-
ing quantitative evaluation of active sacroiliitis on MRI, but
the best performing one is the Spondyloarthritis Research
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Fig.1 Typical axSpA bone-marrow oedema lesion (white arrow) in the lower sacral quadrant of the left sacroiliac joint on STIR sequence (a)
and contrast-enhanced T1-weighted sequence (b). STIR, short tau inversion recovery

Consortium of Canada (SPARCC) score [19], proposed by
Maksymowych et al. [20]. This method is based on the eval-
uation on STIR sequence six consecutive semicoronal slices
focusing on the synovial part of the SIJ, in the direction from
posterior to anterior. Each SIJ is divided into four quadrants
(upper iliac, lower iliac, upper sacral, and lower sacral) and
every one of them is separately assessed. First, each quadrant
is analysed for the presence of the hyperintense lesions in
STIR sequence and scored dichotomously (0=normal sig-
nal, | =present lesion of increased intensity). Each quadrant
could also receive an additional one point for the presence of
intense signal within the lesion, and the next one for continu-
ously increased signal for > 1 cm from the articular surface.
Summing it up, every slice maximally could get 12 points,
what gives 72 points for all six slices [20]. Although assess-
ment of the chronic inflammatory changes is not mandatory
to diagnose axSpA, it is still worth performing their quanti-
tative evaluation even for purposes of more objective disease
monitoring. Analogous to previously mentioned SPARCC
score for active inflammatory changes, the SPARCC MRI
sacroiliac joint structural score (SSS) enables to appraise the
presence of fat metaplasia, erosion, backfill, and ankylosis
[21].

All current guidelines regarding the diagnostics and mon-
itoring of the axSpA with the use of MRI advise only the use
of a few basic sequences (fat-suppressed T2-weighted, STIR,
fat-suppressed contrast-enhanced T1-weighted sequences).

@ Springer

Nevertheless, the advancement in the field of MRI imaging
leads to the popularization of diffusion-weighted imaging
(DWTI) combined with apparent diffusion coefficient (ADC)
maps, and dynamic contrast-enhanced (DCE) sequences,
also in rheumatology. Example of these techniques’ appli-
cation in the visualisation of active inflammatory lesions of
patients with axSpA is shown in Figs. 2 and 3. However,
utility of both these sequences in the assessment of axSpA
arouses controversy for the time being. On one hand, the
majority of the current studies describes these sequences as
highly sensitive methods of early sacroiliitis diagnosis and
its effective differentiation, additionally enabling quantita-
tive assessment of inflammatory changes for purposes of the
disease activity monitoring [22-25]. An example of such
quantitative analysis of enhancement curve within the area
of active inflammatory lesion compared to unaffected area
based on DCE sequence is presented in Fig. 4. On the other
hand, some authors question the beneficial value of incorpo-
rating these sequences to the basic image acquisition proto-
col used for diagnostics of axSpA [26]. Taking into account
that up to this point, the literature on this topic is very lim-
ited, the use of DWI and DCE sequences in the diagnostics,
differentiation, and quantitative monitoring of the axSpA
seems to be the promising topic for future research. How-
ever, DWI appears to be more beneficial, because it is fast
sequence which does not require gadolinium administration.

22



Rheumatology International

Fig.2 Active inflammatory lesion in the course of axSpA (white arrow) located in the iliac part of the left sacroiliac joint on DWI (h=800)
sequence (a) and colour ADC map (b). DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient

Fig.3 Active inflammatory lesion in the course of axSpA (white arrow) situated in the iliac part of the left sacroiliac joint visualised with use of
DCE sequence (a) and maximal perfusion colour-coded map (b)

Another auspicious modality which is extensively inves-  Other imaging modalities
tigated in rheumatology is whole-body MRI, which allows
to comprehensively evaluate axial and peripheral articular  According to EULAR recommendations [1]:
inflammatory changes along with enthesitis [27-29]. The
general assessment of the whole musculoskeletal system 1. Scintigraphy and ultrasound are not recommended for
appears as the potentially effective tool of axSpA differen- diagnosis of sacroiliitis as a part of axSpA.
tiation and detailed disease activity monitoring.
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Fig.4 Area under the perfusion curve colour-coded map of the sacral
region of the person with axSpA, with marked inflammatory lesion in
the upper iliac quadrant of the left sacroiliac joint (Roi 1, blue line)
and respective unaffected area in the right sacroiliac joint (Roi 2,

2. Future research agenda: investigation of new/alternative
imaging technologies which may be potentially useful
for clinical purposes (ultrasound—new transducers,
Doppler quantification, elastosonography; new nuclear
medicine techniques; optical imaging).

At this moment, recommendations do not include ultra-
sonography as a sufficient method of axSpA-related sacro-
iliitis diagnosis and monitoring. As the ultrasonography is
imaging method which is the most dependent on its operator
experience, when combined with the anatomic complexity
of this region, it significantly limits the daily usage of this
method in axSpA diagnostics and management. Nonetheless,
since it allows to visualise articular and soft-tissue periar-
ticular involvement of the SIJs, it may be considered as one
of the methods facilitating early axSpA diagnosis in less
evident cases [30, 31]. Colour and duplex Doppler sonogra-
phy with or without the use of specific contrast media may
turn out as a perfect tool for long-term monitoring of the
SIJs inflammation activity and response to treatment, as it
is suggested in some preliminary reports 32, 33].

Moving to nuclear medicine techniques, bone scintigra-
phy was widely used for axSpA-related sacroiliitis detec-
tion in the past, thanks to the capability of illustrating the
regions of inflammation and high bone turnover within the
SIJs. Nevertheless, this technique was superseded by MRI,
as a consequence of its low sensitivity, specificity, and accu-
racy [31]. Popularization of the hybrid imaging methods in
rheumatology may be a new hope of early axSpA diagnosis.
Up to this point, few studies focusing on the use of '*F-PET/
MR and "*F-PET/CT were published. Although the data on
the utility of these methods in the field of axSpA are sparse,
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orange line) (a). The graph of relative percentage enhancement ver-
sus time of acquisition showing the pattern of enhancement in typical
axSpA active inflammatory lesion (Roi 1, blue line) in comparison to
intact, non-enhancing tissue (Roi 2, orange line) (b)

yet they suggest that they may be advantageous in terms of
detection of future new bone formation areas (visualisation
of osteoblastic activity and hyperaemia) and assessment of
disease activity [34-36].

Assessment of the spine
Conventional radiography
According to EULAR recommendations [1]:

l. CR of the spine might be used for long-term monitor-
ing of structural damage in axSpA, especially new bone
formation.

In patients with AS, initial CR of the lumbar and cer-
vical spine is recommended to detect syndesmophytes,
which are predictors of new syndesmophytes formation.

o

The role of the CR of the spine in fact is limited to the
monitoring of late stage of axSpA progression, namely, AS,
as only chronic changes, such as ankylosis and syndesmo-
phytes, are visible there [4]. As far as semiquantitative meth-
ods of spinal structural changes scoring is concerned, the
most popular and reliable one is the modified Stoke Anky-
losing Spondylitis Spinal Score (mSASSS) [4]. This method
of evaluation base on the assessment of anterior corners of
cervical and lumbar spine vertebrae in the lateral view—
from the lower border of C2 to the upper border of Th1 and
from the lower border of Th12 to the upper border of S1
(including). Each corner is scored from the 0 to 3 points,
depending on its morphology (0—normal; I—sclerosis,
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squaring or erosion; 2—syndesmophyte; 3—bony bridge),
and the maximal possible score is 72 points [4].

Computed tomography

CT of the spine is not included in any set of recommen-
dations as an advised method of the spine structural dam-
age assessment. In general, it is understandable, taking into
account the extremely high dose of ionizing radiation during
CT examination of such large area as the spine and satis-
factory performance of spine CR. Nonetheless, CR assess-
ment, especially only with the use of the mSASSS score,
omits evaluation of frequently affected by axSpA thoracic
vertebrae as well as posterior vertebral corners and facet
joints. In addition, the imprecise character of CR images
hinders the short-term progression evaluation, as it may take
up to 2 years to observe axSpA radiographic progression
[13]. These drawbacks of CR lead to the development in the
field of low-dose CT as a possible method of chronic bony
changes assessment in the spine. This technique detects sig-
nificantly more bony proliferation lesions than CR combined
with the mSASSS scoring system [37].

Newly proposed CT Syndesmophyte Score (CTSS) seems
to be a reliable tool for precise assessment of new bone for-
mation in the course of AS with the use of low-dose CT
[38]. The spine is analysed in two planes: sagittal and coro-
nal, where the anterior + posterior rim and the right + left
rim are assessed, respectively—in summary four quadrants.
Every vertebra is additionally divided in upper and lower
half, which are evaluated separately. The score takes into
account the area from the bottom half of the C2 vertebra to
the upper half of S1 vertebra (including). Every quadrant of
vertebrae half is scored with 0 to 3 points—details concern-
ing the rules of scoring are demonstrated in Table 2. Maxi-
mal possible score is 552 points [38]. This method, apart
from the precise monitoring of AS progression, enables to
quantitatively analyse the effect of biological therapy on new
syndesmophytes formation.

Magnetic resonance imaging

According to EULAR recommendations [1]:

Table 2 Scoring system of syndesmophytes according to the CT Syn-
desmophyte Score

Score  Description of changes

0 Syndesmophyte absent
1 Syndesmophyte reaches < 50% of the intervertebral disc space

2 Syndesmophyte reaches > 50% of the intervertebral disc
space, but does not form the bridge

3 Syndesmophyte bridge

1. MRI of the spine is not generally recommended in the
diagnostics of axSpA.

2. MRI of the spine may be used to evaluate and monitor
the axSpA activity, providing additional information to
clinical and biochemical assessments.

3. MRI of the spine may be used to predict development of
new, radiographic syndesmophytes—especially relevant
are such changes as vertebral corner inflammatory or
fatty lesions.

4. Extensive inflammatory activity, particularly on MRI
of the spine of patients with AS, may be used as a pre-
dictor of good clinical response to anti-TNFao treatment
in axSpA. As well, it may aid the decision of starting
biologic therapy, in addition to clinical examination and
CRP.

The principal active inflammatory lesion which is
detected on MRI of the spine in patients with axSpA is bone-
marrow oedema in the area adjacent to: anterior and poste-
rior corners of vertebrae (spondylitis), vertebral endplates
(spondylodiscitis), insertions of the anterior and posterior
longitudinal ligaments (osteitis related to enthesitis), or facet
and costovertebral joints (arthritis). As well, enthesitis of
the spinal ligaments may be visible. Chronic inflammatory
changes, which could appear in the course of axSpA, are: fat
deposition on vertebral corners, erosions, syndesmophytes,
and ankylosis [4, 39]. However, according to ASAS consen-
sus (2012), it is the anterior and posterior spondylitis along
with fatty depositions on vertebral corners which are lesions
typical for axSpA. If anterior/posterior spondylitis is located
in three or more sites in the spine and fatty depositions on
several vertebral corners, they could be classified as highly
suggestive of axSpA, especially in younger patients. The rest
of inflammatory or structural changes are either non-specific
or not sufficiently investigated yet to include them in final
consensus [39]. Nonetheless, the assessment of MRI of the
spine may only play supporting role in the diagnostics of
the axSpA. The ASAS MRI working group did not recom-
mend adding MRI of the spine into the definition of positive,
suggestive of axSpA MRI as not beneficial for reaching the
diagnosis, since the group of patients with positive MRI of
the spine and negative MRI of the SIJ is marginal [16, 40].
Yet, it still could be a great method of disease activity and
response to treatment monitoring.

Analogical to the one applying to MRI of the SIJs, there
is a quantitative analysis method dedicated to the spine,
called SPARCC spine inflammation score. Discovertebral
units, namely, an intervertebral disc and adjacent endplates,
are divided into four quadrants: lower anterior, lower pos-
terior, upper anterior, and upper posterior endplates. If
the increased signal is identified in particular quadrant, it
receives | point, if not, 0 points. One additional point could
be added for the presence of intense signal and another for
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the lesion > 1 cm in depth. Each quadrant is assessed in three
consecutive sagittal slices, which gives a maximal score of
18 per whole discovertebral unit. This method of evalua-
tion should be applied to 6 affected discovertebral units,
and therefore, the maximal possible score is 108 points.
The whole analysis should be performed on fat-suppressed
T2-weighted or STIR sequence [41].

Basic sequences used for the spine imaging in MR are:
T1-weighted, fat-suppressed T2-weighted, STIR, and post-
gadolinium fat-suppressed T1-weighted sequence [39]. The
role of other sequences, such as DWI and DCE, is almost
unexplored yet. There is only one report on this topic [42],
which suggest that DWI is a sensitive and quick method
of spinal active inflammatory changes’ evaluation. This
remains another prospective branch which may significantly
facilitate diagnosis and progression monitoring of axSpA
in future.

Conclusion

According to the EULAR and ASAS recommendations,
conventional radiography and magnetic resonance imaging
remain the basic methods of axSpA diagnosis, monitoring
and response to treatment assessment. However, there is
still a need to search for more accurate methods of early
diagnosis and progression assessment, and alternative MRI
sequences (DWI, DCE sequences), low-dose CT and hybrid
imaging may be these missing links.
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8.1 CEL

Celem pracy byla ocena wiarygodnosci wizualnej oceny sekwencji dyfuzyjnej
DWI z mapami ADC oraz sekwencji perfuzyjnej DCE w diagnostyce aktywnego
zapalenia SKB uo0sob z podejrzeniem axSpA, w porownaniu do standardowo
stosowanej sekwencji STIR. Dodatkowym celem byta ocena, czy inne objawy
aktywnego zapalenia SKB (zapalenia przyczepow Sciegien i wiezadel, zapalenia blony

maziowej, zapalenia torebki stawowej) moga wspomoc diagnostyke axSpA.

8.2 MATERIAL | METODY

Do retrospektywnej analizy zostalo wilgczonych 49 pacjentéw, U ktérych
wykonano badanie wieloparametrycznego MR SKB z powodu klinicznego podejrzenia
zapalenia stawow krzyzowo-biodrowych w przebiegu axSpA. Kryteriami wylaczenia
byt wiek ponizej 18 lat, lub powyzej 45 lat [5], brak danych klinicznych na skierowaniu
na badanie MR, wczeséniej przebyty uraz, lub proces nowotworowy w okolicy SKB.
Sredni wiek pacjentéw wlaczonych do badania wynosit 28,9 + 8,5 lat (zakres 18 — 43
lat), odsetek kobiet w grupie to 63,3% (n=31), natomiast mezczyzn 36,7% (n=18).

Wszystkie badania wykonano z uzyciem systemu MR 0 natgzeniu pola 3 Tesli
przed i po podaniu gadolinowego srodka kontrastujgcego. Pole obrazowania w kazdym
przypadku obejmowato obustronnie cate SKB. Badanie rozpoczynano od akwizycji
w sekwencjach T1-zaleznej, STIR, oraz DWI 0 warto$ci b réwnej 0 oraz 800 s/mm?
w przekroju czotowym skosnym. Mapy ADC byly tworzone w dedykowanym
oprogramowaniu stacji roboczej systemu MR na podstawie wartosci wspotczynnika
dyfuzji uzyskanych w trakcie obrazowania w sekwencji DWI. Nastepnie, rownolegle
z poczatkiem podawania gadolinowego $rodka kontrastujacego (Gadovist, Bayer) we
wlewie dozylnym z predkoscig 2,5 ml/s rozpoczynano obrazowanie obszaru SKB
w przekroju czotowym sko$nym z uzyciem sekwencji dynamicznej eTHRIVE, bedace;j
rodzajem sekwencji T1-zaleznej z supresja sygnatu tkanki thuszczowej umozliwiajacej

obrazowanie perfuzyjne (sekwencja DCE).

Wizualna ocena SKB zostata przeprowadzona w sekwencji STIR z oceng zmian
strukturalnych w sekwencji T1-zaleznej, DWI b=0 oraz b=800 z mapami ADC, a takze
DCE (eTHRIVE) zuzyciem systemu opartego na skali SPARCC, z niewielkimi
modyfikacjami (brak oceny glebokosci I intensywnosci zmian zapalnych) [15]. U
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kazdego pacjenta wybierano 8 przekrojow z najdhuzsza widoczna czescia powierzchni
stawowej SKB (>1 cm). Nastepnie, na kazdym z wyselekcjonowanych przekrojow
kazdy SKB dzielono na 4 kwadranty — gorny krzyzowy, dolny krzyzowy, gorny
biodrowy oraz dolny biodrowy. W kazdym z kwadrantow byta oceniana obecno$é
podchrzestnego obrzeku szpiku kostnego (0 — brak widocznego obrzgku szpiku
kostnego, 1 — obecny podchrzestny obrzek szpiku kostnego), co sumarycznie dato
liczbe 64 ocenionych kwadrantow W kazdej 2z sekwencji ukazdego pacjenta.
Dodatkowo, w obrebie kazdego SKB analizowana byla obecno$¢ innych objawow
aktywnego stanu zapalnego takich jak enthesitis, synovitis i capsulitis (0 — objaw
nieobecny, 1 — objaw widoczny). Kazde badanie obrazowe oceniane byto przez dwoch
niezaleznych badaczy (podczas oceny nie kontaktowali si¢ ze sobg), nieznajacych
zar6wno danych osobowych jak i klinicznych pacjentow oraz wzajemnych wynikow

oceny stawow.

Dodatkowo, do analizy witaczono dane kliniczne pacjentow, bedace powodem
skierowania na badanie, celem dalszego wyodrebnienia grupy pacjentow spetniajacych

warunki ramienia obrazowego kryteriow klasyfikujacych ASAS dla axSpA.

Analiza statystyczna zostata przeprowadzona z uzyciem oprogramowania IBM
SPSS Statistics 25.0 z progiem istotnosci statystycznej ustalonym na poziomie warto$ci
p<0,05. Normalnos¢ rozktadu danych zostata przeanalizowana z uzyciem testu Shapiro-
Wilka. Poréwnanie s$rednich miedzy grupami wykonano stosujgc test U Manna-
Whitney’a. Korelacja migdzy zmiennymi nominalnymi byta oceniana przy pomocy
testu chi-kwadrat, lub doktadnego testu Fishera (w przypadku niskiej liczebnosci grup).
Ponadto, wyliczono wartosci doktadnosci, czutosci, swoistosci, wartosci predykcyjne;j
dodatniej i1ujemnej dla sekwencji DWI z mapami ADC oraz sekwencji DCE,
porownujac je do ztotego standardu, jakim jest sekwencja STIR. W kolejnym etapie
obliczono warto$ci wspotczynnika Kappa-Cohena dla poszczegolnych sekwencji
ocenianych w badaniu (STIR, DWI z mapami ADC, DCE) oraz dla skali SPARCC,
w celu analizy poziomu zgodnoséci migdzy badaczami w ocenie (ang. inter-observer
agreement). Z kolei, w ocenie parametrow skutecznosci diagnostycznej innych
objawow aktywnego stanu zapalnego za zloty standard uznano spelnianie przez

pacjenta warunkow ramienia obrazowego kryteriow klasyfikujacych ASAS dla axSpA.
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8.3 WYNIKI

Ogolnie 46,9% (n=23) wilaczonych do badania pacjentéw speiniato warunki
ramienia obrazowego kryteriow klasyfikujacych ASAS dla spondyloartropatii
osiowych. Srednia liczba punktow w skali SPARCC w tej grupie to 15,7+15,9 punktow.

Wizualng ocene sekwencji DWI z mapami ADC oraz sekwencji DCE cechuje
wysoka doktadnos¢ iczulos¢ w wykrywaniu obecnosci obrzgku szpiku kostnego
w obrgbie SKB, przy miernej swoistosci, szczegdlnie w przypadku sekwencji DWI
zmapami ADC. Dla sekwencji DWI z mapami ADC: doktadnos$¢ 95,6%, czutosc
99,4%, swoisto$¢ 54,0%; dla sekwencji DCE: doktadnos¢ 96,8%, czuto$¢ 98,4%,

swoistos¢ 79,5%.

Zgodno$¢ migdzy badaczami byta najwigksza dla sekwencji STIR (k=0,888; 95%
przedziat ufnosci 0,856-0,918), mniejsza dla sekwencji DCE (k=0,773; 95% przedziat
ufnosci 0,731-0,815), a najnizsza dla sekwencji DWI z mapami ADC («=0,674; 95%
przedzial ufnosci 0,604-0,733). Co wigcej, zgodno$¢ miedzy badaczami w ocenie
badania w skali SPARCC byla taka sama jak z uzyciem jej uproszczonej wersji
(x=0,888), z nieco wezszym 95% przedziatem ufnosci (0,882-0,894).

Zapalenie blony maziowej (p=0,008) oraz zapalenie torebki stawowej (p=0,001)
istotnie czeSciej wystepowalo U pacjentow spetniajacych kryteria klasyfikacyjne dla
axSpA, w porownaniu do grupy bez diagnozy axSpA. Podobna korelacja nie zostata
wykazana dla zapalenia przyczepoéw $ciegien | wigzadel, ktore wystepowato z podobnag
czestoscig u obu grup (p=0,173). Wszystkie wyzej wymienione objawy miaty wysoka
czuto$¢ diagnostyczng axSpA (synovitis: 96,2%; capsulitis: 100,0%; enthesitis: 96,2%),
przy bardzo niskiej swoistosci (synovitis: 34,8%; capsulitis: 34,8%; enthesitis: 17,4%).

8.4 WNIOSKI I IMPLIKACJE KLINICZNE

Sekwencje umozliwiajace obrazowanie dyfuzyjne (DWI) oraz perfuzyjne (DCE),
wchodzace w sktad badania wieloparametrycznego MR stawow krzyzowo-biodrowych,
cechujg si¢ nizszg swoistoscig 1 poziomem zgodnosci migdzy badaczami w ocenie
obecno$ci zmian O charakterze obrzgku szpiku kostnego U chorych z axSpA,
w porownaniu do standardowo stosowanej sekwencji STIR. Jednoczesnie doktadnosc
oraz czulo$¢ wyzej] wymienionych sekwencji jest na wysokim poziomie.
W konsekwencji, przydatnos¢ ich wizualnej oceny jest umiarkowana, z korzyscig dla

sekwencji DCE, ktora wymaga jednak podania gadolinowych srodkow kontrastujacych,
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mogacych spowodowaé skutki uboczne oraz kumulujagcych si¢ przy nadmiernym
stosowaniu. W zwigzku z powyzszym, ocena wizualna obrazowania dyfuzyjnego oraz
perfuzyjnego nie przynosi korzysci we wczesnej diagnostyce axSpA i na chwile obecna
nie ma podstaw do wiaczenia tych sekwencji na state do protokolu obrazowania os6b
z podejrzeniem axSpA. Natomiast wyzej wymienione sekwencje moga znalez¢é
zastosowanie jako narzedzia do ilo$ciowych pomiarow pewnych parametrow, takich jak
warto$¢ wspotczynnika ADC w przypadku sekwencji DWI, jednak na chwile obecng
nie osiggnic¢to konsensusu co do ich faktycznej przydatnosci i korelacji z nasileniem
stanu zapalnego, atakze metodologia ich pomiaru nie zostala wystandaryzowana.
Kolejnym wnioskiem z badania jest fakt, iz analiza obecnosci innych objawow
aktywnego zapalenia SKB (zapalenie btony maziowej, zapalenie torebki Stawowej,
zapalenie przyczepow $ciegien i wiezadel) rowniez nie wnosi dodatkowych informacji

we wczesnej diagnostyce axSpA.
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Abstract

The aim of the study was to compare the diagnostic efficacy of the visual assessment of diffusion-weighted imaging (DWI)
and dynamic contrast-enhanced (DCE) sequences compared to the STIR sequence in the diagnostics of active sacroiliitis in
the course of axial spondyloarthritis (axSpA). The study group consisted of 49 patients who had undergone multiparametric
magnetic resonance imaging of the sacroiliac joints (SIJs) due to clinical suspicion of axSpA. Two independent observers
retrospectively assessed four quadrants of the SIJs for the presence of subchondral bone marrow oedema/osteitis with the
use of modified SPARCC score in sequences: STIR, DWI (with ADC map) and DCE. Diagnostic efficiency parameters
were calculated for DWI and DCE sequence separately, using STIR sequence as a reference. Inter-observer agreement was
evaluated with the use of k coefficient. Patients’ clinical symptoms were analysed to identify the group fulfilling the imag-
ing arm of the ASAS criteria for axSpA. Overall, 46.9% (n=23) of patients fulfilled the imaging arm of ASAS criteria for
axial spondyloarthritis. DWI with ADC map: accuracy 95.6%, sensitivity 99.4%, specificity 54.0%. DCE sequence: accuracy
96.8%, sensitivity 98.4%, specificity 79.5%. The highest level of inter-observer agreement was achieved for STIR sequence
(x=0.888), slightly lower for DCE sequence (x=0.773) and the lowest for DWI with ADC (k=0.674). Visual assessment of
the DWI and DCE sequences has high accuracy and sensitivity of bone marrow oedema/osteitis detection, but the specificity
and inter-observer agreement are poor, especially for the DWI sequence with ADC maps.

Keywords Spondyloarthritis - Axial spondyloarthritis - Sacroiliitis - Ankylosing spondylitis - Magnetic resonance imaging -
Diagnostic imaging

Introduction

The heterogeneous group of rheumatic diseases, known

under the name of spondyloarthritis (SpA), has been divided
into two categories: axial (axSpA) and peripheral spondy-
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loarthritis (pSpA) [1]. In the first type, the axial skeleton is
predominantly involved, while in the second, only peripheral
manifestations of the disease are observed.

In 2009, magnetic resonance imaging (MRI) of sacroiliac
joints (SIJs) was included into the Assessment of Spondy-
loArthritis international Society (ASAS) SpA diagnostic
criteria. It resulted in the introduction of axSpA subdivi-
sion into two categories: radiographic and nonradiographic,
where the inflammatory changes are only visible in the MRI
or completely absent [2]. Thereafter, this decision turned out
to be crucial, since further research assessed the prevalence
of nonradiographic axSpA in the whole axSpA cohort oscil-
lating between 20 and 80%, which is a substantial group,
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previously omitted in the diagnostic process [3]. Thus, the
mean diagnostic delay of axSpA decreased from approxi-
mately 7 to 2 years [4], which has also led to speeding up
the introduction of proper therapy, before the occurrence of
disabling structural changes in the SIJs and spine.

As the presence of active axSpA significantly diminishes
patient’s health-related quality of life [5], it is vital to gain
control over the disease as soon as possible and decrease the
diagnostic delay to the greatest extent. This is the reason why
there is still the need to search for techniques that increase
the diagnostic accuracy of the axSpA in the early stage. One
of the possible techniques is multiparametric MRI, which,
apart from standard sequences, consists of methods such as
diffusion-weighted imaging (DWI) and dynamic contrast-
enhanced (DCE) perfusion imaging. Nonetheless, the con-
sensus regarding its use in the diagnostics of axSpA has
not been reached yet [6], due to the limited evidence and
contradictory results of previous research [7-10].

The aim of the study was to assess the diagnostic perfor-
mance of the visual assessment of DWI sequence with ADC
maps and DCE sequence in the detection of active sacroili-
itis in the course of axSpA, in comparison to the standard
STIR sequence. A secondary aim was to assess if the pres-
ence of other signs of acute sacroiliitis, not mentioned in
ASAS criteria, could aid the diagnosis of axSpA.

Materials and methods

The study obtained approval from the Institutional Bioethics
Committee (No. of approval: 1072.6120.16.2019, date of
approval: 31st January 2019).

Study population

We included into the retrospective study 49 patients who
undergone multiparametric MRI of the SIJs due to the clini-
cal suspicion of axSpA. All examinations were performed
between January 2017 and August 2018. The inclusion
criterium was the clinical suspicion of sacroiliitis in the
course of axSpA [11]. The exclusion criteria were: age < 18
or>45 years [11], the lack of clinical data about the rea-
son of referral, patients with a history of sacroiliac region
trauma or neoplasm. The mean age of qualified patients
was 28.9 8.5 years (range 18-43 years), the percentage of
females was 63.3% (n=31) and males 36.7% (n=18).

Examination protocol
All examinations were performed in 3.0 T MRI scanner
(Achieva, Philips Healthcare, Amsterdam, Netherlands) with

the use of 8 channel phased-array XL-torso body matrix coil.
Both SIJs were imaged simultaneously from the anterior to
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the posterior border in the coronal oblique plane, parallel to
the long axis of the sacral bone.
Detailed imaging parameters were:

e Coronal oblique T1-weighted turbo spin echo (TSE)
sequence (TR 500 ms, TE 14 ms, flip angle 90, NEX
1, slice thickness 3 mm, matrix 560 x 560, FOV
240x240x 71, scan time 3.02 min)

e Coronal oblique short tau inversion recovery (STIR)
TSE sequence (TR 5239 ms, TE 30 ms, inversion time
190 ms, flip angle 90, NEX 2, slice thickness 3 mm,
matrix X 400 x 400, FOV 240x240x 71, scan time
2.15 min)

¢ Coronal oblique diffusion-weighted imaging (DWI)—
multitransmit single shot echo-planar (EPI) diffusion-
weighted imaging with multiple diffusion gradient b
values of 0 and 800 s/mm? (TR 3837 ms, TE 58 ms, flip
angle 90, NEX 6, slice thickness 3 mm, matrix 192x 192,
FOV 350%292 x 132, scan time 2.45 min)

e Coronal oblique dynamic contrast-enhanced (DCE)
sequence with fat saturation (e-THRIVE), acquired 34
times (TR 3.4 ms, TE 1.7 ms, flip angle 10, slice thick-
ness 6 mm, matrix 176 x 176, FOV 240x 250 71, scan
time—4.30 min). Simultaneously with the launch of the
acquisition, intravenous contrast agent gadobutrolum was
administered (Gadovist, Bayer, Germany) at a dose of
0.1 mmol/kg of body weight at a flow rate of 2.5 ml/s.

ADC maps were automatically created by the MR system.
In several cases of the clinical doubts, ADC maps were cre-
ated manually.

Image interpretation

MR images were retrospectively assessed in random order
by two independent observers, aware of the clinical suspi-
cion of axSpA, blinded to patients’ identities and clinical
findings. In every patient, such sequences were individu-
ally evaluated: STIR combined with T1-weighted sequence
(structural joint assessment), DWI sequence with b=0 and
800 with ADC map and DCE sequence. To standardize the
visual assessment of these sequences, we used the SPARCC
(Spondyloarthritis Research Consortium of Canada) score,
with slight modifications (without the evaluation of depth
and intensity of the inflammatory lesions) [12]. In every
sequence, eight sections, with the longest visible part of the
SIJ articular surface (> 1 cm), were chosen. On every sec-
tion, each SIJ was divided into four quadrants (upper iliac,
upper sacral, lower iliac, lower sacral), what finally made the
number of 64 quadrants evaluated in every sequence. Each
quadrant was separately analysed for the presence of bone
marrow oedema/osteitis related to the inflammatory sacro-
iliitis—the presence of typical subchondral bone marrow
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oedema lesion [13] (STIR) or restricted diffusion (DWI,
ADC) or contrast enhancement (DCE) was marked as 1,
and the lack of these signs as 0. Moreover, every SIJ was
assessed in STIR sequence for the presence of other signs
of acute inflammatory sacroiliitis—enthesitis, capsulitis, and
synovitis.

Clinical characteristics

The referral of every patient was studied for symptoms and
test results, which were the reason for axSpA clinical sus-
picion—back pain, family history of SpA, peripheral joint
arthritis, HLA-B27 haplotype, psoriasis, inflammatory
bowel diseases, enthesitis, uveitis.

axSpA ASAS classification criteria

If the active inflammatory lesion according to ASAS cri-
teria [13] was identified in at least one joint of the particu-
lar patient in the STIR sequence, a patient was qualified to
the group with ASAS positive sacroiliitis. If the particular
patient belonged to an ASAS-positive sacroiliitis group and
additionally had at least one typical axSpA feature, accord-
ing to ASAS criteria [2], in the next step, this patient was
included into ASAS axSpA imaging arm positive group. As
only patients suspected of axSpA were included into our
study, there was not any patient fulfilling the clinical arm
of ASAS criteria.

Statistical analysis

Statistical analysis was performed with the use of IBM
SPSS Statistics for Windows, version 25.0. The normal-
ity of the data was checked using the Shapiro-Wilk test.
The difference in age between groups was analysed using
the Mann-Whitney U test. The correlation between two
unpaired nominal variables was evaluated using Fisher’s

exact test or Chi squared test. The results of bone mar-
row oedema/osteitis assessment from the DWI sequence
with ADC map and DCE sequence were compared with
the results from STIR sequence (which were treated as the
reference) to calculate the accuracy, sensitivity, specific-
ity, positive (PPV) and negative (NPV) predictive values,
for each observer separately. Inter-observer agreement was
evaluated with the use of Cohen’s k coefficient, the inter-
pretation was: k < 0—poor agreement, 0 <x < 0.2—slight
agreement, 0.2 <k <0.4—fair agreement, 0.4 <x <0.6—
moderate agreement, 0.6 <k <(.8—substantial agreement
and 0.8 <k < 1—almost perfect agreement. p values <0.05
were considered as statistically significant.

Results
Characteristics of the group

In general, 46.9% (n=23) of the study group fulfilled the
imaging arm of ASAS axSpA criteria. Mean SPARCC
score of patients from the ASAS axSpA imaging arm posi-
tive group was 15.7+ 15.9 (range 2-48). There was not any
statistically significant difference in age (p=0.195) and gen-
der (p=0.130) between groups fulfilling the imaging arm of
ASAS axSpA criteria and the group without the diagnosis
of axSpA.

Detailed information regarding the characteristics of the
group is shown in Table 1.

Diagnostic performance of DWI/ADC and DCE
sequence vs. STIR sequence

The performance of the visual assessment of DWI sequence
combined with ADC map and DCE sequence was com-
pared to the STIR sequence with regard to the detection of
active sacroiliitis fulfilling ASAS criteria for axSpA. DWI

Table 1 Clinical profile of

S 3 Parameter Patients fulfilling imaging Patients without ~ Overall
patients included in the study arm of ASAS axSpA criteria  axSpA diagnosis

Mean age (mean +SD) 27.4+8.8 30.4+8.1 28.9+38.5 years
Males 47.8% (n=11) 26.9% (n=17) 36.7% (n=18)
ASAS axSpA imaging arm positive  100.0% (n=23) 0.0% (n=0) 46.9% (n=23)
Back pain 82.6% (n=19) 88.5% (n=23) 85.7% (n=42)
Peripheral arthritis 52.2% (n=12) 19.2% (n=5) 34.7% (n=17)
Family history of SpA 17.4% (n=4) 34.6% (n=9) 26.5% (n=13)
HLA-B27 haplotype 304% (n=17) 7.7% (n=2) 18.4% (n=9)
Psoriasis 21.7% (n=5) 11.5% (n=3) 16.3% (n=8)
Uveitis 0.0% (n=0) 3.8% (n=1) 53% (n=1)
Inflammatory bowel disease 43% (n=1) 0.0% (n=0) 53% (n=1)
SD standard deviation
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Table 2 The summary

: DWI with ADC map DCE

regarding the measures of

diagnostic performance for DWI Observer | Observer 2 Mean Observer | Observer 2 Mean

sequence with ADC map and

DCE sequence in comparison Accuracy (%) 96.2 95.0 95.6 97.3 96.3 96.8

to STIR sequence for both Sensitivity (%) 99.3 99.5 99.4 99.1 97.6 98.4

observers Specificity (%) 60.2 417 54.0 76.3 82.7 79.5
PPV (%) 96.6 95.3 96.0 97.9 98.3 98.1
NPV (%) 88.8 90.1 89.5 88.4 76.4 824

Table3 Inter-observer agreement of various sequences used in our
study

Table4 The diagnostic performance of synovitis, capsulitis and
enthesitis in the identification of patients with axSpA

Sequence kvalue 95% confidence interval Level of agreement Sensitivity (%)  Specificity (%) PPV (%) NPV (%)
STIR 0.888  0.856-0.918 Almost perfect Synovitis 962 34.8 62.5 88.9
DWI+ADC 0.674  0.604-0.733 Substantial Capsulitis  100.0 34.8 634 100.0
DCE 0.773  0.731-0.815 Substantial Enthesitis ~ 96.2 174 56.8 80.0

sequence with ADC map had slightly higher sensitivity and
markedly lower specificity than DCE sequence in the detec-
tion of active sacroiliitis. Accuracy and PPV were slightly
higher for DCE sequence than for DWI sequence with ADC,
contrary to the NPV, which was higher for DWI sequence
with ADC map.

A comprehensive summary of accuracy, sensitivity,
specificity, PPV and NPV values for DWI sequence with
ADC map and DCE sequence for both observers is shown
in Table 2.

Inter-observer agreement

The level of agreement was compared between both the
observers. The highest inter-rater agreement was achieved
for STIR sequence, which was almost perfect (x=0.888).
The level of agreement was similar both for DWI sequence
with ADC map (k=0.674) and DCE sequence (x=0.773),
with a slight advantage of the DCE sequence.

Details concerning the inter-observer agreement of STIR,
DWI sequence with ADC map and DCE sequence are pro-
vided in Table 3.

We also assessed the inter-observer agreement for
SPARCC scoring and the agreement was almost perfect,
at the same level as for STIR sequence (x=0.888), with a
slightly narrower 95% confidence interval (CI 0.882-0.894).

Remaining active sacroiliitis symptoms vs. ASAS
axSpA diagnosis

In the last step, the diagnostic performance of active sacro-
iliitis additional signs during the identification of patients
fulfilling imaging arm of the ASAS axSpA classification cri-
teria was assessed. Signs of synovitis were present in 18.4%
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(n=9) of all patients, capsulitis in 16.3% (n=8) and enthesi-
tis in 10.2% (n=5). Synovitis (34.8% with axSpA vs. 3.8%
without; p=0.008) and capsulitis (34.8% with axSpA vs.
0.0% without; p=0.001) were significantly more frequently
present in patients with axSpA, in comparison to the cohort
without axSpA. A similar correlation was not detected for
the presence of enthesitis (17.4% with axSpA vs. 3.8% with-
out; p=0.173). Although all these signs achieved high sen-
sitivity for the identification of patients with axSpA, but the
specificity was very poor.

More information regarding the diagnostic performance
of these signs is presented in Table 4.

Discussion

Our results show that the visual assessment of DWI sequence
paired with ADC map has similar accuracy, sensitivity and
PPV to DCE technique, which remained high for both these
sequences. On the other hand, both these sequences have
poor specificity (especially DWI) in comparison to the gold
standard, which is the STIR sequence [1]. Thus, visual
assessment of these sequences does not seem to be helpful
in early detection of active sacroiliitis. This finding is con-
sistent with Boy et al.’s conclusions that the addition of the
visual assessment of DWI and DCE sequences to the axSpA
diagnostic path does not aid the diagnosis of sacroiliitis, both
for less and more experienced radiologists [9]. The primary
drawback of these two sequences, which could explain their
poor effectiveness in visual assessment of the SIJs, may be
their markedly lower contrast to noise ratios in compari-
son to the STIR sequence [14]. As a decreased contrast to
noise ratio diminishes the clear definition of the lesion, the
visual assessment of the SIJs in these sequences is hindered.
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Noticeably, the decreased specificity of DWI sequence in
comparison to DCE sequence may be also caused by par-
ticular susceptibility of this sequence to artefacts, such as
“T2 shine through”, “T2 black out”, ghosting, blurring and
distortions [15]. Obviously, the additional analysis of ADC
maps, which we performed, helps to discriminate between
actual lesions and some artefacts, but generally these maps
are hard to interpret [16], especially in the case of small
lesions.

In all sequences, the SIJs were assessed in the systematic
way, with the use of a method based on the SPARCC score
[12], but without the evaluation of depth and intensity of
the lesion and while using a set number of assessed slices.
It enabled us to ensure that the visual assessment was suf-
ficiently thorough, and observers identified and considered
the same changes as pathologic in particular examination.
Thus, it was possible to credibly evaluate the inter-observer
agreement. The highest value of this parameter was achieved
by the STIR sequence, which confirms that its visual assess-
ment is notably easier and more precise than the sequences
of multiparametric MRI. The agreement for DWI sequence
with ADC maps and DCE sequence was acceptable and at
a similar level, moderately with the advantage of the DCE
sequence. In spite of the higher inter-observer agreement of
DCE sequence and slightly better overall diagnostic perfor-
mance in the diagnostics of active sacroiliitis, it still remains
in a lost position in comparison to DWI sequence. The first
reason is that it requires gadolinium-based contrast media
administration, which may cause adverse effects and should
not be overused due to the risk of gadolinium depositions
in the brain and bones [17]. Moreover, this is a sequence of
long acquisition time in comparison to the basic sequences
(twice longer acquisition time than STIR sequence) and DWI
sequence. In contrast, DWI sequence does not require gado-
linium contrast media administration and its acquisition time
is similar to the STIR sequence. Taking into consideration
all above-mentioned aspects, neither the visual assessment
of DWI sequence, nor DCE sequence seem to be promising
for the early detection of active sacroiliitis in MRI.

An additional parameter, that we assessed in this study,
was the presence of concomitant symptoms of active sacro-
iliitis such as synovitis, capsulitis, and enthesitis. Overall,
they were not very prevalent in the axSpA-positive group
(synovitis: 34.8% of patients with axSpA, capsulitis 34.8%
and enthesitis 17.4%), but they exhibited high sensitivity
for axSpA positive patient identification. Nonetheless, their
specificity was extremely low and enthesitis was not even
statistically significantly more prevalent in the group with
axSpA, in comparison to axSpA-negative patients. This sup-
ports the statement of Lambert et al. that these changes are
not sufficient to identify the active sacroiliitis, without coex-
isting, highly suggestive of SpA, bone marrow oedema [13].
They could only give a hint about the probable diagnosis if

bone marrow oedema is present, but their overall signifi-
cance is low.

Of course, we cannot omit the fact that several previ-
ous authors reported the high relevance of quantitative
assessment of ADC value in the differentiation of axSpA
and non-inflammatory lesions [7, 18-23] as well as in the
monitoring of axSpA treatment [8, 24]. The mean ADC was
higher in patients with an active axSpA in comparison to
patients with low back pain of mechanical origin [20, 21],
Modic 1 changes in spine [22, 23] and healthy individu-
als [18-20]. Furthermore, according to previous research,
ADC value measured within the bone lesions correlates with
C-related protein level [7], disease activity (BASDAI—Bath
Ankylosing Spondylitis Disease Activity Index), functional
impairment (BASFI—Bath Ankylosing Spondylitis Func-
tional Index) and patient global assessment (BASGI—Bath
Ankylosing Spondylitis Global Index) scores [25]. These
results seem to be promising and further research is vital.
First of all, a reliable methodology of ADC value measure-
ment should be developed and uniformed between the future
studies. Currently, some authors perform a direct measure-
ment of ADC value [7, 18, 20, 21], while the others calcu-
late the relative ADC value [10, 19], referring it to an unaf-
fected bone, for instance, in the midline of the sacral bone
[10]. Additionally, in some reports, there is a comparison
between ADC value within the inflammatory lesions and
to the one measured within the unaffected bone [7, 10, 18,
20, 21], while in the others, mean ADC value from regions
unaffected by bone marrow oedema or structural changes is
globally assessed and compared between the sides and the
groups with and without axSpA [19]. These discrepancies
hinder the reliable comparison of previous authors’ results.
Moreover, as the values of ADC significantly differ accord-
ing to age and sex, it is advisable to use a rather relative
ADC value [16]. We should also be especially careful with
ADC value measurement in younger cohorts, as ADC value
in skeletally immature patients could overlap with the values
reported for the active sacroiliitis [26]. Another important
issue, that has not been covered yet, is the ADC value cutoff
points for discrimination between healthy individuals and
patients with active axSpA. Nonetheless, apart from all these
diagnostic pitfalls of DWI sequence, there are still doubts
if the measurement of ADC value, and in consequence, the
addition of DWI sequence to the axSpA diagnostic algo-
rithm, is really beneficial. First, as Lambert et al. emphasize,
numerical data could be obtained from any MRI sequence,
not only from more advanced sequences of multiparamet-
ric MRI [16]. A good example of a validated and feasible
method is a semi-quantitative assessment of active inflam-
matory lesions with the use of SPARCC score [12]. Our
results regarding an almost perfect level of inter-observer
agreement obtained for SPARCC scoring further confirmed
its reliability. To facilitate the process of SIJ evaluation even
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more, CaRE (Canadian Research and Education) Arthritis
Organization is providing a simple, schematic SPARCC
scoring interface, available on their website [16]. Second,
the measurement of ADC values inside very small lesions
could be highly time consuming and inexact. Third, the
reproducibility of ADC measurement is questionable and its
values can even vary while using the same MR system [15].
Hence, future research should focus on the standardization
of ADC value measurement methods and their validation,
instead of searching solely for its spectacular correlations
with the disease.

This study also has some limitations, namely its retro-
spective design and small study group. The only lesion
in our study, whose visibility was evaluated between the
sequences, was bone marrow oedema, which is not pathog-
nomonic for axSpA and might be present in up to 23% of
patients with non-specific back pain and in approximately
7% of healthy volunteers. In consequence, the MRI examina-
tion result should be always correlated with clinical symp-
toms and laboratory results of particular patients [27]. Fur-
thermore, we did not assess any quantitative data deriving
from analysed sequences, yet it is within our future research
agenda.

Conclusions

The visual assessment of DWI sequence with ADC maps
and DCE sequence is characterised by high accuracy and
sensitivity of bone marrow oedema/osteitis detection, but
the specificity of these sequences is poor, especially for
the DWI sequence with ADC maps. Moreover, the inter-
observer agreement of these two sequences is lower than
the one calculated for the STIR sequence. Hence, the visual
assessment of DWI and DCE sequences is not beneficial
in the early diagnosis of active sacroiliitis in the course of
axSpA. As well, the presence of additional signs of active
sacroiliitis (synovitis, capsulitis, and enthesitis) does not aid
the diagnosis of the axSpA.
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9.1 CEL

Celem pracy bylo zaprojektowanie oraz ocena wiarygodnosci algorytmu do
potautomatycznej detekcji zmian 0 charakterze obrz¢ku szpiku kostnego zwigzanego
z zapaleniem stawow krzyzowo-biodrowych w przebiegu spondyloartropatii osiowych

w sekwencji STIR MR stawow krzyzowo-biodrowych.

9.2 MATERIAL | METODY

Do retrospektywnego badania zostalo wlaczone 11 pacjentow, U ktorych
wykonano badanie wieloparametrycznego MR SKB i stwierdzono obecnos¢ aktywnego
zapalenia SKB w przebiegu axSpA. Mediana wieku pacjentow to 31 lat (zakres 18 — 38
lat), odsetek kobiet w grupie pacjentow to 45,5% (n=5), a m¢zczyzn 54,5% (n=6).

Wszystkie badania wykonano z uzyciem systemu MR 0 natezeniu pola 3 Tesli.
Do dalszej analizy uzyto sekwencje T1-zalezng oraz STIR, obie wykonane w przekroju
czolowym skosnym, réwnolegle do osi diugiej kosci krzyzowej. Pozycja pacjentow

podczas wykonywania obu wyzej wymienionych sekwencji pozostawata niezmieniona.

Narzedzie do potautomatycznej detekcji obrzeku szpiku kostnego w sekwencji
STIR zostato zaprojektowane W oparciu 0 metode systematycznej oceny rozleglosci
aktywnych zmian zapalnych w SKB zaproponowanag przez Maksymowycha i in.
(SPARCC) [15].

Na algorytm sktadajg si¢ nastepujace kroki:

1. Reczna segmentacja kosci wchodzacych w sktad SKB (ko$¢ krzyzowa, koSci
biodrowe) w sekwencji T1-zaleznej z uzyciem modutu Segmentation Editor

programu ImagelJ. Kazdej kosci zostala przypisana unikalna etykieta.
2. Detekcja obszaru referencyjnego

Najpierw znajdowana byla linia posrodkowa ko$ci krzyzowej, a nastgpnie
wszystkie piksele, ktore znajdowaty si¢ W zdefiniowanej przez uzytkownika
odlegtosci REFtH od tej linii byly klasyfikowane jako obszar referencyjny.
Optymalna wartos¢ odlegtosci REFtH wyznaczana byta przy pomocy analizy
krzywych ROC.

3. Detekcja linii sSrodkowej szpar stawowych SKB
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5.

Dla kazdego piksela nienalezacego do kosci wyliczana byta odlegtos¢ do kosci
biodrowej i krzyzowej oraz roznica migdzy tymi dwoma odlegto$ciami, ktorej
wartos¢ bezwzgledna byla przypisywana do danego piksela. Piksele znajdujace
si¢ W linii $rodkowej szpar stawowych miaty przypisang warto$¢ zero.
Nastepnie, algorytm najkrotszej $ciezki Dijkstry byl uzywany do wyznaczenia

linii srodkowej Szpar stawowych.
Detekcja obszarow zainteresowania ROI (ang. region of interest)

Obszary zainteresowania ROl zostaly zdefiniowane jako cze$ci kosci
przylegajace do powierzchni stawowej 0 okreSlonej przez uzytkownika
szerokosci (10 mm), w ktorych poszukiwano w poézniejszym etapie zmian

zapalnych.
Podziat ROI na kwadranty

Wyznaczano punkt $rodkowy kazdej linii srodkowej szpary stawowej, przez
ktory w nastgpnym etapie prowadzano prostg prostopadta do tej linii, ktora

dzielita ROI na kwadranty goérne i dolne.
Detekcja zmian zapalnych

W pierwszym kroku obszar referencyjny i ROI (z podziatem na kwadranty) byty
przenoszone z obrazow T1-zaleznych na obrazy z sekwencji STIR, na ktérych
mozliwa jest detekcja zmian O charakterze obrzeku szpiku kostnego. Do
kazdego piksela w obrgbie ROI przypisywany byt zbior R pikseli z obszaru
referencyjnego. Optymalna wielko$¢ zbioru R pikseli byta wyznaczana przy
pomocy analizy krzywych ROC. Nastepnie $rednia i odchylenie standardowe
intensywnos$ci sygnatu byly wyliczane dla danego zbioru R pikseli z regionu
referencyjnego. Dalej, dla kazdego piksela w obrgbie ROI obliczana byta
roznica intensywno$ci sygnatu danego piksela i $redniej intensywnosci
przypisanego zbioru R pikseli regionu referencyjnego dzielona przez odchylenie
standardowe S$redniej intensywnosci zbioru R pikseli sygnatu referencyjnego.
Jezeli wspomniana wartos§¢ wyliczona dla danego piksela ROl przekraczata
zdefiniowany przez uzytkownika prég TH uznawano, ze W jego obrgbie jest
obecny obrzek szpiku kostnego. Optymalna wysoko$¢ progu THopr byta

wyznaczana z uzyciem statystyki Youdena.
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Do celow oceny wiarygodnosci algorytmu, dwoch niezaleznych badaczy, ktorzy
nie podczas oceny nie kontaktowali si¢ ze sobg, Stworzylo W programie ImagelJ reczne
segmentacje aktywnych zmian zapalnych widocznych w sekwencji STIR w badaniach

MR wszystkich pacjentow.

Aby oceni¢ skuteczno$¢ dziatania algorytmu, wyniki potautomatycznej detekcji
zmian zapalnych byly porownywane z manualnymi segmentacjami zmian zapalnych na
dwa sposoby: porownujac piksel z pikselem oraz kwadrant z kwadrantem. Nastepnie,
sprawdzano normalno$¢ rozktadu uzyskanych danych z uzyciem testu Shapiro-Wilka.
Korelacja pomigdzy wynikami detekcji potautomatycznej i manualnej oraz obu
manualnych byta oceniana poprzez wyliczenie wspotczynnika korelacji Spearmana.
Istotno$¢ statystyczna rdéznicy migdzy dwoma wspdtczynnikami korelacji byla
analizowana przy pomocy transformacji Fishera. Prog istotnosci statystycznej ustalono
na p<0,05.

9.3 WYNIKI

Po analizie krzywych ROC ustalono, ze najbardziej optymalne wartosci REFtH
iR to odpowiednio 10 mm i 1000 pikseli. Optymalne wartosci progow THopt
wyznaczone zuzyciem statystyki Youdena dla REFty=10 iR=1000 to 1,5 dla
poréwnania piksel-piksel 13,5 dla poréwnania kwadrant-kwadrant. Wspotczynnik
korelacji Spearmana dla pordéwnania piksel-piksel miedzy wynikami detekcji
potautomatycznej i manualnej wyniost 0,86 (95% przedziat ufnosci 0,79-0,91) dla
Badacza 1 oraz 0,87 (95% przedziat ufnosci 0,83-0,92) dla Badacza 2. W przypadku
porownania kwadrant-kwadrant wspotczynnik korelacji Spearmana dla poroéwnania
detekcja potautomatyczna vs. manualna wynosit 0,83 (95% przedziat ufnosci 0,75-0,89)
dla Badacza 1 oraz 0,82 (95% przedziat ufnosci 0,73-0,88) dla Badacza 2.

Sprawdzono rowniez wiarygodnos¢ zmodyfikowanego sposobu wykrywania
zmian zapalnych, w ktorym $rednia i odchylenie standardowe intensywnosci sygnatu
referencyjnego byly wyliczane ze wszystkich pikseli nalezacych do obszaru
referencyjnego o szerokosci REFtH rownej 10 mm. W przypadku tej metody optymalna
warto$¢ progéw THopt, wyliczona przy pomocy statystyki Youdena, to 1,5 dla
poréwnania piksel-piksel oraz 2,5 dla poréwnania kwadrant-kwadrant. Uzyskany
wspotczynnik  korelacji  Spearmana dla  porownania  piksel-piksel  detekcji

potautomatycznej i manualnej to 0,86 (95% przedziat ufnosci 0,79-0,91) dla Badacza 1
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oraz 0,90 (95% przedzial uftnosci 0,85-0,93) dla Badacza 2. Z kolei dla poréwnania
kwadrant-kwadrant detekcji potautomatycznej imanualnej uzyskano nastepujace
warto$ci wspélczynnika Spearmana: 0,77 (95% przedziat ufnosci 0,65-0,84) dla
Badacza 1 oraz 0,76 (95% przedziat ufnosci 0,65-0,84).

Przy pomocy wspotczynnika korelacji Spearmana oceniano réwniez stopien
zgodnos$ci migdzy dwoma r¢cznymi oznaczeniami zmian zapalnych stworzonymi przez
niezaleznych badaczy. Dla poréwnania piksel-piksel uzyskano wspoétczynnik rowny
0,91 (95% przedziat ufnosci 0,86-0,94), natomiast dla zestawienia kwadrant-kwadrant
rowny 0,88 (95% przedziat ufnosci 0,81-0,92).

W przypadku analizy pod wzgledem liczby wykrytych pikseli ze zmianami
zapalnymi, nie wykazano istotnej statystycznie roznicy W warto$ci wspotczynnika
korelacji Spearmana uzyskanego dla porownania detekcji potautomatycznej i manualnej
oraz wyliczonego dla porownania dwoch manualnych ocen, dla obu metod wyliczania
sygnatu referencyjnego (0,86 vs. 0,91 dla pierwszej metody obliczania sygnatu
referencyjnego, p<0,140; 0,86 vs. 0,91 dla drugiej metody obliczania sygnatu
referencyjnego, p<0,140). Z kolei, w przypadku poréwnania warto$ci wspotczynnika
korelacji Spearmana wyliczonego dla zestawienia detekcji porautomatycznej
i manualnej oraz dwoch manualnych pod wzgledem liczby zajetych chorobowo
kwadrantow SKB, istotna statystycznie roznica nie zostala zaobserwowana tylko dla
podstawowej metody wyliczania sygnatu referencyjnego (0,82 vs. 0,88; p=0,170).
Natomiast dla analizy kwadrant-kwadrant, w przypadku drugiej metody wyliczania
sygnatu referencyjnego (znad catosci obszaru referencyjnego), zaobserwowano istotng
statystycznie réznice we wspoOtczynnikach Spearmana uzyskanych dla pordéwnania
detekcji potautomatycznej imanualnej oraz dwoch manualnych (0,75 vs. 0,88;
p=0,020).

Sredni czas przetwarzania pojedynczego przekroju MR byt réwny 0,64+0,30
sekundy dla R=1000 i mniej niz 0,1 sekundy dla wyliczania sygnatu referencyjnego
w oparciu 0 wszystkie piksele w obrgbie obszaru referencyjnego 0 szerokosci
REFtH=10 mm na komputerze wyposazonym W 8 GB RAM z procesorem Intel® Core
i7-5500U 2,40 GHz, nie wliczajagc czasu koniecznego do r¢cznej segmentacji kosci

wchodzacych w sktad SKB (30-45 min na jednego pacjenta).

45



9.4 WNIOSKI I IMPLIKACJE KLINICZNE
Zwrocenie si¢ W Kierunku zastosowania sztucznej inteligencji do wsparcia lekarza

radiologa w ocenie badania wieloparametrycznego MR SKB u 0s6b z axSpA pozwolito
na zaprojektowanie narzedzia umozliwiajacego wykrywanie zmian 0 charakterze
obrzeku szpiku kostnego z wysoka wiarygodno$cig. Zarowno wyniki detekcji pikseli,
jak i kwadrantow zawierajacych tego typu zmiany nie rdznig si¢ istotnie statystycznie
od wynikéw recznych oznaczen lekarza radiologa. Algorytm ten pozwala na
usprawnienie pracy iredukcje bledow lekarza radiologa, migdzy innymi dzigki
wykrywaniu zmian zapalnych, ktore zostaty przez niego pominigte, a takze identyfikacji
liczby zajetych chorobowo kwadrantoéw, co pozwala na przyspieszenie oceny
w potilosciowej skali SPARCC. Nalezy jednak pamigta¢ 0 putapce btedu poznawczego
zwigzanego Z automatyzacjg procesu oceny badania obrazowego, ktérego pojawienie
si¢ moze doprowadzi¢c do problemu nadmiernego zaufania co do skuteczno$ci
algorytmu. W zwiazku z powyzszym, wyniki potautomatycznej oceny badania zawsze
wymagaja krytycznej analizy przez lekarza radiologa, ktory zweryfikuje faktyczng
obecno$¢ zmian oraz zinterpretuje ich znaczenie. Bez watpienia ten kierunek rozwoju
w diagnostyce obrazowej axSpA moze poprawi¢ jej jako$¢, wiec rozbudowanie
algorytmu o metode¢ segmentacji kosci okolicy SKB oraz narzedzie do detekcji zmian
strukturalnych w SKB na obrazach MR jest istotnym problemem badawczym na

przysztos¢.
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Abstract

The aim of the study was to create the efficient tool for semi-automated detection of bone marrow oedema lesions in patients
with axial spondyloarthritis (axSpA). MRI examinations of 22 sacroiliac joints of patients with confirmed axSpA-related
sacroiliitis (median SPARCC score: 14 points) were included into the study. Design of our algorithm is based on Maksymow-
ych et al. evaluation method and consists of the following steps: manual segmentation of bones (T1W sequence), automated
detection of reference signal region, sacroiliac joint central lines and ROIs, a division of ROIs into quadrants, automated
detection of inflammatory changes (STIR sequence). As a gold standard, two sets of manual lesion delineations were created.
Two approaches to the performance assessment of lesion detection were considered: pixel-wise (detections compared pixel by
pixel) and quadrant-wise (quadrant to quadrant). Statistical analysis was performed using Spearman’s correlation coefficient.
Correlation coefficient obtained for pixel-wise comparison of semi-automated and manual detections was 0.87 (p=0.001),
while for quadrant-wise analysis was 0.83 (p=0.001). The correlation between two sets of manual detections was 0.91 for
pixel-wise comparison (p=0.001) and 0.88 (p=0.001) for quadrant-wise approach. Spearman’s correlation between two
manual assessments was not statistically different from the correlation between semi-automated and manual evaluations, both
for pixel- (p=0.14) and quadrant-wise (p =0.17) analysis. Average single slice processing time: 0.64 +0.30 s. Our method
allows for objective detection of bone marrow oedema lesions in patients with axSpA. The quantification of affected pixels
and quadrants has comparable reliability to manual assessment.

Keywords Spondylarthritis - Sacroiliitis - Sacroiliac joint - Ankylosing spondylitis - Magnetic resonance imaging -
Algorithms - Diagnostic imaging

Introduction

Axial spondyloarthritis (axSpA) is an inflammatory rheu-
matic condition, involving primarily an axial skeleton and
progressively leading to the sacroiliac, intervertebral and
facet joint immobilization [1]. The definition of active
This study will be presented on European Congress of Radiology sacroiliitis in MRI, fulfilling the ASAS (Assessment in
i R SpondyloArthritis international Society) criteria, is bone
Electronic supplementary material The online version of this marrow oedema visible on T2-weighted sequence sensi-
article (https:/doi.org/10.1007/500296-020-04511-w) contains tive for free water (e.g., STIR sequence) or bone marrow
supplementary material, which is available to authorized users. enhancement (osteitis) present on T1-weighted sequence
after contrast media administration. The lesion should be
located periarticularly in a subchondral bone, and must be
visible on the two consecutive slices of MRI examination
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' Department of Radiplogy. Jagiellonian University Medical or on only one slice if at least two lesions are noticeable
College, 19 Kopernika Street, 31-501 Krakéw, Poland [2]. Nonetheless, the assessment of active sacroiliitis in
2 Department of Biocybernetics and Biomedical Engineering, MRI is not an easy task, especially when lesions are small.
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MRI" according to ASAS criteria is substantial (x=0.73),
yet it is still unsatisfactory [3].

Computer-aided detection (CAD) is one of the fast-
est developing technologies in Radiology. Fundamental
advantages of these systems in Radiology are a short-
ening of an examination assessment time, an increase
in radiologists’ productivity as well as a reduction of
errors incidence due to enlarged objectivity of examina-
tion evaluation [4]. CAD has not gained much popularity
in Rheumatology as yet. The majority of existing solu-
tions focuses on the evaluation of some features of such
diseases as rheumatoid arthritis (RA) and osteoarthritis
(OA). Regarding axSpA, only one tool has been devel-
oped, which enables for the semi-automated quantification
of active sacroiliitis in MRI [5]. However, the primary
drawback of this method is that it requires manual selec-
tion of lesions (software only detects their contours) and
does not detect lesions missed by the observer [5]. So far,
any software allowing for the detection of bone marrow
oedema lesions in MRI, which do not require their manual
selection, has not been designed yet, even though the need
is large [6].

The aim of our study was to create the efficient tool for
the semi-automated detection of bone marrow oedema
lesions in patients with axSpA.

Material and methods
Material

The study obtained an approval from the Institutional Bio-
ethics Committee (No. of approval: 1072.6120.156.2018,
date of approval: 22nd June 2018).

MRI examinations of 22 sacroiliac joints of patients with
confirmed sacroiliitis in the course of axSpA were included
into this retrospective study.

Methods
Imaging protocol

All examinations were performed with using 3.0 Tesla MRI
scanner (Achieva, Philips Healthcare, Amsterdam, The
Netherlands) and 8-channel phased-array XL-torso body
matrix coil. To further analysis, only T1-weighted and STIR
(short tau inversion recovery) sequences were included. Both
sequences were acquired in the coronal oblique plane, paral-
lel to the long axis of sacral bone and the position of patient
remained unchanged during their acquisition time. Detailed
scan parameters were:
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o for T1-weighted turbo spin echo (TSE) sequence—TR
500 ms, TE 14 ms, flip angle 90, NEX 1, slice thickness
3 mm, matrix 560 x 560, FOV 240 x240x 71,

e for STIR TSE sequence—TR 5239 ms, TE 30 ms, inver-
sion time 190 ms, flip angle 90, NEX 2, slice thickness
3 mm, matrix 400x400, FOV 240 x240x 71.

Sample 2D image from T1-weighted sequence (Fig. 1a),
with corresponding image from STIR sequence (Fig. 1b),
are presented in Fig. 1.

Image processing

Each three-dimensional (3D) MRI examination analysed in
the present study consists of a sequence of various num-
ber of two-dimensional (2D) slices (between 18 and 24),
which were assessed separately. The design of our algorithm
was based on the method of systematic evaluation of active
inflammatory changes in sacroiliac joints described by Mak-
symowych et al. [7].

The semi-automated algorithm for the detection of bone
marrow oedema consisted of following steps:

1. Manual segmentation of the sacral bone and visible parts
of both iliac bones on T1-weighted sequence images in
Segmentation Editor plugin for ImageJ (National Insti-
tutes of Health, Bethesda, MD, USA). A unique label
was assigned to each of bones.

2. Detection of reference signal region.

The central axis of the sacral bone was found and
all sacrum pixels, which were closer to the central axis
than some user-selected distance REF; were marked as
belonging to the reference signal region.

3. Detection of sacroiliac joint central lines.

The distance to the iliac and sacral bone for each non-
bone pixel was calculated. Then, an absolute value of
the difference of these two distances was assigned to
each of non-bone pixels. Pixels at the central line of the
joint were equidistant to sacral and iliac bone, and there-
fore zero values were assigned to them. Next, Dijkstra’s
shortest path algorithm was used to find central joint
lines.

4. Detection of regions of interest (ROIs).

ROIs were defined as parts of bone adjacent to joint
surfaces on some user-specified distance, where algo-
rithm searched for inflammatory changes. First, bony
borders of joint surfaces were determined, which were
simply projections of sacroiliac joints central lines on
the surface of both sacral and iliac bones. Subsequently,
separately for each bone, distances from pixels compos-
ing the bone to its joint surface were calculated. All pix-
els for which the distance was less than 10 mm were
assigned to ROI of this bone.
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Fig.1 a A sample image from T1-weighted sequence, b correspond-
ing image from STIR sequence, ¢ a mask containing segmentation of
bones with marked reference signal region (vertical dark grey strip)
and 8 quadrants (brighter grey tones), d results of bone marrow

5. Division of ROIs into quadrants.

A midpoint of the central line of each sacroiliac joint
was set and a straight line, perpendicular to the central
line of the joint and passing through its midpoint, was
determined to divide ROIs into upper and lower quad-
rants.

6. Detection of inflammatory changes.

Because the position of patient during the acquisi-
tion of T1-weighted and STIR sequence was unchanged,
the reference region and quadrants determined on
T1-weighted sequence images were transferred into
STIR sequence images. A sample mask containing
segmented bones with marked reference signal region,
sacroiliac joint central lines, and quadrants is shown
in Fig. Ic. To detect bone marrow oedema on STIR
sequence images, a set of R reference pixels from the
reference region was assigned to each pixel within ROI.
Next, mean and standard deviation of the signal intensity
of the reference set was computed. Subsequently, we
calculated the test statistics, equal to the difference of

oedema detection (yellow) by our algorithm for R=1000, REF; =10
and THqpp= 1.5, € for R=1000, REF;y;=10 and THqpp=3.5 (green)
with marked reference region (purple) and quadrants, f and manual,
by the radiologist (red)

signal intensity in the tested pixel and mean intensity
of the reference set divided by the standard deviation of
the reference set. If the test statistics exceeded a user-
selected threshold TH, the presence of bone marrow
oedema was detected in the tested pixel.

Only the first step was performed manually, steps 2-6
were fully automated. Detailed description of image pro-
cessing in steps 2-6 is presented in Online Resource 1.

Manual detection of lesions

As a gold standard for comparison of our algorithm’s per-
formance, two sets of manual delineations of bone marrow
oedema lesions of all patients were created using Segmen-
tation Editor plugin for ImageJ. All manual segmentations
were produced by two independent radiologists, who did
not contact with each other during the process of lesion
identification.
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Statistical analysis

To evaluate the results of semi-automated detection of bone
marrow oedema, they were compared with the results of man-
ual detection. Two approaches to the performance assessment
of semi-automated lesion detection were considered. First, in
a pixel-wise analysis, manual and semi-automated detections
were compared pixel by pixel and pixel-wise false-positive
and true-positive rates were determined in the function of the
threshold TH. Second, in a quadrant-wise analysis, the manual
and semi-automated detections were compared quadrant to
quadrant. Optimal values of REFy;, R, and TH for semi-auto-
mated lesion detection were determined based on ROC curve
analysis and Youden’s statistics. Manual detections of inde-
pendent readers were also compared in pixel- and quadrant-
wise manner. The normality of data distribution was evaluated
prior to correlation analysis with the use of Shapiro-Wilk test.
Basing on the results of the normality test, correlation analysis
was conducted with the use of Spearman’s rank correlation
coefficient to determine the association between the results of
different measurement series (semi-automated vs. manual and
manual vs. manual). Statistical analysis is described in details
in Online Resource 2.

Results

Overall, 54.5% (n=06) of patients included in the study
were male. The median age of patients was 31 years (range
18-38 years). The median SPARCC score of patients was 14
points (range 2-89). Inflammatory back pain was present in
90.9% of our patients (n = 10), peripheral arthritis in 45.5%
of them (n=5) and HLA-B27 haplotype was detected in
27.3% (n=3) of them. Moreover, 18.2% (n=2) of patients
had a family history of SpA, 18.2% (n=2) of them suffer
from enthesitis and 9.1% (n=1) of them had inflammatory
bowel disease.

First, we analysed ROC curves (Fig. Al in Online
Resource 3) generated for the basic version of our algorithm,
designed strictly according to standard procedure proposed
by Maksymowych et al.—that is, the reference signal in
the midline of the sacral bone was determined at the same
level and slice as analysed pixel located in ROI. Generally,

AUC was enlarging with increasing REFyy; and R, and the
values R=1000 points, REFy;=10 mm were identified as
the most optimal. The area under the pixel-wise ROC curve
corresponding to REF ;=10 and R=1000 was equal to
0.899 [standard error (SE)<0.001] for Reader 1 and 0.879
(SE<0.001) for Reader 2. Next, the area under the quadrant-
wise ROC curve, also for REF ;=10 and R=1000, equalled
to 0.876 (SE=0.016) for Reader 1 and 0.870 (SE=0.016)
for Reader 2. There was no statistically significant difference
between the area under the pixel-wise and the quadrant-wise
ROC curves (p=0.16 for comparison of the biggest and the
smallest aforementioned AUC). In the next step, Youden’s
statistics in function of the threshold value THp were cal-
culated for pixel- and quadrant-wise ROC curves (Fig. A2 in
Online Resource 3). Set values of optimal thresholds, their
sensitivity, and specificity are shown in Table 1.

Further, the correlation between semi-automated and
manual detections was evaluated. First, Shapiro-Wilk test
was performed to assess normality and neither the number
of pixels nor quadrants with inflammatory lesions had nor-
mal distribution (p <0.001 in all cases). For this reason,
Spearman’s rank correlation coefficient was used both for
pixel- and quadrant-wise analysis. The results of semi-auto-
mated bone marrow oedema detection by our algorithm for
R=1000, REFp;= 10 and THopy= 1.5 (Fig. 1d), R=1000,
REF;;;=10 and THypy=3.5 (Fig. le) and manual, by the
radiologist (Fig. If) are depicted on Fig. 1. Graphs showing
the total number of pixels/quadrants with lesions detected
by our algorithm for R= 1000, REF ;=10 and THp;=1.5
(pixel-wise comparison) as well as THpp=3.5 (for quad-
rant-wise comparison) plotted against the total number of
pixels/quadrants with lesions detected manually are pre-
sented in Fig. 2. The correlation between semi-automated
and manual detections was slightly stronger for the pixel-
wise than for quadrant-wise analysis—details regarding the
strength of correlation are presented in Table 2.

In several sections from MRI examination of some
patients, the number of pixels in the midline of the sacral
bone was not sufficient to perform the standard analysis of
the reference signal and therefore the detection of inflam-
matory lesions on these sections could not be performed.
In consequence, we decided to develop the second method
of the reference signal calculation, namely, as an average

Table 1 Optimal thresholds, their sensitivity, and specificity for both methods of reference signal calculation

Reference signal range Comparison type Optimal thresh- ~ Sensitivity Specificity
old (THpy)
Reader 1 (%) Reader 2 (%) Reader 1 (%) Reader 2 (%)
Limited set of reference pixels Pixel-wise 1.5 86 79 86 89
Quadrant-wise 35 80 75 86 88
Reference signal from the entire ~ Pixel-wise 1.5 87 78 9 92
reference region Quadrant-wise 2.5 89 82 81 84
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Fig.2 a, b The total number of pixels with lesions as detected by the
algorithm for R=1000, REF;=10 and THqpr= 1.5, plotted against
the total number of pixels with lesions as detected manually by a
Reader 1 and b 2. ¢, d The total number of quadrants with lesions as

detected by the algorithm for R=1000, REF;=10 and THpp=3.5,
plotted against the total number of quadrants with lesions as detected
manually by ¢ Reader | and d 2

Table 2 Correlation between different detection methods both for pixel- and quadrant-wise comparisons

Comparison type ~ pvalue  Correlation coefficient ~ 95% confidence interval
(r) of r
Reader 1 Reader2  Reader | Reader 2
Semi-automated vs. manual (limited reference region)  Pixel-wise 0.001 0.86 0.87 0.79-0.91 0.83-0.92
Quadrant-wise 0.001 0.83 0.82 0.75-0.89  0.73-0.88
Semi-automated vs. manual (whole reference region) Pixel-wise 0.001 0.86 0.90 0.79-0.91 0.85-0.93
Quadrant-wise 0.001 0.77 0.76 0.66-0.85  0.65-0.84
Manual (reader 1) vs. manual (reader 2) Pixel-wise 0.001 091 0.86-0.94
Quadrant-wise 0.001 0.88 0.81-0.92

of the reference signal from the entire reference region
Rygr of some user-selected thickness REFyy. For this
method, ROC curves generated for REF; =10 mm, both
for pixel- and quadrant-wise analysis, provided the biggest
AUCs. The area under the pixel-wise ROC curve was equal
t0 0.925 (SE <0.001) for Reader 1 and 0.897 (SE <0.001)
for Reader 2, while under the quadrant-wise ROC curve
was at the level of 0.904 (SE=0.014) for Reader 1 and
0.889 (SE=0.014) for Reader 2. Optimal thresholds, their
sensitivity, and specificity for pixel- and quadrant-wise
comparison are presented in Table 1. In this case, cor-
relation between semi-automated and manual detections
was slightly higher for the pixel-wise analysis than for

quadrant-wise comparison, but as in the first method,
the difference is minimal—detailed results are grouped
in Table 2. This method of reference signal calculation
enabled to obtain an improvement of algorithm perfor-
mance for pixel-wise comparison (p <0.001 for AUCs
difference), as opposed to the quadrant-wise comparison,
for which the difference was not statistically significant
(p>0.05 for AUC difference).

The correlation between manual detections of bone mar-
row oedema lesions performed by two independent observ-
ers was also evaluated in pixel- and quadrant-wise manner
(Fig. 3). Spearman’s correlation coefficients for pixel- and
quadrant-wise comparisons are presented in Table 2.
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Fig.3 The total number of pixels (a) and quadrants (b) with lesions as detected by two independent manual readers

Spearman’s correlation coefficient for comparison
between the two manual assessments in terms of the number
of lesion pixels was not statistically different from coeffi-
cients achieved for the comparison between semi-automated
and manual detections for both methods of reference signal
calculation (0.91 vs. 0.86 for the first method, 0.91 vs. 0.86
for the second method; p=0.140 in both cases). Moreover,
there was not any statistically significant difference in Spear-
man'’s coefficient between the one determined for compari-
son of two manual assessments of the number of affected
quadrants and achieved for comparison of semi-automated
and manual assessments for the basic method of reference
signal calculation (0.88 vs. 0.82, p=0.170). In the case of
the second method of reference signal computation (over the
entire reference region), Spearman’s correlation coefficient
for quadrant-wise comparison of two manual delineations
was significantly higher than for the comparison of manual
and semi-automated detections (0.88 vs. 0.76, p=0.020).

The average processing time for a single slice was equal
t0 0.64 +0.30 s for R=1000 and below 0.1 s for an entire
Ry set for REF ;=10 mm on a PC with 8 GB RAM and
Intel® Core i7-5500U 2.40 GHz CPU, without including the
time required for manual segmentation of iliac and sacral
bones (30-45 min).

Discussion

The automation of the process of bone marrow oedema
detection is a highly difficult task. The definition of the bone
marrow oedema lesion developing in the course of axSpA
[2] seems to be specific, yet after thorough analysis it is
obvious that there are some issues that remain unclear, such
as the exact interpretation of the term ‘highly suggestive
of axSpA’. To increase reliability of sacroiliitis assessment,
Maksymowych et al. created SPARCC (SpondyloArthritis
Research Consortium of Canada) score and disambiguated
the rules of active sacroiliitis evaluation [7]. Nonetheless, it
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is undoubtedly difficult to perform the examination assess-
ment with the use of SPARCC scoring method in a reason-
able time and completely objectively using only the human
eye. However, these objectives were met by our semi-auto-
mated algorithm, which credibility was proven to be com-
parable to the results of manual assessments. The biggest
similarity to the agreement between two manual readers
was observed for the detection of inflammatory lesion pixels
regardless of the method of reference signal acquisition as
well as for the detection of quadrants affected by bone mar-
row oedema using the basic method of reference signal cal-
culation. Both detection of all pixels belonging to the poten-
tial lesion and quadrants affected by the inflammation have
similar performance, but their application could be different.
Focusing detection on particular pixels enables to detect and
highlight areas suspected of bone marrow oedema presence
and therefore radiologist can verify the actual significance
of detected changes and easily describe examination results.
Concentration on the detection of altered quadrants may be
a good tool for a quick quantitative assessment of inflamma-
tion extent as well as a valuable help to speed up SPARCC
score calculation. Both SPARCC score and the number of
affected quadrants could be used as a quantitative measure
to monitor disease activity during the treatment or clinical
studies, as both these techniques have comparable reliability
(ICC for the number of affected quadrants: 0.47, ICC for
SPARCC: 0.55) [8, 9]. Thus, these scoring systems could
be used interchangeably and the most convenient method
should be chosen individually.

Our analysis confirms that both methods of reference sig-
nal acquisition have similar credibility—the calculation of
the mean intensity of limited number of pixels on the same
level as particular pixel within ROI, as well as averaged
intensity over the whole reference region. On the contrary,
intensity comparison during manual assessment is highly
estimated, which gives the opportunity to make mistakes in
evaluation of the presence and the extent of bone marrow
oedema lesions. There is a vast range of situations, which
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may mislead the radiologist—for instance, the signal inten-
sity of bone marrow in the midline of the sacral bone could
be highly heterogeneous (Fig. 4a), or the lesion could consist
of two parts—well-marginated of very high intensity and
surrounding it large, blurred, less intense area (Fig. 4b). In
the first case, the radiologist could use tools provided by a
medical image viewer allowing for the calculation of the
mean intensity inside the user-selected ROI and then manu-
ally compare values between the suspected lesion and the
midline of the sacral bone. Regrettably, this method is time-
consuming, especially when a patient has many suspicious
areas within the sacroiliac joints, as well as there still could
be a problem of the absent midline part of the sacrum, due to
its shape. In the second case, the risk of the diagnostic mis-
take is high, as only well-marginated, highly hyperintense
part of a change might draw the attention of the evaluating
radiologist, and hence the magnitude of the lesion would be
underestimated. The second problem was solved by Zarco
etal. tool which was invented for the semi-automated detec-
tion of bone marrow oedema borders and further lesions
scoring [5]. The concept of this software is completely dif-
ferent from ours, as it requires the mouse-click within the
suspected change to detect its actual borders, basing on pre-
determined tolerance range. Hence, this software does not
provide the objectivity regarding lesions detection, as an
observer might unintentionally omit some small changes.
The mean analysis time per single slice was (.64 s for
reference region limited to 1000 pixels and < 0.1 s for entire
reference region. MRI of sacroiliac joints performed in our
centre consists of 18-22 slices (for slice thickness equal to

3 mm) and the joint space is visible on approximately 8-12
slices. In consequence, an analysis time of the whole MRI
examination of one patient is up to 10 s for our technique,
which is faster than median analysis time of Zarco et al.
method—28 s [5]. Processing time reduction for the sec-
ond method of reference signal calculation is a result of an
identical average reference signal intensity and its standard
deviation for all tested pixels. Therefore, an analysis time of
whole SIJ examination for this method of reference signal
acquisition is up to 2 s, which is an excellent result. Never-
theless, the biggest limitation of our method is that before
the automated detection of inflammatory changes it requires
manual preparation of segmentations of bones forming the
sacroiliac joints. This procedure is highly arduous, and it
took our experts approximately between 30 and 45 min to
perform these segmentations. At this point in time, it hinders
the implementation of our method in daily clinical prac-
tice, but our team is currently working on an algorithm for
automated detection of bones forming these joints. Up to
now, any study describing segmentation method of bones
in the sacroiliac joints region on MRI images has not been
published. The first obstacle to the development of this
technique is the fact that STIR sequence cannot be used to
bone segmentation purposes, as clear boundaries are not
visible between bones and some soft tissue structures, for
instance the insertion of piriformis muscle to the sacrum.
Preferred MRI sequence to the assessment of joints ana-
tomical structure is T1-weighted sequence and it was used
in previous studies to the automated segmentation of wrist
bones [10, 11]. The simplest solution of this problem may

Fig.4 a Heterogeneous signal intensity of bone marrow in the mid-
line of sacral bone visible on STIR sequence. b Large bone marrow
oedema lesion within the left iliac bone, which consists of two parts:

small, well-marginated of very high intensity (arrow) and surround-
ing it large, blurred, less intense area (asterisk)—STIR sequence
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be the detection of active sacroiliitis signs on T1-weighted
sequence after contrast media administration, which is also
included in ASAS criteria regarding the positive MRI defini-
tion [2]. Nonetheless, the use of gadolinium-based contrast
media is linked with potential adverse events [12], and there-
fore sequences with contrast enhancement should be avoided
when equally reliable alternative, such as STIR sequence,
is available. Next obstacle is that to transfer segmentations
between T1-weighted sequence and STIR, some technical
parameters (as slice thickness) and patient position must
be identical, what not always is achievable. Conversely, the
accurate method of sacroiliac region bones segmentation and
sacroiliitis detection was developed for computed tomogra-
phy by Shenkman et al.—however, bones are clearly visible,
hyperdense structures in this type of examination and their
segmentation could be performed easily using thresholding
method [13]. Moreover, computed tomography enables to
visualize only late, irreversible changes within the sacro-
iliac joints (erosions, sclerosis, ankylosis) and is not recom-
mended by ASAS to the diagnostics of axSpA in the early
stage [14].

Currently, ASAS axSpA classification criteria consider
bone marrow oedema as the only lesion which fulfils the
definition of positive MRI [2] and this was the reason why
we decided to design an algorithm detecting this kind of
active inflammatory changes. However, next limitation of
our method is that the presence of bone marrow oedema
within the sacroiliac joints is not pathognomonic for axSpA
and it could be visible in patients with non-specific back
pain (up to 23% of cases), women in the postpartum period
(21-41%), athletes (30-41%), soldiers (36%) and healthy
volunteers (up to 7%) [15-19]. For this reason, investiga-
tors are searching for the perfect combination of changes
within the sacroiliac joints, which will increase the specific-
ity of axSpA diagnosis with the use of MRI. Recent reports
suggest the combination of the presence of bone marrow
oedema and chronic structural lesions (such as erosion, fatty
infiltration or sclerosis) in at least two to three quadrants
increases the specificity of axSpA diagnosis without the
decline in sensitivity, in comparison to the bone marrow
oedema presence alone [20, 21]. Hence, the tool for auto-
mated detection of structural changes within the sacroiliac
joint should also be developed in the future.

Another limitation of our method, which is universal for
all CAD systems, is the presence of the automation bias.
This phenomenon is described as the tendency of over-reli-
ance on automated systems, which leads to increased inci-
dence of errors in examination assessment. It is the result
of various factors such as the user cognitive style, previ-
ous experience with CAD systems, task complexity as well
as workload, and could be avoided by strengthening user
accountability [22]. Thus, it is crucial to critically review all
changes highlighted by the algorithm, as well as screen the
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remaining part of sacroiliac joint for the presence of inflam-
matory lesions omitted by the algorithm, before the decision
regarding the disease is made. Finally, the last shortcoming
of the study is a small number of analysed cases.

In conclusion, our semi-automated algorithm allows for
highly objective and credible detection of bone marrow
oedema lesions visible on MRI examination of patients
with axSpA. The detection of affected pixels and quad-
rants with the use of our basic method has comparable
reliability to manual assessment. However, further work
on the algorithm is vital to automate the process of bone
segmentation in the sacroiliac region.
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Online Resource 1
Segmented image Ims is a regular 2D grid of spatial locations (pixels) with an integer label /msz;(k./) assigned

to each spatial location (./):

ImSEG = {ImSEG (k, [) € {1,2,3}, ke (1 e K),l € (1. . L)}. (1

where:

1if (k, 1) € right part of iliac region
2if (k, 1) € sacrum region
3if (k, 1) € left part of iliac region
0 otherwise

Imggq (k1) = (2)

The segmentation of sacrum and iliac regions was performed manually using Segmentation Editor plugin for
ImageJ (National Institutes of Health, Bethesda, MD, USA). In order to define the reference signal region Rgzr.

the coordinates ¢ and Y of the centre of the sacrum region mass were calculated:

Xe= Z(k.l)in sacrum region k/s 3)
YC = Z(k,l)in sacrum region l/S | ’

where S was the number of pixels within the sacrum region (the number of pixels in msz; for which ImsgG(k.l)
was equal to 2). X¢ defines the position of the centre of the sacrum region mass in the horizontal image direction,
while Y defines the position of the centre of the sacrum region mass in the vertical image direction. The reference
signal region Rgz(m) in the m-th slice of the original data was a set of spatial locations (k./) in the m-th slice given

by the following formula:
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Rpgp(m) = {(k, D): Imggg (k, 1) = 2 A |k — X| < REFpy}. *)

where REF7; was a reference region thickness in millimetres, a user-selected parameter of the algorithm. We used

in our calculations REF 7y values ranging from 5 to 10. The sequence of reference regions Rgx(m): m=1...M forms

a 3D reference signal region Ry

In order to find the central line of the right sacroiliac joint we calculated two distance images Dist; and Dist:

Dist, (k, ) = min{y/(k — K)? + (I — L)?: Imgzs (K, L) = 1}

Dist, (k1) = min{y/(k — K)? + (I — L)2: Imggg (K, L) = 2} ©

The presence of the right sacroiliac joint was declared only if the distance between the sacral bone and the right

iliac bone was smaller than some user-set threshold Dyy;:

min{DiSt1 (k, l): [lnSEG (k, l) = 2} S DTH' (6)

We consistently used Dy equal to 10 mm in our calculations. If (6) was met, the difference of distances Dist, and

Dist, namely Diffi, image, was computed:

Dif fi,(k,l) = |Disty (k,1) — Dist,(k,1)|. (7)

In an ideal case of a continuous space. the sacroiliac joint central line passes through points in which Diffi» was
equal to zero. In order to find the right sacroiliac joint central line for an actual case of a finite resolution image,
we solved a minimum weight path problem in Diff}, image defined as follows. A path P in Diffi, was a contiguous
sequence of pixels P={pi, pa...., pr.1, py}, such that p; was a neighbour of p; in Diffy,, only if |i-j|=1 for each i,j =
1...N. We defined p) as the beginning and py as the finishing of 2. The minimal weight path problem for p; and py
was searching for a path Py;y,.(p1, py) connecting py and py in Diffy such that the sum of weights of its constituting

pixels was minimal among all admissible paths connecting p; and py:

Pyin, L(py,py) = arg mi“p={,,1_p2“_>pN_ppN] XY Diffia(v). ®)
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We selected py = (k1./y) as the pixel with /;=0 for which Diff\x(k1./1) was minimal. Similarly, py = (kv./v) was the
pixel with =L for which Diff2(ky.lv) was minimal. Dijkstra's algorithm was used to solve the problem in (8). The
minimal weight path Pygy.(p1. py) was extending from the top to the bottom edge of Diff;» and was restricted to

its part Py 1(ps. p). which was within the sacroiliac joint region. We chose ps and py: such that:

§ = arg min, {Dif f, (p;) < Dry}

E = arg max,{Dif f, (p:) < Dpu} ©)

Note that for a pixel p; included in Pyvz(pi1, py). Diffi(pi) was approximately equal to the half of the distance
between sacral and right iliac bone. Py (ps, pr) was the central line of the right sacroiliac joint. The central line

Py for the left sacroiliac joint was found in an analogous way.

Given Py (ps. pr). we defined the left border of the right iliac bone /L as the set of spatial locations (k./) such

that:

ILg = {(k 1): Imggg (K, 1) = 0, Dif f,(k, 1) < 1, Dif fy (k) = 2MAXyy), (10)
where:

MAXTH = maxp,'EPMm.L(ps.pE){Diffl (pl)} (l l)

Similarly, we defined the right border SACy of the sacral bone:

SACR = {(k,l): ImSEG(k,l) = 0, lefz(k, l) S l,lefl(k,l) 2 ZMAXTH} (12)

The right border of the left iliac bone /Z; and the left border of the sacral bone SAC;, were defined analogously.

The right iliac region of interest ROy, » was defined as the set of spatial locations (k./) such that:

ROIy g = {(k, 1): Imggg (k, 1) = 1 Amingg pyep, {y/ (k — K)? + (1 = L)? < Dy}, (13)
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where D,y was the user-selected width of an analysed region. Similarly, we defined the right sacral region of

interest ROIs ¢ r:

ROIsycp = {(k, 1): Imgg (k, 1) = 2 Amingg pyesacy (/ (kK — K)? + (1 — L)? < Dy} (14)

Left regions of interest for sacrum ROz and iliac bone ROI;;, ;. were defined analogously. In our calculations,

D,y equal to 10 mm was consistently used.

Given the regions of interest and the central lines of sacroiliac joints we can further divide the regions of interest
into quadrants. in accordance with Maksymowych et al. assessment method |7]. Firstly. we estimated the length
of the sacroiliac joint as the distance D between the end points ps and pz of Pyuv(ps. pr). If D was smaller than 10
mm, no analysis of inflammatory changes was performed. If D was higher than 10 mm, but smaller than 30 mm,
only upper quadrants of iliac and sacral bones were present in the regions of interest. Finally, if [ was larger than
30 mm, the regions of interest were divided into the upper and lower quadrants along a straight line passing through

the midpoint pc of Pyyv(ps. pr). perpendicular to Py in pe.

After identifying the 3D reference signal region Rz and regions of interest, we started the detection of bone
marrow oedema lesions. Because the position of a patient during the acquisition of T1-weighted and STIR
sequence remained unchanged, the reference region and quadrants determined on T1-weighted sequence were
directly transferred into STIR sequence. The input STIR image /msz was a regular 2D grid of spatial locations

(pixels) with a STIR signal value assigned to each location:

Img”R = [lms-r,R(k, l) € er,k € (1... K),l € (1...L)}. (15)

where R7; was the range of STIR signal values on MRI images. In order to test for the presence of bone marrow
oedema in a pixel (£, /) belonging to the m-th slice. we defined firstly a set of R reference pixels Rpzi(k./,m) as the

set of 3D spatial locations belonging to Rz within R smallest distances from (Xc. /. m).

Given Rge(k.l,m), we computed an average AJ"and a standard deviation SD of STIR signal over Rgzx(k.,l,m). Next,

we calculated the test statistics 7'(k,/) for Imsr(k.1):

59



Imgrr(k,1)-AV

(k) = =2

(16)
As a second method of reference signal intensity calculation. AV and SD in (16) were calculated over the entire

Rrer set of some user-selected thickness REF7.

Further, if T in (./) was larger than some user-selected threshold 77, a presence of an inflammatory change was

declared in (k./) resulting in an automated recognition image [m.t70,717:

1if T(k,1) > TH

myyro TH(k, 1) = { 0 otherwise

7

Bone marrow oedema lesions were also segmented manually, serving as a gold standard for the performance test
of the developed automated method. The Segmentation Editor plugin for ImageJ] was used to produce manual

segmentations, resulting in a reference gold standard image [m v

1 if lesion perceived by a human reader

Iy, ) = { "

(18)
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Online Resource 2
Statistical analysis
In order to evaluate the performance of our method, we used ROC (Receiver Operating Characteristic) analysis
in two ways. Firstly, to calculate pixel-wise ROC curve, we defined for each threshold 7/ the number of true
positives 7P(TH), the number of false positives FP(TH), the number of positives CP, and the number of

negatives CN in the following way:

CP = |{(k, D): Iy (k, 1) = 1}]

CN = |{(k, D): Tmy,y (k, 1) = 0}
TP(TH) = |{(k, ): Imyyro pyg (k. 1) = 1 ATy (k, 1) = 1}
FP(TH) = |[(k.l)! Imyyrorn (kD) = 1 ATmyy (k, ) = 0}|

(19)

where #|{*}| denoted the number of elements in a set {*}. We calculated total sums of 7P(TH), FP(TH), CP, CN
from all analysed 2D images and in the next step computed the false positive rate #PR(7H) as the ratio of the
total #P(TH) and the total CN. Similarly. the true positive rate TPR(7H) was defined as the ratio of total 7P(TH)
and the total CP. Plotting 7PR(TH) in function of the corresponding #PR(TH) we obtained a pixel-wise ROC
curve. In order to create quadrant-wise ROC curve, we defined the number of quadrant-wise true positives
TPy(TH), the number of quadrant-wise false positives /Po(7H), the number of quadrant-wise positives CPp, and

the number of quadrant-wise negatives CNy in the following way:
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CPy = {gr: Ak, 1) € g Imy gy (k, 1) = 1)}
CNy = |{g,: B(k,1) € q,:Imyyuy (k1) = 1)}
TPy(TH) = |{g: 3k, ), (i, j) € gy Iy (K, ) = 1 Almyypo 7 f) = 1)}
FR(TH) = |{qr: (ﬁ(k,l) € gy Imyy (k,1) = 1A3(0,)) € g Imyyro (i) = 1)}|

. (20

where {g,: 7=1..R} denoted the set of all quadrants defined in the set of all analysed 2D images. The false
positive rate FPRo(TH) was defined as the ratio of Po(TH) and CNp and the true positive rate 7PRo(TH) as the
ratio of 7Po(TH) and CPy. Plotting 7PRo(7H) in function of the corresponding FPRo(TH) a quadrant-wise ROC
curve was obtained.

The diagnostically optimal threshold THopr was selected basing on the value of Youden's statistics.
which was equal to the difference of true positive rate and false positive rate. Given THopr, we calculated the
total number of pixels/quadrants with the bone marrow oedema for each 2D image in the analysed data set, as
detected by the proposed automated method and by manual readers. In the next step, Shapiro-Wilk test was used
to evaluate the normality of data distribution. When the normal distribution assumption was not met, results of
automated and manual detections or two manual detections (pixel- or quadrant-wise) were compared with the

use of Spearman's rank correlation.
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Online Resource 3
ROC curves for different values of REFz; and R, both for pixel- and quadrant-wise comparison for the basic
method of reference signal calculation are presented in Figure Al. Graphs for Youden's statistics in function of

the threshold value TH for pixel- and quadrant-wise ROC analysis are shown in Figure A2.

Figures
Fig. Al (A, B) Pixel-wise and (C, D) quadrant-wise ROC curves for Reader 1 (A, C) and Reader 2 (B, D) for
REFm=5 and R=50 (circles), REFm=5 and R=250 (squares), REF7z=10 and R=1000 (up triangles), and

REFr#=10 and entire reference region (down triangles)
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Fig. A2 Youden's statistics plotted versus TH for (A, B) pixel-wise and (C, D) quadrant-wise ROC analysis for
Reader 1 (A, C) and Reader 2 (B, D) for REF»=5 and R=50 (circles), REF7x=5 and R=250 (squares), REF7z=10
and R=1000 (up triangles), and REF75=10 and entire reference region (down triangles). The optimal diagnostic
threshold THopr corresponds to the maximal value of Youden's statistics.
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10 OGRANICZENIA BADANIA

W Polsce czestos¢ wystgpowania zesztywniajacego zapalenia stawow kregostupa
wynosi 0,083%, natomiast axSpA w stadium przedradiograficznym 0,059% [16]. Z
kolei, zapadalno$é¢ na axSpA w Europie Srodkowej jest szacowana na 0,5 — 14 na 100
000 os6b [1]. Dlatego tez zgromadzenie duzej grupy badawczej pacjentow z axSpA jest
trudnym zadaniem — w podobnych pracach zinnych o$rodkow liczebnos¢ grupy
miescita si¢ W zakresie od 30 do 63 osob [10, 17-21]. Ponadto, wiaczenie sekwencji
dyfuzyjnej oraz perfuzyjnej do protokotu obrazowania MR pacjentow z podejrzeniem
axSpA w osrodku, z ktérego zostaty pozyskane badania obrazowe, nastgpilo niecale
dwa lata przed zakonczeniem gromadzenia danych do prac badawczych. Ze wzgledu na
fakt, iz debata nad shuszno$cig zastosowania badania wieloparametrycznego MR
w diagnostyce axSpA przybrata na sile od roku 2018, a opublikowane artykuly na ten
temat byly nieliczne i miaty sprzeczne wyniki [10, 17, 19, 21], zdecydowano si¢ na
wczesng publikacje wynikow badania, aby wlaczy¢ si¢ wnadal aktualng
migdzynarodowg dyskusje na temat przydatnosci badania wieloparametrycznego MR
w diagnostyce axSpA. Nalezy rowniez podkresli¢, ze liczebno$¢ grupy badawczej na
poziomie 49 o0so6b zostala zaakceptowana przez recenzentOw renomowanego

czasopisma reumatologicznego Rheumatology International.

Ponadto, nalezy zwr6ci¢ uwagg na kwestie kontrowersji istniejagcych wokot obecnej
definicji pozytywnego wyniku badania MR SKB pod katem diagnozy axSpA wedlug
kryteriow ASAS, ktéra wymaga zidentyfikowania wylacznie zmian 0 typie obrzgku
szpiku kostnego o charakterystycznej lokalizacji i rozlegto$ci. Po pierwsze, nie jest to
objaw patognomoniczny dla axSpA imoze by¢ stwierdzony U23% 0s6b
z niespecyficznym boélem plecow inawet do 7% zdrowych oséb [22]. Po drugie,
pojawia si¢ coraz wigcej opinii, ze wilaczenie zmian strukturalnych (nadzerki
i sklerotyzacja w obrgbie warstw korowych kosci tworzacych SKB, podchrzestna
przebudowa ttuszczowa szpiku kostnego) do definicji pozytywnego wyniku MR SKB
wg kryteriow ASAS poprawitoby ich swoisto$§¢, bez wplywu na czulosé, co
pozwolitoby unikngé¢ wielu pomytek diagnostycznych [23, 24]. Niemniej jednak, nie
zebrano jeszcze wystarczajacej ilosci danych naukowych pozwalajacych na

modyfikacje kryteriow klasyfikujacych ASAS, stad w metodyce niniejszej pracy
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doktorskiej uzyto obecnie obowigzujacej definicji

w przebiegu axSpA.

aktywnego zapalenia SKB

66



11 WNIOSKI

O

o

o

Na chwilg obecng, jedynymi rekomendowanymi przez reumatologiczne
towarzystwa naukowe EULAR i ASAS metodami obrazowania stosowanymi
w diagnostyce i monitorowaniu axSpA sg RTG oraz MR (sekwencja STIR, lub
inny rodzaj sekwencji T2-zaleznej z supresja sygnatu z tkanki thuszczowe;j, lub
sekwencja Tl-zalezna po podaniu gadolinowego $rodka kontrastujgcego),
ktorych skuteczno$¢ jest umiarkowana. Szansg na poprawe wiarygodnosci
diagnostyki axSpA sg takie techniki jak badanie wieloparametrycznego MR
SKB z uzyciem obrazowania dyfuzyjnego (DWI) i perfuzyjnego (DCE), a takze
metody obiektywizacji oceny aktywnosci choroby zwigzane z potilosciows, lub

ilosciowa analizg wybranych parametrow.

Wizualna ocena obecnosci zmian 0 charakterze obrzeku szpiku kostnego
w obrgbie SKB z uzyciem sekwencji dyfuzyjnej DWI z mapami ADC oraz
sekwencji perfuzyjnej DCE, wchodzacych w sktad badania
wieloparametrycznego MR, ma nizszg wiarygodnos¢ we wczesnej diagnostyce
axSpA niz standardowo stosowana sekwencja STIR. Spowodowane jest to niska
swoisto$cig wyzej wymienionych sekwencji, a takze stabsza zgodno$cig migdzy

badaczami w ich ocenie.

Zaproponowany algorytm do poélautomatycznej detekcji zmian zapalnych
0 charakterze obrzgku szpiku kostnego w sekwencji STIR badania
wieloparametrycznego MR, bedacych objawem aktywnego zapalenia SKB
w przebiegu axSpA, pozwala na ich wykrycie z wiarygodno$cig porownywalng
do recznych oznaczen lekarza radiologa. Tego typu narzedzie pozwoli
usprawni¢ prac¢ lekarza zard6wno poprzez wykrywanie zmian przez niego
pominigtych, jak i przyspieszenie ilosciowej, lub potilosciowej (skala SPARCC)

oceny nasilenia stanu zapalnego.
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