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STRESZCZENIE W JĘZYKU POLSKIM 
1.  WYKAZ STOSOWANYCH SKRÓTÓW 

BMI   Wskaźnik Masy Ciała 
CKD   Przewlekła Choroba Nerek 
eGFR   Szacunkowy Wskaźnik Filtracji Kłębuszkowej 
MDRD   Szacunkowy Wskaźnik Filtracji Kłębuszkowej (uproszczony) 
CKD  Przewlekła choroba nerek 
TSE   Turbo Spin Echo 
SPAIR   Spektralne Wstępne Nasycenie z Odwróceniem 
3D TSE SPIR 
imaging   Obrazowanie 3D Turbo Spin Echo Spektralne Wstępne Nasycenie z Odwróceniem 
mDixon   Pozyskiwanie obrazów echa gradientowego w fazie i przeciwfazie 
STIR   Krótki Odwrócony Czas Relaksacji 
T2   Stała czasowa dla rozpadu/dekoherencji magnetyzacji poprzecznej 
DWI   Obrazowanie Dyfuzyjne 
ADC   Pozorny współczynnik dyfuzji 
ROI   Region Zainteresowania 
FSO   Statystyka Pierwszego Rzędu 
GLCM   Macierz Współwystępowania Poziomów Szarości 
GLSZM   Macierz Rozmiaru Stref Poziomów Szarości 
GLRLM   Macierz Długości Ciągów Poziomów Szarości 
NGTDM   Macierz Różnic Tonów Szarości Sąsiedztwa 
GLDM   Macierz Zależności Poziomów Szarości 
SAE   Podkreślenie Małych Obszarów 
LAE   Podkreślenie Dużych Obszaró® 
GLN   Niejednorodność Poziomów Szarości 
GLNN   Normalizowana Niejednorodność Poziomów Szarości 
SZN   Niejednorodność Stref Rozmiaru 
SZNN   Normalizowana Niejednorodność Stref Rozmiaru 
ZP   Procent Strefy 
GLV   Wariancja Poziomów Szarości 
ZV   Wariancja Strefy 
ZE   Entropia Strefy 
LGLZE   Podkreślenie Strefy Niskich Poziomów Szarości 
HGLZE   Podkreślenie Strefy Wysokich Poziomów Szarości 
SALGLE   Podkreślenie Małe Obszary Niskich Poziomów Szarości 
SAHGLE   Podkreślenie Małe Obszary Wysokich Poziomów Szarości 
LALGLE   Podkreślenie Duże Obszary Niskich Poziomów Szarości 
LAHGLE   Podkreślenie Duże Obszary Wysokich Poziomów Szarości 
SRE   Podkreślenie Krótkich Ciągiów 
LRE   Podkreślenie Długich Ciągiów 
RLN   Niejednorodność Długości Ciągów 
RLNN   Normalizowana Niejednorodność Długości Ciągów 
RP   Procent Ciągu 
RV   Wariancja Ciągu 
RE   Entropia Ciągu 
LGLRE   Podkreślenie Ciągiów Niskich Poziomów Szarości 
HGLRE   Podkreślenie Ciągiów Wysokich Poziomów Szarości 



7 
 

SRLGLE   Podkreślenie Krótkich Ciągiów Niskich Poziomów Szarości 
SRHGLE   Podkreślenie Krótkich Ciągiów Wysokich Poziomów Szarości 
LRLGLE   Podkreślenie Długich Ciągiów Niskich Poziomów Szarości 
LRHGLE   Podkreślenie Długich Ciągiów Wysokich Poziomów Szarości 
SDE   Podkreślenie Małej Zależności 
LDE   Podkreślenie Dużej Zależności 
DN   Niejednorodność Zależności 
DNN   Normalizowana Niejednorodność Zależności 
DV   Wariancja Zależności 
DE   Entropia Zależności 
LGLE   Podkreślenie Niskich Poziomów Szarości 
HGLE   Podkreślenie Wysokich Poziomów Szarości 
SDLGLE   Podkreślenie Małej Zależności Niskich Poziomów Szarości 
SDHGLE   Podkreślenie Małej Zależności Wysokich Poziomów Szarości 
LDLGLE   Podkreślenie Dużej Zależności Niskich Poziomów Szarości 
LDHGLE   Podkreślenie Dużej Zależności Wysokich Poziomów Szarości 
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2. WPROWADZENIE 
 

Analiza teksturalna, stosowana w diagnostyce obrazowej, zwłaszcza w rezonansie 
magnetycznym (MRI), jest innowacyjną techniką, która może zmienić sposób, w jaki lekarze 
postrzegają i interpretują obrazy medyczne. Wykorzystując zaawansowane algorytmy do 
analizy szczegółów tekstury, metoda ta umożliwia wydobycie informacji z obrazów, 
pozwalając lekarzom na lepsze zrozumienie procesów zachodzących w mikrostrukturach 
tkankowych. Ta subtelna analiza wykracza poza możliwości tradycyjnych technik 
obrazowania, umożliwiając wykrycie zmian na poziomie molekularnym i tkankowym, które 
mogą być kluczowe dla wczesnego rozpoznawania, monitorowania oraz leczenia różnych 
jednostek chorobowych. 

Tekstura obrazu MRI, rozumiana jako złożony wzorzec intensywności wokseli, może ujawnić 
istotne informacje o składzie, strukturze oraz funkcji tkanki. Analiza teksturalna wykorzystuje 
parametry między innymi takie jak kontrast, jednorodność czy entropia do oceny i interpretacji 
tych wzorców, co pozwala na identyfikację subtelnych różnic w obrazach tkankowych, często 
niewidocznych dla standardowych metod obrazowania.  

W dziedzinie onkologii, gdzie wczesne wykrycie i monitorowanie reakcji na terapię ma 
kluczowe znaczenie, analiza teksturalna może stać się nieocenionym narzędziem. Pozwolić 
może na identyfikację mikroskopijnych zmian w tkance nowotworowej, które mogą 
wskazywać na odpowiedź na leczenie lub jej brak, jeszcze zanim będą widoczne jakiekolwiek 
zmiany w rozmiarze guza. To z kolei może umożliwić lekarzom szybką modyfikację planu 
terapii, zwiększając tym samym szanse pacjenta na powrót do zdrowia. 

Co więcej, analiza teksturalna może odegrać kluczową rolę w personalizowanej medycynie. 
Poprzez możliwą identyfikację unikalnych wzorców teksturalnych, związanych z określonymi 
stanami patologicznymi, lekarze będą mogli dostosować terapię do indywidualnych cech 
choroby pacjenta, co może znacząco poprawić efektywność leczenia. Personalizacja terapii, 
oparta na precyzyjnej diagnozie, staje się dzięki temu bardziej osiągalna, co stanowi ogromny 
postęp w medycynie, przyczyniając się do zwiększenia szans na sukces terapeutyczny. 

Bezpieczeństwo i komfort pacjenta są kolejnymi ważnymi aspektami, gdzie analiza teksturalna 
ma znaczący wpływ. Jako metoda nieinwazyjna używająca obrazy, które pacjent rutynowo 
uzyskuje w trakcie diagnostyki, znacząco może ograniczyć ryzyko powikłań związanych z 
inwazyjnymi procedurami diagnostycznymi. To może uczynić ją szczególnie wartościową w 
przypadkach, gdzie konieczne jest częste monitorowanie stanu pacjenta, jak na przykład w 
przypadku chorób przewlekłych czy w onkologii. Ponadto, nieinwazyjny charakter analizy 
teksturalnej może sprawić, że jest ona metodą bezpieczną i przyjazną dla pacjentów, w tym dla 
dzieci oraz osób z grup wysokiego ryzyka.  

Kolejnym przykładem może być istotność tej metody w neurologii, analiza teksturalna również 
odgrywać może tu kluczową rolę, umożliwiając lepsze zrozumienie mechanizmów chorób 
neurodegeneracyjnych. Przez analizę subtelnych zmian w strukturze mózgu, lekarze będą 
mogli lepiej zrozumieć, jak choroby takie jak Alzheimer czy stwardnienie rozsiane wpływają 
na tkankę mózgową, co może prowadzić do wcześniejszego rozpoznania i lepszego 
dostosowania terapii. 
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Podsumowując, analiza teksturalna w diagnostyce obrazowej jest przełomem 
technologicznym, który znacząco może poszerzyć możliwości diagnostyczne i terapeutyczne 
w medycynie. Oferuje ona możliwość nie tylko wczesnego wykrywania chorób i możliwe 
precyzyjne monitorowanie leczenia, ale również może otworzyć drogę do bardziej 
spersonalizowanej i skutecznej opieki medycznej. Przez umożliwienie lekarzom głębszego 
zrozumienia subtelnych zmian tkankowych, analiza teksturalna może przyczynić się do 
szybszego i bardziej świadomego podejmowania decyzji klinicznych, co z kolei może 
przełożyć się na lepsze wyniki leczenia i poprawę jakości życia pacjentów. W erze, gdzie 
precyzja i personalizacja w medycynie stają się coraz bardziej pożądane, analiza teksturalna 
wyróżnia się jako kluczowe narzędzie, wspierające rozwój nowoczesnej, skoncentrowanej na 
pacjencie opieki zdrowotnej. 
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3. CELE PRACY 
 

Podstawowym celem badań było eksploracja i zweryfikowanie Analizy Teksturalnej 
(TA) jako narzędzia wspomagającego w diagnostyce i monitoringu stanu zdrowia za pomocą 
Obrazowania Rezonansem Magnetycznym (MRI). Konkretnie, te badania miały na celu 
udoskonalenie i potwierdzenie TA jako metody uzupełniającej tradycyjne podejścia 
diagnostyczne, poprawiając dokładność diagnozowania i monitorowania stanu zdrowia 
pacjentów, co przekłada się na większą precyzję i efektywność diagnostyki. 

1. Pierwszy Artykuł: 

Cel: Ocena potencjalnej roli TA w monitorowaniu funkcji przeszczepionych  
 nerek. 

Cel szczegółowy: Prezentacja TA jako metody umożliwiającej identyfikację  
 zależności między parametrami tekstury a wskaźnikami funkcji nerek (takimi jak  
 eGFR i kreatynina). 

2. Drugi Artykuł: 

Cel: Eksploracja możliwości zastosowania TA w ocenie stanu gruczołów   
 ślinowych w kontekście zespołu Sjögrena u dzieci. 

Cel szczegółowy: Demonstracja, że TA może służyć jako narzędzie do   
 nieinwazyjnej oceny i potencjalnego różnicowania stanów patologicznych   
 gruczołów ślinowych, co może być szczególnie wartościowe w diagnostyce  
 zespołu Sjögrena. 

Podsumowując, nadrzędnym celem jest rozwój i potwierdzenie skuteczności TA jako narzędzia 
wspomagającego standardowe metody MRI, z nadzieją na ulepszenie diagnostyki i 
monitorowania stanu zdrowia bez konieczności stosowania dodatkowych inwazyjnych 
procedur. Oba artykuły podkreślają potrzebę dalszych badań w celu dokładnego zrozumienia 
możliwości, ograniczeń i praktycznego zastosowania TA w medycynie klinicznej. Wskazują 
one na potencjał TA jako narzędzia uzupełniającego standardowe metody MRI, z nadzieją na 
ulepszenie procesów diagnostycznych i monitorowania stanu zdrowia, jednocześnie 
zaznaczając, że dalsze badania są konieczne, aby w pełni wykorzystać możliwości TA. 
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4. OMÓWIENIE PUBLIKACJI WCHODZĄCYCH W SKŁAD ROZPRAWY DOKTORSKIEJ 
 

1. Publikacja 1. 
 

Computation of the texture features on T2-weighted images as a novel method to assess the 
function of the transplanted kidney: primary research. 

 

Celem badania było zastosowanie analizy teksturalnej (TA) do oceny funkcji nerek po 
transplantacji (KTx). Przeprowadzone badania opierają się na hipotezie, że TA stosowana do obrazów 
MRI z ważeniem T2 może skutecznie ocenić funkcję przeszczepionych nerek. W publikacji 
przeanalizowano cechy teksturalne obrazów z ważeniem T2 od dziewięciu pacjentów z 
przeszczepionymi nerkami, dążąc do wykrycia statystycznej różnicy w tych cechach w zależności od 
umiejscowienia regionu zainteresowania (ROI) w obrębie nerek. 

Metodologia badania obejmuje retrospektywne badania skanów MRI wybranych pacjentów. 
Szczególne znaczenie ma skupienie się na obrazach z ważeniem T2, biorąc pod uwagę ich istotność w 
obrazowaniu nerek. W badaniu zanalizowano cechy teksturalne i korelacje tych cech z oszacowaną 
czynnościową filtracją kłębuszkową (eGFR), obliczaną przy użyciu formuły Chronic Kidney Disease 
Epidemiology Collabora�on (CKD-EPI). Do analizy statystycznej wykorzystywano test korelacji 
Spearmana i test U Manna-Whitneya. 

Zaobserwowano znaczącą korelację między parametrami teksturalnymi obrazów z ważeniem T2 a 
wskaźnikami funkcji nerek, głównie eGFR i poziomami kreatyniny. Korelacja ta jest szczególnie wyraźna, 
gdy ROI znajduje się w korze nerki, co sugeruje, że cechy teksturalne regionu korowego lepiej opisują 
funkcję nerki niż te z regionu piramid. Wykazano znaczące różnice w parametrach teksturalnych w 
zależności od umiejscowienia ROI, potwierdzając hipotezę, że przestrzenny rozkład ROI w obrębie nerki 
wpływa na wyniki analizy teksturalnej. 

Artykuł odnosi się do znaczenia wyżej wymienionych zależności. Znacząca korelacja między 
określonymi parametrami teksturalnymi a wskaźnikami funkcji nerek, szczególnie w regionie korowym, 
podkreśla potencjał TA w nieinwazyjnym monitorowaniu zdrowia i funkcji przeszczepionych nerek. Brak 
znaczącej korelacji między cechami teksturalnymi a wskaźnikami funkcji nerek przy rozważaniu całego 
ROI nerki jest intrygującym odkryciem, podkreślającym złożoność struktury i funkcji nerek oraz 
potrzebę precyzyjnego umiejscowienia ROI w TA. 

Zastosowanie obrazów MRI z T2 do analizy teksturalnej jest nową i potencjalnie rozwojową metodą 
oceny funkcji przeszczepionych nerek. Znaczące korelacje zaobserwowane między parametrami 
teksturalnymi a kluczowymi wskaźnikami funkcji nerek, szczególnie w korze nerki, otwierają nową 
drogę dla nieinwazyjnego, obrazowego monitorowania biorców przeszczepów nerek. W publikacji 
wskazano również potrzebę dalszych badań, zwłaszcza w celu określenia optymalnej wielkości ROI i 
jego umiejscowienia w obrębie narządu, aby w pełni wykorzystać potencjał TA w tym kontekście. 

Podsumowując, badanie przedstawia możliwość wykorzystania analizy teksturalnej obrazów MRI z 
ważeniem T2 do oceny funkcji przeszczepionych nerek. Zaobserwowana korelacja między parametrami 
teksturalnymi a wskaźnikami funkcji nerek może otwierać nowe możliwości nieinwazyjnego 
monitorowania przeszczepów nerek. Niemniej jednak, w publikacji również wskazuje na potrzebę 
dalszych kompleksowych badań w celu udoskonalenia metodologii i wykorzystania w pełni potencjału 
tej innowacyjnej metody.  
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2. Publikacja 2. 
 

Textural analysis of magnetic resonance images as an additional evaluation tool of parotid 
glands in Sjögren - primarily findings   

 

Zespół Sjögrena (SS) u pacjentów pediatrycznych stwarza unikalne wyzwania 
diagnostyczne z powodu swojej niespecyficznej i często opóźnionej prezentacji klinicznej. 
Tradycyjne metody diagnostyczne, takie jak ultrasonografia gruczołów ślinowych, sialografia 
i scyntygrafia, dostarczają cennych informacji, ale wiążą się z istotnymi ograniczeniami i 
ryzykiem. Sialografia MRI jest niedostatecznie wykorzystywana, a analiza tekstury obrazów 
MRI jest obiecującą metodą, która może ulepszyć proces diagnostyczny. 

Badanie objęło 36 pacjentów z dodatnim wynikiem biopsji przyusznych gruczołów ślinowych 
dla SS oraz grupę kontrolną 20 ochotników w wieku od 5 roku życia do 20 roku życia. Protokół 
badania obejmował sekwencję przeglądową i sekwencje morfologiczne w trzech 
płaszczyznach. Główne sekwencje to obrazowanie z ważeniem dyfuzyjnym (DWI) oraz 
obrazowanie z ważeniem T2, które umożliwiały wszechstronną ocenę aspektów 
anatomicznych i patologicznych odgrywając kluczową rolę w zrozumieniu zespołu Sjögrena 
w populacji pediatrycznej. 

Ocenę stanu gruczołów ślinowych przeprowadzono na podstawie zmodyfikowanych kryteriów 
Tonami. Ocena była oparta na wysokiej intensywności sygnału T2 w całym obszarze 
gruczołów w sekwencji sialografii MRI. Do korekty niejednorodności pola zastosowano 
algorytm N4, zwiększając tym samym jakość i dokładność analizy. Aby zminimalizować 
potencjalny wpływ otaczających tkanek lub artefaktów, obszar zainteresowania (ROI) został 
ręcznie nakreślony tak, aby obejmował wszystkie gruczoły, z marginesem 1 mm od krawędzi. 

Cechy tekstury ekstrahowane z ROI zostały podzielone na podgrupy: statystyki pierwszego 
rzędu, macierz współwystępowania poziomów szarości, macierz rozmiaru strefy szarości, 
macierz długości biegu szarości, macierz różnicy tonów szarości sąsiednich oraz macierz 
zależności poziomu szarości. Analizy statystyczne przeprowadzono za pomocą SPSS Statistics 
27. Test Shapiro-Wilka ujawnił, że parametry nie podążały za normalnym rozkładem, co 
skłoniło do zastosowania testu korelacji Spearmana w celu zbadania relacji między zebranymi 
danymi oraz zidentyfikowania korelacji między cechami tekstury w chorych i zdrowych 
gruczołach. Test Kruskala-Wallisa dla niezależnych prób został zastosowany do porównania 
różnic grupowych między gruczołami, a analiza post hoc przeprowadzona została w celu 
określenia, które grupy wykazały istotne różnice, przyjmując poziom istotności na p<0,05. 

W badaniu oceniono stopnie sialografii MRI dla każdego gruczołu, biorąc pod uwagę obecność 
zmian torbielowatych. Zanotowano następujący rozkład: stopień 0 w 12 gruczołach (16%), 
stopień 1 w 8 gruczołach (11%), stopień 2 w 30 gruczołach (42%) i stopień 3 w 22 gruczołach 
(31%). Średnia wartość współczynnika dyfuzji (ADC) dla pacjentów z SS i grupy kontrolnej 
została uzyskana z ROI w każdym gruczole, przy czym średnia wartość ADC była zależna od 
stopnia morfologii MRI. Stwierdzono statystycznie istotne różnice (p<0,05) między grupami: 
1 - zdrowe (p= 0,005), 1-3 (p=0,046), 0 - 3 (p=0,035) oraz 0 - zdrowe (p=0,001). Całkowite 
obrazy ADC do analizy tekstury zostały wygenerowane dla każdego gruczołu, bez rozróżnienia 
między gruczołami lewymi a prawymi. Znaleziono umiarkowaną korelację między cechami 
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tekstury a stopniami morfologii MRI, a konkretnie zauważono pozytywną i umiarkowaną 
korelację między indywidualnymi parametrami morfologii MRI a niektórymi konkretnymi 
parametrami tekstury, szczególnie parametrami statystyk pierwszego rzędu. Ta korelacja 
sugeruje, że parametry statystyk pierwszego rzędu mogą zostać wykorzystane do skutecznego 
wyodrębniania kluczowych szczegółów dotyczących cech strukturalnych gruczołu, jak widać 
na obrazach MRI. 

W badaniu porównano również średnie wartości analizy obrazu i tekstury obrazów ADC z 
ocenami MRI w klasyfikacji Tonami. Parametry obejmowały skalę Tonami, entropię, kurtozę, 
skośność, GLDM_Zależność od Niejednorodności, GLDM_Mała Zależność Wysokiego 
Poziomu Szarości, GLCM_Imc1, GLRLM_Entropia Biegu oraz GLSZM_Entropia Strefy. 
Wyniki wskazały, że wartości ADC były zbliżone do ocen MRI według. skali Tonami, co 
potwierdza średnia wynosząca 0.01, odchylenie standardowe 0.00 i kurtoza 3.86. Ponadto, 
GLDM_Zależność od Niejednorodności i GLDM_Mała Zależność Wysokiego Poziomu 
Szarości wykazały podobne wartości, wskazując na możliwość zastosowania obrazów ADC 
do wcześniejszego wykrywanie stopnia 1 w MRI w klasyfikacji Tonami. 

Zbadano różnice teksturalne w dwóch regularnie pozyskiwanych sekwencjach MRI u 
pacjentów z SS - mapach ADC i obrazach z ważeniem T2. Skala Tonami dla pozytywnej 
sialografii MRI posłużyła jako punkt odniesienia do porównywania danych pochodzących z 
analizy tekstury. Wykazano, że wyższe oceny sialografii korelowały ze zwiększonymi 
wartościami ADC, co sugeruje, że ADC, często używane jako marker procesu zapalnego, może 
pomóc w szybkiej diagnozie wczesnego stadium SS (stopień 1). Zanotowano niższe wartości 
kurtozy i skośności w najwyższym stopniu skali Tonami, co prawdopodobnie wskazuje na 
zwiększoną heterogeniczność tkanki z powodu zaniku, rozrostu tkanki włóknistej i 
wypełnienia płynem sialectasis. 

Głównym wnioskiem jest to, że parametry teksturalne stanowią obiecujące narzędzie do oceny 
zapalenia gruczołów ślinowych i mogą potencjalnie odgrywać rolę we wczesnej diagnozie i 
monitorowaniu zespołu Sjögrena. Złożona natura zespołu Sjögrena, jego zróżnicowane 
prezentacje kliniczne oraz ograniczenia tradycyjnych metod diagnostycznych powodują, że 
konieczne jest poszukiwanie innowacyjnych rozwiązań, takich jak analiza tekstury MRI. 
Badanie to wyróżnia kilka obszarów, w których analiza tekstury może poprawić proces 
diagnostyczny, takich jak wczesna diagnoza zespołu Sjögrena (stopień 1), monitorowanie 
przebudowy gruczołów ślinowych w procesie zespołu Sjögrena, zmniejszanie narażenia na 
promieniowanie oraz umożliwianie bardziej indywidualnego planowania leczenia. Integracja 
analizy tekstury z sekwencjami sialografii i mapami ADC prezentuje nowatorskie podejście do 
diagnozowania SS we wczesnym stadium u dzieci i przyczynia się do poprawy monitorowania 
choroby. W badaniu wykorzystano obrazowanie MRI do diagnozowania zespołu Sjögrena, 
charakteryzującego się nawracającym lub utrzymującym się powiększeniem gruczołów 
ślinowych u dzieci. 
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5. WNIOSKI 
 

W pracy badawczej skupiono się na eksploracji i potwierdzeniu skuteczności analizy 
teksturalnej (TA) jako narzędzia wspomagającego w diagnostyce i monitoringu stanu zdrowia 
przy użyciu Obrazowania Rezonansem Magnetycznym (MRI).  

W pierwszej pracy przedstawiono zastosowanie TA w monitorowaniu funkcji 
przeszczepionych nerek. Badania wykazały istotną korelację między parametrami 
teksturalnymi obrazów MRI a wskaźnikami funkcji nerek, co sugeruje potencjał TA w 
nieinwazyjnym monitorowaniu zdrowia i funkcji przeszczepionych nerek. Zaobserwowano, że 
cechy teksturalne regionu korowego nerki lepiej opisują funkcję nerki niż te z regionu piramid, 
co podkreśla znaczenie precyzyjnego umiejscowienia regionu zainteresowania (ROI) w TA. 

W drugiej pracy skoncentrowano się na potencjale TA w diagnostyce zespołu Sjögrena u dzieci, 
gdzie wykorzystanie obrazowania MRI jest obiecującą metodą mogącą ulepszyć proces 
diagnostyczny. Badanie objęło analizę cech tekstury ekstrahowanych z obrazów MRI, co 
umożliwiło skuteczną identyfikację zmian strukturalnych gruczołów ślinowych. Wyniki 
wykazały korelację między cechami tekstury a stopniami morfologii MRI, co sugeruje 
możliwość wykorzystania TA jako narzędzia do wczesnej diagnozy zespołu Sjögrena oraz 
monitorowania przebudowy gruczołów ślinowych w procesie choroby. 

Podsumowując, analiza teksturalna w diagnostyce obrazowej może znacząco poszerzyć 
możliwości diagnostyczne i terapeutyczne w medycynie. Umożliwienie lekarzom lepszego 
zrozumienia subtelnych zmian tkankowych może przełożyć się na lepsze wyniki leczenia i 
poprawę jakości życia pacjentów. Jednakże, wyniki obu prac podkreślają potrzebę dalszych 
badań w celu dokładnego zrozumienia możliwości, ograniczeń i praktycznego zastosowania 
TA w medycynie klinicznej. 
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SUMMARY IN ENGLISH 
1.  LIST OF ABBREVIATIONS 

BMI   Body Mass Index 
CKD   Chronic Kidney Disease 
eGFR   Es�mated Glomerular Filtra�on Rate 
MDRD   Modifica�on of Diet in Renal Disease 
CKD  Chronic Kidney Disease Epidemiology Collabora�on 
TSE   Turbo Spin Echo 
SPAIR   Spectral Presatura�on with Inversion Recovery 
3D TSE SPIR imaging   3D Turbo Spin Echo Spectral Presatura�on with Inversion Recovery imaging 
mDixon   Time consuming acquisi�on of in phase and opposed phase gradient echo 

images 
STIR   Short TI Inversion Recovery 
T2   The �me constant for decay/dephasing of transverse magne�za�on 
DWI   Diffusion weighted Imaging 
ADC   Apparent Diffusion Coefficient 
ROI   Region of Interest 
FSO   First order sta�s�c 
GLCM   Gray Level Cooccurrence Matrix 
GLSZM   Gray Level Size Zone Matrix 
GLRLM   Gray Level Run Length Matrix 
NGTDM   Neighboring Gray Tone Difference Matrix 
GLDM   Gray Level Dependence Matrix 
SAE   Small Area Emphasis 
LAE   Large Area Emphasis 
GLN   Gray Level Non-Uniformity 
GLNN   Gray Level Non-Uniformity Normalized 
SZN   Size Zone Non-Uniformity 
SZNN   Size Zone Non-Uniformity Normalized 
ZP   Zone Percentage 
GLV   Gray Level Variance 
ZV   Zone Variance 
ZE   Zone Entropy 
LGLZE   Low Gray Level Zone Emphasis 
HGLZE   High Gray Level Zone Emphasis 
SALGLE   Small Area Low Gray Level Emphasis 
SAHGLE   Small Area High Gray Level Emphasis 
LALGLE   Large Area Low Gray Level Emphasis 
LAHGLE   Large Area High Gray Level Emphasis 
SRE   Short Run Emphasis 
LRE   Long Run Emphasis 
RLN   Run Length Non-Uniformity 
RLNN   Run Length Non-Uniformity Normalized 
RP   Run Percentage 
RV   Run Variance 
RE   Run Entropy 
LGLRE   Low Gray Level Run Emphasis 
HGLRE   High Gray Level Run Emphasis 
SRLGLE   Short Run Low Gray Level Emphasis 
SRHGLE   Short Run High Gray Level Emphasis 
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LRLGLE   Long Run Low Gray Level Emphasis 
LRHGLE   Long Run High Gray Level Emphasis 
SDE   Small Dependence Emphasis 
LDE   Large Dependence Emphasis 
DN   Dependence Non-Uniformity 
DNN   Dependence Non-Uniformity Normalized 
DV   Dependence Variance 
DE   Dependence Entropy 
LGLE   Low Gray Level Emphasis 
HGLE   High Gray Level Emphasis 
SDLGLE   Small Dependence Low Gray Level Emphasis 
SDHGLE   Small Dependence High Gray Level Emphasis 
LDLGLE   Large Dependence Low Gray Level Emphasis 
LDHGLE   Large Dependence High Gray Level Emphasis 
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2.   INTRODUCTION 
 

Texture analysis, applied in medical imaging, particularly in magnetic resonance 
imaging (MRI), is an innovative technique that can change how doctors perceive and interpret 
medical images. By utilizing advanced algorithms to analyze texture details, this method allows 
the extraction of more information from images, providing doctors with a deeper understanding 
of tissue structures and microstructures. This subtle analysis goes beyond the capabilities of 
traditional imaging techniques, enabling the detection of molecular and tissue-level changes 
that may be crucial for early recognition, monitoring, and treatment of various disease entities. 

The texture of an MRI image, understood as a complex pattern of voxel intensities, can reveal 
significant information about tissue composition, structure, and function. Texture analysis uses 
parameters such as contrast, uniformity, or entropy, among others, to assess and interpret these 
patterns, allowing for the identification of subtle differences in tissue images, often invisible to 
standard imaging diagnostic methods. Thus, texture analysis opens new perspectives in medical 
diagnostics, offering a tool capable of potentially early disease detection, precise therapy 
progress monitoring, and adjusting treatment to individual patient needs. 

Texture analysis can become an invaluable tool in oncology, where early detection and 
monitoring of therapy response are crucial. It may allow the identification of microscopic 
changes in tumor tissue, which may indicate a response to treatment or lack thereof, even before 
any changes in tumor size are visible to the eye of radiologists. This, in turn, may enable doctors 
to quickly modify the treatment plan, thereby increasing the patient's chances of recovery. 

Moreover, texture analysis can play a key role in personalized medicine. By identifying unique 
textural patterns associated with specific pathological conditions, doctors may be able to 
modify therapy to the individual characteristics of a patient's disease, which can significantly 
improve treatment effectiveness. The personalization of therapy, based on precise diagnosis, 
thus becomes more reasonable, marking a significant advancement in medicine and 
contributing to an increase in the chances of therapeutic success. 

Patient safety and comfort are other important aspects that texture analysis can significantly 
impact. As a non-invasive method using images that patients routinely obtain during 
diagnostics, it can significantly reduce the risk of complications associated with invasive 
diagnostic procedures. This may make it particularly valuable in cases where frequent patient 
condition monitoring is necessary, such as in chronic diseases or oncology. Moreover, the non-
invasive nature of texture analysis may make it a safe and patient-friendly method, including 
for children and high-risk groups. 

Another example may be the importance of this method in neurology, where texture analysis 
can also play a crucial role, enabling a better understanding of the mechanisms of 
neurodegenerative diseases. Through the analysis of subtle changes in brain structure, doctors 
may be better able to understand how diseases such as Alzheimer's or multiple sclerosis affect 
brain tissue, which may lead to earlier diagnosis and better therapy adjustment. 

In conclusion, texture analysis in medical imaging is a technological breakthrough that can 
significantly expand diagnostic and therapeutic possibilities in medicine. It offers the 
possibility of early disease detection and precise treatment monitoring and may pave the way 
for more personalized and effective medical care. By enabling doctors to understand subtle 
tissue changes more deeply, texture analysis can contribute to faster and more informed clinical 
decision-making, which may translate into better treatment outcomes and improved quality of 
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life for patients. In an era where precision and personalization in medicine are increasingly 
sought after, texture analysis stands out as a key tool supporting the development of modern, 
patient-centered healthcare. 
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3.   AIMS OF THE STUDY 

The primary objective of the research was to explore and validate Textural Analysis 
(TA) as a supplementary tool in diagnostics and health status monitoring using Magnetic 
Resonance Imaging (MRI). Specifically, these studies aimed to refine and confirm TA as a 
complementary method to existing diagnostic approaches, enhancing the accuracy of 
diagnosing and monitoring patients' health, thereby increasing the precision and efficiency of 
diagnostics. 

1. First Article: 

Objective: To assess the potential role of TA in monitoring the function of  
 transplanted kidneys. 

Specific Objective: To present TA as a method enabling the identification of 
correlations between texture parameters and kidney function indicators (such as eGFR 
and creatinine). 

2. Second Article: 

Objective: To investigate the possibilities of using TA in assessing the salivary glands' 
condition in the context of Sjögren's syndrome in children. 
Specific Objective: To demonstrate that TA can serve as a tool for non-invasive and 
potential differentiation of pathological conditions of the salivary glands, which can be 
particularly valuable in the diagnostic challenges associated with Sjögren's syndrome. 
 

In summary, the overriding goal is to develop and confirm the effectiveness of TA as a tool 
complementing standard MRI methods, hoping to improve diagnostics and health status 
monitoring without additional invasive procedures. Both articles emphasize the need for further 
research to fully understand TA's capabilities, limitations, and practical application in clinical 
medicine. They point to the potential of TA as a tool complementing standard MRI methods, 
with the hope of enhancing diagnostic and health monitoring processes, while noting that 
further research is necessary to exploit the possibilities of TA fully. 
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4.  DESCRIPTION OF THE PUBLICATIONS INCLUDED IN THE DOCTORAL THESIS 
 

1.  Publica�on 1. 
 

Computation of the texture features on T2-weighted images as a novel method to assess the 
function of the transplanted kidney: primary research. 

The study represents an innovative exploration of using textural analysis (TA) to 
evaluate renal function after kidney transplantation (KTx). The research is predicated on the 
hypothesis that TA, applied to T2-weighted MRI images, could effectively assess renal function 
in patients who have undergone a kidney transplant. The study particularly analyzes the texture 
features of T2-weighted images from nine patients with transplanted kidneys, aiming to discern 
a statistical difference in these features based on the placement of the region of interest (ROI) 
within the kidney. 

The research methodology retrospective examinations of MRI scans from the selected patients. 
The focus on T2-weighted images is particularly pertinent, given their relevance in renal 
imaging. The study is based on measures the texture features and correlates these features with 
the estimated glomerular filtration rate (eGFR) calculated using the Chronic Kidney Disease 
Epidemiology Collaboration (CKD-EPI) formula. Statistical analyses, including the Spearman 
correlation test and the Mann-Whitney U test, are utilized to ensure the validity of the findings. 

The results of the study are promising. A significant correlation is observed between the texture 
parameters of the T2-weighted images and the renal function indicators, mainly eGFR and 
creatinine levels. This correlation is particularly pronounced when the ROI is positioned within 
the kidney cortex, suggesting that the cortical region's texture features are more indicative of 
renal function than those of the medullary region. The study also discovers significant 
differences in texture parameters based on the placement of ROI, affirming the hypothesis that 
the spatial distribution of ROI within the kidney influences the texture analysis results. 

The article delves deeper into the implications of these findings. The significant correlation 
between certain texture parameters and renal function indicators, particularly within the 
cortical region, underscores the potential of TA in non-invasively monitoring the health and 
function of transplanted kidneys. The lack of a significant correlation between texture features 
and renal function indicators when considering the whole kidney ROI is an intriguing finding, 
emphasizing the complexity of renal structure and function and the need for precise ROI 
placement in TA. 

The textural analysis of T2-weighted MRI images can be a good tool for assessing the function 
of transplanted kidneys. The significant correlations observed between texture parameters and 
key indicators of renal function, particularly in the kidney cortex, offer a new avenue for non-
invasive, imaging-based monitoring of kidney transplant recipients. However, the research also 
acknowledges the need for further studies, especially to determine the optimal binning of ROI 
size and its placement within the organ to harness the potential of TA in this context fully. 

In summary, this pioneering research presents a compelling case for using textural analysis of 
T2-weighted MRI images to assess the function of transplanted kidneys. The observed 
correlation between texture parameters and renal function indicators opens up new possibilities 
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for the non-invasive monitoring of kidney transplants. Nevertheless, the study also points 
towards the need for more comprehensive research to refine the methodology and fully realize 
the potential of this innovative approach. 

 

 

  



22 
 

 

 

2.  Publica�on 2. 
 

Textural analysis of magnetic resonance images as an additional evaluation tool of parotid 
glands in Sjögren - primarily findings 

 

Sjögren's Syndrome (SS) in pediatric patients presents unique diagnostic challenges 
due to its nonspecific and often delayed clinical presentation. Traditional diagnostic methods, 
including salivary gland ultrasound, sialography, and scintigraphy, offer valuable insights but 
have significant limitations and risks. MRI sialography is underutilized, and texture analysis 
of MRI images is emerging as a promising method to improve the diagnostic process. 

This study included 36 patients with a positive small labial salivary gland biopsy for SS and a 
control group of 20 children or young adolescents. The examination protocol encompassed a 
survey sequence and morphological sequences in three planes. The primary sequences were 
diffusion-weighted imaging (DWI) and T2-weighted imaging, facilitating a comprehensive 
evaluation of the anatomical and pathological aspects of the patients and playing a fundamental 
role in understanding Sjögren's Syndrome in the pediatric population. 

The study utilized magnetic resonance imaging (MRI) to assess the state of salivary glands 
based on the Tonami-modified criteria. The high T2 signal intensity size across all areas of the 
glands in the MRI sialography sequence determined the evaluation. The N4 algorithm was 
employed to correct field inhomogeneity, thus enhancing the quality and accuracy of the 
analysis. The region of interest (ROI) was manually delineated to encompass all glands, with 
a margin of 1 mm from the edge, to minimize potential influences from surrounding tissues or 
artifacts. 

The texture features extracted from these ROIs were categorized into subgroups: First Order 
Statistics, Gray Level Co-occurrence Matrix, Gray Level Size Zone Matrix, Gray Level Run 
Length Matrix, Neighboring Gray Tone Difference Matrix, and Gray Level Dependence 
Matrix. Statistical analyses were conducted using SPSS Statistics 27. The Shapiro-Wilk test 
revealed that the parameters did not follow a normal distribution, prompting the use of the 
Spearman correlation test to explore the relationships between the collected data and identify 
correlations between texture features in diseased and healthy glands. The Independent-Samples 
Kruskal-Wallis Test was applied to compare group differences among the glands, and post hoc 
analysis was conducted to pinpoint significant differences between groups, with a significance 
level set at p<0.05. 

The study evaluated the MRI sialography grades for each gland, considering the presence of 
cystic changes. The observed distribution was Grade 0 in 12 glands (16%), Grade 1 in 8 glands 
(11%), Grade 2 in 30 glands (42%), and Grade 3 in 22 glands (31%). The mean Apparent 
Diffusion Coefficient (ADC) value for SS patients and the control group was derived from the 
ROI in each gland, with the mean ADC value being contingent on the MRI morphology grade. 
Statistically significant differences (p<0.05) were noted between groups: 1 - healthy (p= 0.005), 
1-3 (p=0.046), 0 - 3 (p=0.035), and 0 - healthy (p=0.001). Whole-volume ADC images for 
texture analysis were generated for each gland, without differentiation between the left and 
right glands. A moderate correlation was found between texture features and MRI morphology 
grades, and a positive and moderate correlation was specifically noted between individual MRI 



23 
 

morphology parameters and certain texture parameters, particularly the First Order Statistics 
parameters. This correlation suggests that the First Order Statistics parameters can effectively 
delineate crucial details about the structural features of the gland as visualized in the MRI 
images. 

The study also compared the mean values of image and texture analysis of ADC images to MRI 
Tonami grades. The parameters included Tonami Scale, entropy, kurtosis, skewness, 
GLDM_Dependence NonUniformity, GLDM_Small Dependence High Gray Level Emphasis, 
GLCM_Imc1, GLRLM_Run Entropy, and GLSZM_Zone Entropy. The results indicated that 
the ADC values corresponded closely with MRI Tonami grades, evidenced by a mean of 0.01, 
a standard deviation of 0.00, and a kurtosis of 3.86. Moreover, GLDM_Dependence 
NonUniformity and GLDM_Small Dependence High Gray Level Emphasis demonstrated 
similar values, suggesting the potential of ADC images for MRI Tonami analysis. 

The study explored the texture of salivary glands in MRI images within a pediatric cohort of 
Sjogren syndrome patients. It examined the textural differences within two regularly acquired 
MRI sequences in SS patients - ADC maps and T2-weighted images. The Tonami scale for 
positive MRI sialography was the benchmark for comparing data derived from texture analysis. 
The findings showed that higher sialography grades were associated with increased ADC 
values, implying that ADC, commonly used as an inflammatory marker, can aid in promptly 
diagnosing early-stage SS (grade 1). Lower kurtosis and skewness values were noted in the 
highest Tonami Scale grade, likely indicative of increased tissue heterogeneity due to atrophy, 
fibrotic tissue replacement, and fluid-filled sialectasis. 

The textural parameters are a promising tool for assessing parotid gland inflammation and 
could potentially play a role in the early diagnosis and monitoring of Sjögren's Syndrome. The 
complex nature of Sjögren's Syndrome, its varied clinical presentations, and the limitations of 
traditional diagnostic methods underscore the importance of exploring innovative approaches 
like texture analysis of MRI. This study highlights several areas where texture analysis can 
enhance the diagnostic process, such as early diagnosis of Sjögren's Syndrome (grade 1), 
monitoring salivary gland remodeling in Sjögren's Syndrome, reducing radiation exposure, and 
facilitating more individualized treatment planning. The integration of texture analysis with 
sialography sequences and ADC maps presents a novel approach to the early-stage diagnosis 
of SS in children and contributes to improved disease monitoring. This study uses MRI imaging 
to diagnose Sjögren's Syndrome, characterized by recurrent or persistent salivary gland 
enlargement in children. 
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5.  SUMMARY 
 

The research focused on exploring and confirming the effectiveness of texture analysis 
(TA) as a supporting tool in diagnostics and monitoring health status using Magnetic 
Resonance Imaging (MRI).  

In the first study, the application of TA in monitoring the function of transplanted kidneys was 
presented. Research showed a significant correlation between the textural parameters of MRI 
images and kidney function indicators, suggesting the potential of TA in non-invasive 
monitoring of health and function of transplanted kidneys. It was observed that the textural 
features of the cortical region of the kidney better describe kidney function than those from the 
pyramid region, emphasizing the importance of the precise placement of the region of interest 
(ROI) in TA.  

In the second study, the focus was on the potential of TA in diagnosing Sjögren's syndrome in 
children, where the use of MRI imaging is a promising method that could improve the 
diagnostic process. The study involved analyzing the texture features extracted from MRI 
images, which effectively identified structural changes in the salivary glands. The results 
showed a correlation between texture features and MRI morphology degrees, suggesting the 
possibility of using TA as a tool for early diagnosis of Sjögren's syndrome and monitoring the 
remodeling of salivary glands in the disease process. 

 In summary, texture analysis in imaging diagnostics can significantly expand medical 
diagnostic and therapeutic possibilities. By enabling doctors to understand subtle tissue 
changes, it can lead to better treatment outcomes and improve patients' quality of life. However, 
the results of both studies emphasize the need for further research to fully understand the 
possibilities, limitations, and practical application of TA in clinical medicine. 
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ABSTRACT 
Texture in medical images describes the internal structure of human tissues or organs. We 
hypothesize that textural analysis (TA) could be applied to assess renal function after kidney 
transplantation (KTx). This preliminary study aims to find a statistical difference between 
texture features in transplanted kidneys with different placement of region of interest (ROI). 
Also, we aimed at comparing results of TA with transplanted kidney function. For analysis, 
we used 9 retrospective examinations in patients with a transplanted kidney. All patients 
underwent a diagnostic magnetic resonance imaging (MRI) scan, including T2-weighted 
images. All MRI acquisition was performed using a 1.5T MRI (MAGNETOM Aera, 
Siemens Healthineers AG, Erlangen, Germany). Examinations were performed from 
indications other than KTx and in various times after KTx. We found an association 
between the texture parameters and the estimated glomerular filtration rate (4p estimate 
formula: Chronic Kidney Disease Epidemiology Collaboration [CKD-EPI]) and between 
texture parameters and creatinine in ROI location in the cortex. Our findings make TA a 
promising tool for the assessment of the function of the transplanted kidney. However, the 
effect of binning, ROI size, and placement of ROI in the organ are yet to be determined and 
need further study. 

 

  

levels. Ultrasonography, computed tomography (CT), nuclear 
medicine, or magnetic resonance imaging (MRI) are also used 
to evaluate kidneys. Both ultrasonography and MRI have an 
advantage over other modalities because of the lack of ionizing 
radiation [1]. Ultrasonography is easily accessible, and the 
kidney condition can be evaluated in real time. MRI is a rapidly 
developing imaging technique that improves the quality of 
organ evaluation; therefore, more often, it is used as the second 
choice after ultrasonography. 

One of the promising and constantly developing methods of the 
organ function evaluation is imaging the texture of 

the image are perceived to exhibit specific brightness, color, 
roughness, directionality, randomness, smoothness, grain, 
uniformity, and density. The texture may contain relevant 
information about the structure of physical objects [3e5]. In 
medical images, it shows the internal structure of human tissues 
or organs. Although textures are readily perceivable by people, 
there is no strict definition of what constitutes texture regarding 
image processing. Textural analysis and the measurement of 
conventional parameters from imaging 

kidneys in the MRI study. The texture in the radiological sense 
is described as the micro- and macro-structure of the selected 
area or element of the organ. The texture is perceived as a 
visualization of complex, spatially arranged 
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HE most commonly used method for monitoring kidney patterns and repeating subsuppliers that have a charactertransplant 
function is to monitor serum creatinine istic, slightly uniform appearance [2]. Local subdivisions in 

T2-WEIGHTED IMAGES AND TRANSPLANTED KIDNEY FUNCTION 2063 

Table 1. Demographic Informa�on 

No. Age Sex Original Disease BMI 

eGFR MDRD 
(mL/min/1.73 

m) 
eGFR CKD 

(mL/min/1.73 
m) Creatinine 

(mg/dL) 
 Time post- Donor Source (Live/ 
Proteinuria transplant (y) Deceased Donor) 

1 32 Female Renal amyloidosis secondary to 
familial Mediterranean fever 

25.78 >60.0 >90 0.63 - 16 Deceased donor 

2 65 Female Glomerulonephritis 15.15 >60.0 >90 0.64 - 7 Deceased donor 
3 43 Female Chronic renal failure of unknown origin, 

most likely chronic pyelonephritis 
21.88 >60.0 >90 0.75 - 2 Deceased donor 

4 60 Male Glomerulonephritis 24.58 33.1 36 1.98 Trace 18 Deceased donor 
5 59 Male Chronic renal failure of unknown origin, 

probably hypertensive nephropathy 
27.78 35.0 37 1.95 - 13 Deceased donor 

6 37 Female Chronic glomerulonephritis in the course 
of postinflammatory/ noninfective 
nephropathy 

22.89 33.0 37 1.73 - 2 Deceased donor 

7 48 Female Chronic kidney disease 15.39 59.0 66 1.01 - 4 Deceased donor 
8 44 Female Renal failure in the course of diabetic 

nephropathy 
29.76 49.0 55 1.20 - 19 Deceased donor 

9 45 Male Renal failure 27.78 >60.0 68 1.27 - 8 Deceased donor 
Abbrevia�ons: BMI, body mass index; CKD, chronic kidney disease; eGFR, es�mated glomerular filtra�on fate; MDRD, Modifica�on of Diet in Renal Disease. 

T 
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studies is based on a series of algorithms related to the series of 
images [6]. 

The main aim of the study was to demonstrate the usefulness 
of textural analysis of MRI for the analysis of transplanted 
kidney function. 

MATERIAL AND METHODS 
For analysis, we used retrospective examinations in 9 patients with a 
transplanted kidney. All patients underwent a diagnostic MRI scan, 
including T2-weighted images [7]. All MRI acquisition was performed 
using a 1.5T MRI (Magnetom Aera, Siemens Healthineers, Germany). 
The examination was performed within different times after 
transplantation (2-19 years) and from various indications (Table 1). 

We used the N4 algorithm to correct the field inhomogeneity [8]. 
Then, we used Pyradiomics (v2.0.0) [9] for texture analysis, an absolute 
bound, and bin width fixed. ROI was drawn in the cortex and all over 
the kidney (Fig 1) [10]. 

The kidney function was assessed as estimated glomerular filtration 
fate (eGFR) calculation (4p estimate formula: Chronic Kidney Disease 
Epidemiology Collaboration [CKD-EPI]) (min: 
37; max: >90 mL/min/1.73 m2) on the
 day of the MRI examination. 

Statistical analysis was performed using SPSS Statistics 25 (IBM, 
Armonk, NY, United States). All results were tested for normal 
distribution with the Shapiro-Wilk test for each protocol. Because this 
test has shown a non-normal distribution, we used the Spearman 
correlation test to show the correlation between obtained data. The 
Mann-Whitney U test was used to analyze the difference between the 
features in various ROI. 

RESULTS 
We found an association between the texture parameters and 
eGFR, and texture parameters and creatinine in ROI location in 
the cortex. Tables 2 and 3 show parameters that were 
statistically significant in both eGFR formula and creatinine. We 
found no statistically significant correlation between eGFR and 
texture parameters and creatinine and parameters for a whole 
kidney ROI. 

 
Fig 1. Procedure of analysis. MRI,
 magne�c resonance imaging. 
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Table 2. Rela�on Between the Texture Parameters and eGFR CKD in ROI 
Loca�on in the Cortex 

 
eGRF CKD-EPI 

Features Parameter R P Value 
Gray level 

dependence matrix 
High gray level emphasis 
Small dependence high gray 

level emphasis 

0.899 
0.986 

.015 
< .001 

 Large dependence low gray 
level emphasis 

-0.899 .015 

Gray level co-
occurrence matrix 

Joint average 
Sum average 

Autocorrelation 

0.899 
0.899 
0.899 

.015 

.015 

.015 
Gray level run length 

matrix 
Short run high gray level 

emphasis 
0.899 .015 

 High gray level run 
emphasis 

0.899 .015 

Gray level size zone 
matrix 

Small area high gray level 
emphasis 

0.899 .015 

 High gray level zone 
emphasis 

0.899 .015 

Neighboring gray tone 
difference matrix 

Strength Busyness 0.812 
-0.899 

.050 

.015 

Abbrevia�ons: CKD-EPI, Chronic Kidney Disease Epidemiology Collabora�on; eGFR, 
es�mated glomerular filtra�on fate. 

An additional finding was a significant difference between 
texture parameters with different placement of ROI (in all 
kidney and in the cortex). However, we did not find any 
significant difference between the texture features between ROI 
in cortex and pyramids (Table 4). 

DISCUSSION 
The results of our study showed a significant association 
between some texture parameters and creatinine or eGFR from 
ROI placed in the cortex (Tables 2 and 3). Concerning eGFR, 
we observed a strong association with the features in gray level 
dependence, gray level co-occurrence, gray level run length, 
gray level size zone, and neighboring gray tone difference 
matrix. However, no correlation was found between creatinine 
and eGFR and the whole kidney ROI. This finding might be 
easily explained by the fact that the cortex holding the glomeruli 
load reflects the filtration capacity to a higher extent than the 
medulla. Thus, whole kidney ROI should have much lesser 
impact in reflecting GFR. 

Different methods of image analysis can be used to 
characterize the heterogeneity of the change. We used both 
approaches. The most commonly used methods are based on 
histogram analysis of voxel values in the area of interest and 
methods of the spatial distribution of voxel values. In 
histogram-based methods, the algorithms used to bypass the 
intrinsic spatial relationship between voxel values reflect only 
the frequency of the presence of voxels with the same signal 

intensity [5]. In this method, we obtained a moderate correlation 
between the texture parameters and creatinine in location ROI 
in the cortex. 

The second approach of texture analysis considers the spatial 
distribution of voxel values in the organ using higher statistical 
values, first calculating the two-dimensional matrix describing 
this spatial organization. This matrix is often a gray coordinate 
matrix, which makes it possible to observe a pair of voxels at a 
given distance in a given direction. Several other matrices are 
also used, among which there is a gray neighborhood matrix, 
which provides information on how each value of the voxel 
differs from the voxel values of the neighbor. All matrices 
capture a specific spatial relationship between the values of 
voxels, and each matrix allows the calculation of several 
heterogeneity descriptors [3,11]. With this method, we found 
that both creatinine and eGFR are correlated with some texture 
features. On this basis, we may gain additional information 
about the function or heterogeneity of kidneys without 
additional examination. 

Initial research, like ours, is being carried out on the 
correlation of textural parameters with the clinical data of 
patients. The published data on this highly novel approach are 
scarce. One of the reports concerned textural analysis in 
ultrasonography [12]. In this study, textural parameters such as 
co-occurrence matrix, runlength matrix, and histogram were 
also shown to associate with creatinine and eGFR, which aligns 
with our findings. Our findings support the previous suggestions 
that a change in the intensity of pixels may suggest 

Table 3. Rela�on Between the Texture Parameters and 
Crea�nine in Loca�on Region of Interest in the Cortex 

 
Crea�nine 

Features Parameter R P Value 
Gray level 

dependence matrix 
Dependence 
nonuniformity 

Gray level nonuniformity 

0.617 

0.600 

.039 

.044 

 Small dependence high gray 
level emphasis 

-0.650 .029 

Gray level co-
occurrence matrix 

Informational measure of 
correlation 2 

Informational measure of 
correlation 1 

-0.833 

-0.917 

.003 

< .001 

 Cluster tendency -0.600 .044 
First order Skewness 0.767 .008 
 Median -0.583 .049 

 Root mean squared -0.583 .049 

 90th percentile -0.583 .049 

 10th percentile -0.583 .049 

 Mean -0.583 .049 
Gray level run length 

matrix 
Gray level nonuniformity Run 
length nonuniformity 

0.600 
0.633 

.044 

.067 
Gray level size zone 

matrix 
Size zone nonuniformity Gray 
level nonuniformity 

0.817 
0.700 

.004 

.018 
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 Small area high gray level 
emphasis 

-0.600 .044 

Neighboring gray tone 
difference matrix 

Coarseness 
Strength 

Busyness 

-0.867 
-0.683 
0.733 

.001 

.042 

.025 
IMC, informa�onal measure of correla�on 

Table 4. Difference Between Texture Parameters With Different Placement 
of Region of Interest (in All Kidney and in the Cortex) 

Features Parameter Z Score P Value 
Gray level 

dependence matrix 
Gray level variance 

Dependence entropy 
Dependence 
nonuniformity 

-3.046 
-3.311 
-3.311 

.002 

.001 

.001 

 Large dependence low gray 
level emphasis 

-1.987 .047 

 Small dependence low gray 
level emphasis 

-3.311 .001 

 Low gray level emphasis -3.311 .001 
Gray level 

cooccurrence 
matrix 

Joint entropy 
Cluster shade 

Maximum probability 

-3.311 
-3.400 
-3.135 

.001 

.001 

.002 
 Joint energy -3.223 .001 

 Contrast -2.782 .005 

 Difference entropy -2.428 .015 

 Inverse variance -2.163 .031 

 Difference Variance -2.782 .005 

 Inverse difference 
moment 

-2.163 .031 

First order Interquartile range -2.782 .005 
 Skewness -1.987 .047 

 Energy -3.488 < .001 

 Robust mean absolute 
deviation 

-2.693 .007 

 Mean absolute deviation -3.046 .002 

 Total energy -2.870 .004 
Gray level run length 

matrix 
Short run low gray level 

emphasis 
-3.311 .001 

 Gray level variance -3.046 .002 

 Low gray level run 
emphasis 

-3.311 .001 

 Gray level nonuniformity 
normalized 

-2.958 .003 

Gray level size zone 
matrix 

Gray level variance 
Gray level nonuniformity 

normalized 

-3.046 
-3.046 

.002 

.002 

 Size zone nonuniformity -3.400 .001 

 Small area high gray level 
emphasis 

-1.987 .047 

Neighboring gray tone 
difference matrix 

Coarseness 
Complexity 

-2.870 
-3.135 

.004 

.002 

rejection. The brightness, contrast, homogeneity, and signal-to-
noise ratio changes are parameters sensitive to the disease 
intensity in rejected kidneys [13]. The authors have proposed 

that this method may be a new, noninvasive method to evaluate 
and monitor kidney transplantation. Some of the isolated 
features differed significantly between rejected and nonrejected 
kidneys. So far, ultrasound texture analysis studies have been 
conducted, which showed a statistically significant correlation 
between some texture parameters and the rejection of the 
transplanted kidney [13]. On the other hand, the researchers 
who dealt with kidney textural analysis of MRI images [2] 
focused their attention on the first-order method, where a 
correlation between textural parameters and height-adjusted 
total kidney volume and eGFR was also found in chronic kidney 
disease progression. 

The main limitation of our study was, owing to the small 
study group, we were not able to perform the analysis of textural 
analysis in comparison to kidney biopsy findings. Identifying 
parameters associated with histopathological findings strongly 
enough to be helpful in clinical decision making will be of high 
interest and will have potential clinical applications. Therefore, 
it is advisable to conduct further texture studies in MRI images 
to expand the possibilities for noninvasive diagnosis of 
transplanted kidneys. The influence of various factors on texture 
parameters needs to be studied in-depth, and the image 
processing and analysis process needs to be optimized. 

CONCLUSIONS 
Our preliminary research shows the association between some 
texture features with eGFR, which makes textural analysis a 
promising tool for the assessment of transplanted kidney 
function. However, this promising method of image processing 
needs further studies to determine the effect of binning, ROI 
size, and placement of ROI in the organ. 
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Textural Analysis of Magne�c Resonance Images as an Addi�onal 
Evalua�on Tool of Paro�d Glands in Sjögren—Primarily Findings 
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Abstract: Magne�c Resonance Imaging (MRI) plays a leading role in diagnosing so� �ssue pathologies, especially in the head and neck. It is 
increasingly popular for evalua�ng salivary gland issues like neoplasms and Sjogren’s Syndrome. Advanced MRI methods, including MRI 
sialography and texture analysis, offer non-invasive alterna�ves, enhancing MRI’s role. This study focused on the rela�onship between the 
apparent diffusion coefficient (ADC) and T2-weighted MRI sialography and texture analysis (TA) of paro�d glands in children with and without 
Sjogren’s Syndrome (SS). Using 3.0 Tesla MRI with DWI and T2-weighted imaging, expended texture analysis, first-order sta�s�cs (FSOs), second-
order, and higher-order sta�s�cs were conducted. The results showed significant differences in paro�d ADC values, with lower values in the SS 
group, par�cularly in cases of higher disease ac�vity. Lower kurtosis values were associated with more severe Tonami Scale grades. FSO parameters 
correlated well with the texture analysis from T2-weighted images, indica�ng promise in grading paro�d gland inflamma�on. However, further 
research is needed to understand the impact of variables like binning and region of interest (ROI) size. This study highlights the poten�al of texture 
analysis for assessing paro�d gland inflamma�on and emphasizes the need for more inves�ga�ons in this area. 
Keywords: Sjögren’s syndrome (SS); texture analysis (TA); radiomics 

 

 
     Introduction 

The diagnosis and treatment of Sjögren’s Syndrome (SS), a complicated autoimmune 
illness, establish unique difficul�es, especially in the case of children. Since the 
symptoms of SS in children approaches used to diagnose SS in children, par�cularly 
those that rely on immunologic characteris�cs. Addi�onally, clinical signs may not last 
long. 

One promising approach is imaging methods, which offer the advantage of being non-
invasive and can provide addi�onal informa�on about the extent and characteris�cs of 
SS-related changes within the affected organs. Among these imaging techniques, 
salivary gland ultrasound stands out as a promising screening tool with the poten�al to 

                                                           
are nonspecific and are usually accompanied by a delayed diagnosis, it is essential to identify the disease early and evaluate 

its activity. As reported in the literature [1], SS can present itself in various ways, impacting not just the salivary and lacrimal glands 
but also influencing other organs such as the joints, lungs, kidneys, veins, and muscles. A formal diagnosis of SS in children is 
complicated by the lack of SS criteria dedicated to children. The latest 2016 ACR/EULAR criteria for SS used in adults are often not 
adequate for the onset of disease in children [2]. Although these criteria can be used in diagnosis, the opinion of an experienced 
specialist dealing with patients with SS remains crucial in establishing a diagnosis of SS in children. 

Considering the complexity of the illness, finding suitable and non-invasive diagnostic methods is needed. However, limited 
sensitivity is a common problem with conventional 
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replace invasive salivary gland biopsy in the diagnos�c process [3]. However, it is 
important to note that the absence of a validated assessment system and the natural 
variability between sonographers present significant challenges in achieving objec�ve 
and consistent monitoring using this method. 

Another common imaging approach in SS diagnosis is sialography, which relies on 
radiographic strategies to observe anatomical changes in the salivary gland duct system. 
In contrast, scin�graphy offers valuable data by measuring the rate and intensity of 
techne�um-99m (99mTc) uptake in the mouth a�er intravenous infusion, providing 
insights into salivary gland func�on. Despite their u�lity, both methods are invasive and 
carry the risk of radia�on exposure side effects, making them less than ideal for 
pediatric pa�ents [4]. 

MRI with a sialography sequence is an effec�ve alterna�ve method that, unfortunately, 
is underappreciated [5]. This approach takes advantage of the mul�-parametric nature 
of MRI, allowing for the assessment of gland inflamma�on, structure, and func�on [6,7]. 
The rela�vely new field of the textural analysis of MR images holds promise in enhancing 
the diagnos�c process. 
Texture analysis in the context of MRI involves the quan�ta�ve assessment of spa�al 
paterns of signal intensity changes within a specific region of interest. It comprises 
various techniques for quan�fying the image’s gray-level paterns and voxel 
rela�onships. These textural parameters are loaded sources of informa�on, offering 
insights into the region’s heterogeneity, o�en showing microstructural changes. Recent 
research suggests that individual texture characteris�cs can be op�mally combined with 
dynamic disease progression indicators, offering new dimensions for diagnosing and 
monitoring diseases. Prior studies have demonstrated the high accuracy of texture 
analysis in differen�a�ng between SS pa�ent grades based on apparent diffusion 
coefficient (ADC) values in adults [8,9]; however, there remains a gap in standardized 
methods for texture assessment. Some studies have explored diverse approaches to 
analyzing MR images for diagnos�c purposes in SS [10,11], emphasizing the need for a 
unified framework for texture assessment in the context of this challenging disease. 

Sjögren’s Syndrome in pediatric pa�ents causes unique diagnos�c challenges due to its 
nonspecific and o�en delayed clinical presenta�on. Tradi�onal diagnos�c methods lack 
the sensi�vity for early detec�on. Imaging methods, including salivary gland ultrasound, 
sialography, and scin�graphy, offer valuable insight but have essen�al limita�ons and 
risks. MRI with sialography, while effec�ve, is underused. A texture analysis of MR 
images is a promising possibility for improving the diagnos�c process, offering 
quan�ta�ve insights into SS’s microstructural and dynamic aspects. 

2. Materials and Methods 
2.1. Research Group 
The Independent Bioethics Commitee for Scien�fic Research at the Medical University 
of Gdansk provided ethical approval for this study (NKBBN/228/2021). All par�cipants 
(above 16 years) or legal guardians (under 16 years) gave writen consent to par�cipate 
in the examina�on, depending on the par�cipant’s age, as below: 
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1. For par�cipants above 16 years, informed consent was obtained from all for study 
par�cipa�on. 

2. For par�cipants below 16 years, informed consent was obtained from all of the 
parents or legal guardians for study par�cipa�on. 

The research was conducted according to the Declara�on of Helsinki of 1975, which was 
subsequently revised in 2000. All analysis images were obtained with consent from all of 
the subjects and were safeguarded throughout the study. 
A total of 36 pa�ents were included in the primary analysis, all of whom met the 
inclusion criteria of having a posi�ve small labial salivary gland biopsy for Sjögren’s 
Syndrome (SS). These pa�ents underwent rou�ne clinical control. The age of the 
pa�ents ranged from 5 to 20 years old. The mean age of the pa�ent group was 12.5 
years old, with a median of 12 years old. The pa�ent group consisted of 16 males and 20 
females, and the interquar�le range (IQR) of their ages was 5. 

Conversely, the control group included 20 children or young adolescents, with a mean 
age of 13.5 and a median age of 14. There were 12 males and 8 females in the control 
group, and the interquar�le range (IQR) of their ages was 4. 
The pa�ents’ demographic informa�on is shown in Table 1, which provides further 
details on the characteris�cs of the study par�cipants. 

Table 1. The demographic characteris�cs of pa�ents. 

Index Value SS Group Value Healthy Group 

 Age n.a.* 12.5 ± 3.4 yrs 13.5 ± 2.4 yrs 

 
 

* n.a.—not applicable. 

2.2. MRI Examina�on 
The examina�ons in this study were performed using a Philips Achieva 3T TX magne�c 
resonance scanner (Philips Healthcare, Best, The Netherlands). To enhance the imaging 
precision of the head–neck region assessment, a 16-channel neurovascular coil was 
used. 

The examina�on protocol included a survey sequence and a set of three-plane, low 
resolu�on, large field-of-view (FOV) images designed to precisely localize the specific 
anatomical region under examina�on. This is a crucial step in imaging to focus on the 
intended area of interest. 
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Following the survey sequence, morphological sequences were performed in three 
planes. This sequence provides the necessary anatomical orienta�on for salivary glands. 
It is important to highlight that these sequences were chosen for their suitability in our 
analysis and for clinical assessment. 

The primary sequences that formed the founda�on of our analysis included two 
essen�al imaging techniques: 

1. Diffusion-weighted imaging (DWI) is sensi�ve to the movement of water molecules 
within �ssues. It offers a valuable understanding of the �ssue microstructure and 
helps iden�fy areas of restricted diffusion, which can specify various pathological 
condi�ons. 

2. T2-weighted imaging offers excep�onal contrast for visualizing different types of 
�ssues, making this type of sequence helpful in iden�fying anatomical structures 
and pathological changes. This image can highlight areas of edema and 
inflamma�on, which can be highly important in the context of diseases like Sjögren’s 
Syndrome. 

The combina�on of these sequences (along with the other morphological imaging 
sequences men�oned in Table 2) formed the basis of our analysis. This allowed a 
comprehensive evalua�on of the anatomical and pathological aspects related to the 
pa�ents in the study and played a fundamental role in understanding Sjögren’s 
Syndrome in the pediatric popula�on of our study. 

Table 2. MRI protocol. 

Sequence FOV 
(mm) 

Slice 
Thickness/Gap 

(mm) Voxel (mm) Suppress Fat Flip 
Angle 

Number of 
Averages TE/TR (ms) Matrix Plane 

Survey/localizer 250/250 10 0.98 × 1.95 × 10 - 15 1 4.6/11 256 
Coronal, 

transverse, 
sagittal 

T2_TSE 210/210 3/0.5 0.80 × 1.15 × 3 - 90 2 90/2500 512 Coronal 
T2_TSE 240/240 3/0.6 0.70 × 0.87 × 3 - 90 2 90/3000–4500 640 Transverse 
T2_STIR 210/210 3/0.6 0.78 × 0.98 × 3 STIR - 2 90/1400–4000 560 Transverse 

3D_TSE_SPIR_ 
obligue 

300/245/48 2 1 × 1.24 × 2 SPIR 90 2 90/120 1008 Sagittal 

mDIXON 250/250/130 1 1 × 1 × 2 - 10 3 Shortest/shortest 256 Transverse 
DWI 240/240 4.5/1 1.5 × 2.18 × 4.5 SPIR 90 1 Shortest/shortest 288 Transverse 

TSE—Turbo Spin Echo; SPAIR—Spectral Presatura�on with Inversion Recovery; 3D TSE SPIR imaging—3D Turbo Spin Echo 
Spectral Presatura�on with Inversion Recovery imaging—Sialography; mDixon—�me-consuming acquisi�on of in-phase 
and opposed-phase gradient-echo images; STIR—Short-TI Inversion Recovery; T2—the �me constant for 
decay/dephasing of transverse magne�za�on; DWI—Diffusion-weighted Imaging. 

2.3. Image Analysis 
The MR images were reviewed by a qualified radiologist who evaluated the image findings. 

The MR images were determined according to the high T2 signal intensity size through 
all areas of glands in the MR sialography sequence. This made it possible to evaluate the 
state of the salivary glands in a way that was both thorough and objec�ve, based only 
on the radiological features shown in the MR images. 

The Tonami modified criteria were as below [12]: 

1. Grade 0 (normal)—no evidence; 
2. Grade 1 (punctate)—areas ≤ 1 mm in diameter; 
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3. Grade 2 (globular)—1–2 mm in diameter; 
4. Grade 3 (cavitary)—up to 1 cm in diameter; 
5. Grade 4 (destruc�ve)— complete destruc�on of the gland parenchyma. 
The ADC maps (apparent diffusion coefficient maps) were automa�cally generated from 
DWI (b = 0.500 and 1000 s/mm2) scans by the manufacturing so�ware (R5.3, Philips 
Healthcare, Best, The Netherlands), which was integrated with the worksta�on using the 
monoexponen�al model [11]: 

S = S0·e−b·ADC 

To correct the field inhomogeneity, we used a specialized correc�on algorithm known as 
the N4 algorithm [13]. This algorithm is designed to alleviate distor�on caused by 
inhomogeneity in magne�c field strength within the image data. This can enhance the 
quality and accuracy of the analysis. Following the field inhomogeneity correc�on, a 
texture analysis using package pyRadiomics (v3.0.1) was performed (with specific 
reference to the Radiomics modules [14]). We set par�cular parameters, like absolute 
bound and bin width, to ensure the consistency and reliability of the analysis. 

The region of interest (ROI) was drawn manually, covering all glands. Addi�onally, to 
minimize any poten�al influence from surrounding �ssues or ar�facts at the periphery 
of the glands, we kept approximately 1 mm distance from the edge when drawing the 
ROI. 
The ROI was drawn in all volumes of each paro�d in ADC maps and T2 sequences. 

The texture features obtained from these regions of interest (ROIs) following formulas 
were divided into subgroups [15] (Figure 1): 

1. First-order sta�s�c (FSO), including Energy, Total Energy, Entropy, Minimum, 10th 
percen�le, 90th percen�le, Maximum, Mean, Median, Interquar�le Range, Range, 
Mean Absolute Devia�on (MAD), Robust Mean Absolute Devia�on (rMAD), Root 
Mean Square (RMS), Standard Devia�on, Skewness, Kurtosis, Variance, Uniformity; 

2. Gray Level Co-occurrence Matrix (GLCM) features, including Joint Average, Cluster 
Prominence, Cluster Shade, Cluster Tendency, Contrast, Correla�on, Difference 
Average, Difference Entropy, Difference Variance, Joint Energy, Joint Entropy, 
Informa�onal Measure of Correla�on 1 and 2 (IMC), Inverse Difference Moment 
(IDM), Maximal Correla�on Coefficient (MCC), Inverse Difference Moment 
Normalized (IDMN), Inverse Difference (ID), Inverse Difference Normalized (IDN), 
Inverse Variance, Maximum Probability, Sum Average, Sum Entropy, Sum of Squares; 

3. Gray Level Size Zone Matrix (GLSZM) features, including Small Area Emphasis (SAE), 
Large Area Emphasis (LAE), Gray Level Non-Uniformity (GLN), Gray Level 
NonUniformity Normalized (GLNN), Size-Zone Non-Uniformity (SZN), Size-Zone 
NonUniformity Normalized (SZNN), Zone Percentage (ZP), Gray Level Variance (GLV), 
Zone Variance (ZV), Zone Entropy (ZE), Low Gray Level Zone Emphasis (LGLZE), 

High Gray Level Zone Emphasis (HGLZE), Small Area Low Gray Level Emphasis 
(SALGLE), Small Area High Gray Level Emphasis (SAHGLE), Large Area Low Gray 
Level Emphasis (LALGLE), Large Area High Gray Level Emphasis (LAHGLE); 
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4. Gray Level Run Length Matrix (GLRLM) features, including Short Run Emphasis (SRE), 
Long Run Emphasis (LRE), Gray Level Non-Uniformity (GLN), Gray Level Non-
Uniformity Normalized (GLNN), Run Length Non-Uniformity (RLN), Run Length Non-
Uniformity Normalized (RLNN), Run Percentage (RP), Gray Level Variance (GLV), Run 
Variance (RV), Run Entropy (RE), Low Gray Level Run Emphasis (LGLRE), High Gray 
Level Run Emphasis (HGLRE), Short Run Low Gray Level Emphasis (SRLGLE), Short 
Run High Gray Level Emphasis (SRHGLE), Long Run Low Gray Level Emphasis 
(LRLGLE), Long Run High Gray Level Emphasis (LRHGLE); 

5. Neighboring Gray Tone Difference Matrix (NGTDM) features, including Coarseness, 
Contrast, Busyness, Complexity, Strength; 

6. Gray Level Dependence Matrix (GLDM) features, including Small Dependence 
Emphasis (SDE), Large Dependence Emphasis (LDE), Gray Level Non-Uniformity 
(GLN), Dependence Non-Uniformity (DN), Dependence Non-Uniformity Normalized 
(DNN), Gray Level Variance (GLV), Dependence Variance (DV), Dependence Entropy 
(DE), 
Low Gray Level Emphasis (LGLE), High Gray Level Emphasis (HGLE), Small 
Dependence Low Gray Level Emphasis (SDLGLE), Small Dependence High Gray 
Level Emphasis (SDHGLE), Large Dependence Low Gray Level Emphasis (LDLGLE), 
Large Dependence High Gray Level Emphasis (LDHGLE). 

2.4. Sta�s�cal Analysis 
A sta�s�cal analysis was performed using SPSS Sta�s�cs 27 (IBM, Armonk, NY, USA). We 
assessed the normality of all results, and the Shapiro–Wilk test showed that none of the 
parameters followed a normal distribu�on. Therefore, we employed the Spearman 
correla�on test to examine the rela�onships between the collected data and iden�fy 
correla�ons between texture features in diseased and healthy glands. We applied the 
independent-samples Kruskal–Wallis test to compare group differences among the 
glands. A�erward, a post hoc analysis was performed to determine which groups 
showed significant differences, with a significance of p < 0.05. 
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Figure 1. Axial images of T2-weighted imaging, diffusion-weighted imaging (DWI), and apparent 
diffusion coefficient (ADC). Histogram correlated with T2 images. For Tonami scale: (A) grade 0, (B) grade 1, (C) 
grade 2, (D) grade 3. 

3. Results 
3.1. MRI Sialography Grades by the Tonami Scale 
We assessed the MRI sialography grades for each gland, considering the presence of 
cys�c changes [12]. Our findings indicated that grade 0 was observed in 12 glands (16%), 
grade 1 in 8 glands (11%), grade 2 in 30 glands (42%), and grade 3 in 22 glands (31%) 

(Table 1). 

3.2. ADC Values 
The value of the ADC from Sjögren’s Syndrome pa�ents and the control group was 
obtained from the ROI in each gland; the mean ADC value depending on the MRI 
morphology grade is present in Table 3 (grade 0—0.88 ± 0.14; grade 1—0.86 ± 0.09; 
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grade 2—0.97 ± 0.17; grade 3—1.04 ± 0.19 [10−3 mm ]). The ADC value from the control 
group: 1.04 ± 0.10 . There was a significant difference (using the independent-samples 
Kruskal–Wallis test: X2(4) = 25.139, p < 0.001) of the ADC value rela�ve to MRI 
morphology grades (Tonami scale [12]) (Figure 2). Therefore, further analyses were 
performed with a pairwise comparison with Bonferroni correc�on. An obtained 
significant difference (p < 0.05) between groups (Table 3) was 

• 1–healthy (p = 0.005), 
• 1–3 (p = 0.046), 
• 0–3 (p = 0.035), 
• 0–healthy (p = 0.001). 

  

     

Figure 2. Graphic presents the value of first-order sta�s�cs from ADC depending on MRI Tonami’s grades. 
Table 3. Mean values of image and texture analysis of ADC images compared to MRI Tonami grades. 

Parameters 

   Tonami Scale     

Healthy  0  1  2  3 

Mean Std. 
Deviation Mean Std. 

Deviation Mean Std. 
Deviation Mean Std. 

Deviation Mean Std. 
Deviation 

Mean [10−3 mm2/s] 1.04 0.10 0.88 0.14 0.86 0.09 0.97 0.17 1.04 0.19 
Median [10−3 mm2/s] 1.06 0.10 0.86 0.14 0.88 0.09 0.96 0.17 1.03 0.19 

Entropy 0.01 0.00 2.95 4.05 5.46 4.74 0.04 0.01 0.97 0.27 
Kurtosis 3.86 1.19 9.24 6.63 6.48 1.97 5.03 0.35 1.23 0.17 

Skewness −0.39 0.28 0.99 0.09 0.57 0.07 0.36 0.07 0.17 0.03 

3.3. Whole-Volume ADC Image for Texture Analysis 
A whole-volume ADC analysis was computed for each gland without dis�nguishing 
between the le� and right glands. As presented in Table 3, a moderate correla�on was 
observed between texture features and MRI morphology grades. Notably, a prevalent 
posi�ve correla�on was found between MRI-posi�ve sialography and nearly every 
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texture parameter with higher sta�s�cal atributes. On the contrary, a nega�ve 
correla�on was observed for first-order sta�s�cs (FSOs), including skewness, kurtosis, 
and entropy. 

The paro�d ADC values from the whole-volume region of interest (ROI) were 
significantly lower in group 1 on the Tonami scale than in groups with more advanced 
changes. This difference was confirmed by a Kruskal–Wallis H test, demonstra�ng 
sta�s�cal significance (p > 0.05). Furthermore, pairwise comparisons of the Tonami Scale 
for groups 1–2 and 1–3 revealed significant differences (as indicated in Table 3). Notably, 
the most cri�cal finding in this research is the sta�s�cally significant difference between 
grade 0 and the healthy group and grade 3, with significance noted as p < 0.05. 
3.4. Whole-Volume T2 for Texture Analysis 
Each salivary gland was analyzed without differen�a�ng between the le� and right 
glands. This method made it possible to thoroughly evaluate the texture proper�es and 
how they relate to the MRI morphological grades. Table 4 summarizes the findings and 
indicates a moderate correla�on between the MRI morphological grades and the 
obtained texture features. This result suggests that the textural characteris�cs obtained 
from the imaging data are meaningful and can highlight the structural and 
composi�onal changes inside the salivary glands. 

Table 4. Mean values of image and texture analysis of T2 images compared to MRI Tonami grades. 

Texture Parameters 

   Tonami Scale    

Healthy  0 1  2   3 

Mean Std. 
Deviation Mean Std. 

Deviation Mean Std. 
Deviation Mean Std. 

Deviation Mean Std. 
Deviation 

Median 891.53 244.23 698.58 252.43 890.44 481.32 849.78 344.92 897.32 300.99 
Entropy 7.51 1.76 8.21 0.44 8.48 0.49 8.49 0.69 8.72 0.70 
Kurtosis 4.79 1.57 7.33 3.58 4.89 0.68 6.02 1.56 5.24 1.78 

Mean 887.56 242.88 697.16 246.50 880.58 451.04 850.80 345.87 911.03 303.55 
GLDM_Dependence 

NonUniformity 
5791 3201 13,600 669 11,600 2390 13,400 7720 14,200 6530 

GLDM_Small 
Dependence High 

Gray Level Emphasis 
95,569 563,232 115,000 887,000 203,000 202,000 191,000 162,000 209,000 144,000 

GLCM_Imc1 −0.32 0.09 −0.27 0.06 −0.31 0.07 −0.32 0.08 −0.34 0.06 
GLRLM_Run Entropy 7.67 1.21 8.26 0.43 8.53 0.48 8.53 0.67 8.76 0.68 
GLSZM_Zone Entropy 8.11 1.19 8.69 0.38 8.89 0.37 8.92 0.54 9.07 0.58 

A posi�ve and moderate correla�on was found between individual MRI morphology 
parameters and some specific texture parameters, specifically the first-order sta�s�cs 
(FSOs) parameters (Table 4). This posi�ve correla�on indicates that the FSO parameters, 
which characterize basic sta�s�cal features of the images, can effec�vely capture 
significant details about the structural features of the gland, as seen in the MR images. 

4. Discussion 
The texture analysis of images is a complex process that involves the assessment of 
various spa�al rela�onships and characteris�cs within the image. The set of texture 
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features we have examined, including Small Dependence Emphasis (SDE), Large 
Dependence 

Emphasis (LDE), Gray Level Non-Uniformity (GLN), Dependence Non-Uniformity (DN), 

Dependence Non-Uniformity Normalized (DNN), Gray Level Variance (GLV), Dependence 

Variance (DV), Dependence Entropy (DE), Low Gray Level Emphasis (LGLE), High Gray 
Level Emphasis (HGLE), Small Dependence Low Gray Level Emphasis (SDLGLE), Small 
Dependence High Gray Level Emphasis (SDHGLE), Large Dependence Low Gray Level 
Emphasis (LDLGLE), and Large Dependence High Gray Level Emphasis (LDHGLE), 
collec�vely provide valuable insights into the textural characteris�cs of an image. 

This primary study examines salivary gland texture in MR images within a pediatric 
Sjogren Syndrome (SS) cohort. The research inves�gates the differences in textural 
characteris�cs within two regularly acquired MR images in SS pa�ents—ADC maps and 
T2-weighted images. In total, 36 pa�ents were included in the analysis, with each 
salivary gland analyzed individually (N = 72). For the control group, 20 examina�ons 
were conducted, examining 40 glands. 

A cri�cal objec�ve of this study was to iden�fy the most suitable MR image type for 
grading disease severity using texture analysis. The Tonami scale for MRI posi�ve 
sialography served as the standard for comparing data derived from texture analysis. 
Informa�on was extracted from the intensity of each voxel within the region of interest 
(ROI) covering the en�re gland volume (with the 1 mm margin). 

The paro�d ADC values from whole volume ROIs were significantly lower in the Tonami 
scale grades 0 and 1 than in the high-ac�vity group (grade 3 and above). Notably, the 
average ADC value in the reference group displayed a significant difference to grade 
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1. This could suggest that the ADC, o�en used as an inflammatory marker, can help in 
promptly diagnosing early-stage SS (grade 1). These findings indicate that higher 
sialography grades correspond to elevated ADC values [9,16,17]. 

Moreover, lower kurtosis and skewness values were observed in the highest Tonami 
Scale grade, which is recognized to likely increase �ssue heterogeneity due to atrophy, 
fibro�c �ssue replacement, and fluid-filled sialectasis. This condi�on influences the 
�ssue structure, resul�ng in advanced changes. Unlike previous studies [10,18,19] in 
adults, unchanged or minimally affected glands in MRI sialography exhibited a notable 
decrease in ADC values, which is indica�ve of an ongoing inflammatory process 
preceding structural remodeling (Figure 2 and Table 5). This discovery reinforces the 
ability of an early-stage diagnosis of pediatric SS, which involves a par�cularly 
challenging popula�on [2]. 

Table 5. Pairwise comparisons of ADC values with MRI Tonami grades. 

Sample 1–
Sample 2 Test Statistic Std. Error 

Std. Test Statistic 
Sig. Adj. Sig. a 

1–3 −39.756 14.033 −2.833 0.005 0.046 
1–healthy 46.178 13.180 3.504 <0.001 0.005 

0–3 −33.905 11.605 −2.922 0.003 0.035 
0–healthy 40.327 10.558 3.820 <0.001 0.001 

Each row tests the null hypothesis that the Sample 1 and Sample 2 distribu�ons are the same. Asympto�c significances 
(2-sided tests) are displayed. The significance level is 0.050. a Significance values have been adjusted by the Bonferroni 
correc�on for mul�ple tests. 

In the T2 image texture analysis, the first-order sta�s�c (FSO) parameters displayed a 
moderate correla�on among individual parameters. However, lower kurtosis values 
were observed in the highest ac�vity SS group on the Tonami Scale. Entropy values 
remained rela�vely consistent across all grades, poten�ally due to lower sensi�vity to 
inflamma�on than the DWI sequence. Nevertheless, this characteris�c upholds high 
repeatability and minimizes ar�facts, benefi�ng this sequence more. A T2-weighted MR 
image signal intensity primarily decreases from intracellular and extravascular space, 
showing acute inflamma�on which is o�en associated with SS disease ac�vity [10,18]. 

These texture features collec�vely offer a comprehensive tool for quan�fying and 
understanding the textural content of images, allowing their applica�on in medical 
imaging for tasks ranging from quality control to disease diagnosis. The choice of which 
features to use will depend on the specific image analysis task and the nature of the 
texture paterns of interest [20–23]. 

Despite these insigh�ul findings, several limita�ons need considera�on. The small 
sample size in this, inherent to the pediatric nature of the group, should be 
acknowledged. Ensuring an op�mal MRI protocol and addressing field inhomogeneity 
correc�on are crucial. Addi�onally, future studies should explore excluding signals from 
cysts in high-grade SS, which can ar�ficially elevate ADC map signals. These limita�ons 
need further inves�ga�on. 
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Moreover, the poten�al link between histological ac�vity and basic, unfiltered texture 
parameters on T2-weighted images and ADC maps may be fundamental to evalua�ng 
disease ac�vity. Combining both sequences could address issues concerning signal-
tonoise ra�o and volume averaging in ADC maps. Textural analysis alongside sialography 
sequences and ADC maps presents a novel approach to early-stage SS diagnosis in 
children and improves disease monitoring. 

The recent review of Wenxing Zhong et al. [24] emphasizes the efficacy of magne�c 
resonance imaging (MRI) in evalua�ng gland structure, size, and abnormali�es such as 
atrophy, inflamma�on, and fibrosis. MRI plays a role in disease monitoring and 
treatment assessment, par�cularly with recent techniques like dynamic contrast-
enhanced MRI, diffusion-weighted imaging, and radiomics. They reference the adult 
study by Muntean et al., which reported a 91% sensi�vity and 83% specificity in 
radiomics analysis [25]. In our opinion, MRI might find a place in the diagnos�c criteria 
of SS, especially in the pediatric popula�on. According to our results, MRI improves 
diagnos�c precision in diagnosing early stages of the disease, poten�ally elimina�ng 
biopsy from the diagnos�c algorithm. Before inclusion, it would be necessary to 
carefully evaluate standardiza�on, repeatability, and associa�on with clinical results in 
larger groups. 

It is worth men�oning the historical context of Sjögren’s Syndrome and Mikulicz 
Syndrome; the conven�onal approach to managing these condi�ons involved bilateral 
paro�dectomy as a primary solu�on. However, this method occasionally led to 
complica�ons such as Frey syndrome, characterized by gustatory swea�ng. Notably, 
Freni et al. [26] demonstrated the successful use of botulinum toxin in addressing Frey 
syndrome, offering an alterna�ve to the tradi�onal surgical approach [26,27]. Finding a 
way to improve disease monitoring and prevent invasive treatment methods is crucial. 
Nevertheless, in the case of children who do not exhibit dryness symptoms, objec�ve 
dryness, or SS an�bodies, an addi�onal inves�ga�on, including salivary gland imaging 
and histopathological assessment, must assist in confirming the diagnosis [4]. It suggests 
that many children with recurrent or persistent salivary gland enlargement of unknown 
origin are likely to receive an SS diagnosis following a comprehensive workup. However, 
not mee�ng exis�ng adult SS criteria does not exclude the diagnosis of SS [2,28]. 
Con�nued observa�on with periodic repeat tes�ng (imaging, serological, func�onal) to 
evaluate for progression to SS is crucial for these children. 

Further research and coopera�ve efforts are reasonable to explore the feasibility and 
reliability of integra�ng MRI findings into the diagnos�c framework for SS [25]. The 
future of textural analyses of salivary glands in Sjögren’s Syndrome could be linked to 
ar�ficial intelligence (AI). It could hold significant promise for advancing research and 
clinical applica�ons, contribu�ng first to segmenta�on and performing detailed 
quan�ta�ve analyses of textural features in salivary gland images. AI can provide a more 
objec�ve and consistent analysis, contribu�ng to a deeper understanding of Sjögren’s 
Syndrome manifesta�ons. The other side of using AI is patern recogni�on, but it will 
require a large dataset to recognize these paterns. Furthermore, AI has the poten�al to 
be one of the most important aspects in accelera�ng the pace of research and 
enhancing diagnos�c accuracy. 
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5. Conclusions 
The complex nature of Sjögren’s Syndrome, its various clinical presenta�ons, and the 
difficul�es related to tradi�onal diagnos�c methods highlight the significance of 
inves�ga�ng innova�ve approaches like textural analyses of MRI. 

This study shows different areas in which textural analysis can improved, like: 

1. Early diagnosis of Sjögren’s Syndrome (grade 1): One of the most significant 
implica�ons of this study is the prospect of early diagnosis of Sjögren’s Syndrome, 
especially in children. This is crucial because Sjögren’s Syndrome is known for its 
nonspecific symptoms in the early stage of inflamma�on. Using MRI-based texture 
analysis, we can detect subtle changes at a microstructural level within paro�d 
glands, which allows us to iden�fy Sjögren’s Syndrome in the early stages. This can 
lead to prompt interven�on and a beter prognosis for young pa�ents. 

2. Monitoring of remodeling salivary glands in the process of Sjögren’s Syndrome: 
Because Sjögren’s Syndrome is characterized by the progressive remodeling and 
destruc�on of the salivary glands, texture analysis can be a valuable tool for 
monitoring these changes over �me by quan�fying the heterogeneity and eventual 
microstructural changes in the glands. Our study suggests that we can track the 
disease’s progression and possible impact on the glandular �ssue. This informa�on 
will significantly impact the individual treatment strategy and therapeu�c 
interven�on. 

3. Reducing radia�on exposure: Tradi�onal diagnos�cs like sialography and 
scin�graphy can be replaced by magne�c resonance imaging only. This can be a safer 
approach for the pediatric popula�on. 

4. Treatment planning can be more individualized: The ability to assess microstructures 
through textural analysis can be essen�al for beter understanding the 
characteris�cs of each pa�ent’s condi�on. 

In conclusion, textural analyses of MR images for evalua�ng Sjögren’s Syndrome hold 
great promise, especially in childrens’ diagnos�cs. It has the poten�al to offer a non-
invasive, precise, and pa�ent-centric approach. This primary research explores the full 
poten�al of textural analysis and defines our understanding of its significance in clinical 
prac�ce. 
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