REZUMAT AL TEZEI DE DOCTORAT

Elastografia musculara in
sarcopenie

Doctorand: Roxana-loana GUTIU (ROSCA)

Conducator de doctorat: Prof. Dr. Daniela FODOR

UNIVERSITATEA DE
8/ MEDICINA $| FARMACIE
4 J ) HATIEGANU

IULIU HATIEGANU
CLUJ-NAPOCA



2 Roxana-loana Gutiu (Rosca)
CUPRINSUL TEZEI DE DOCTORAT
INTRODUCERE 9
STADIUL ACTUAL AL CUNOASTERII 11
1. Elastografia musculara - date generale 13
1.1. Metode de evaluare elastografica si utilitatea lor......eoeerrrerseeessneeessseeessseeens 13
1.2. Principii in efectuarea SWE la nivel musCular......neneenneeenseesneeesseessssesseees 14
1.3. Aspectul elastografic normal al tesutului muscular striat .......eeeeseenneees 15
1.4. Rolul SWE in evaluarea tesutului MUSCUIAT ......coccuomveereernmrersmressesssmeesseesseessssssssssssesenes 18
1.4.1. Modificari ale elasticitatii in functie de statusul contractilitatii musculare
S1INflUENTA POZILIET ..oevesrerererisrers s r s 20
2. Sarcopenia si tesutul muscular 23
2.1. Sarcopenia - definitie, stadializare, tipuri, diagnoStiC ....coueereeereerreeerecrreeesseessreenns 23
2.2. Modalitati de evaluare a calitatii musculare In sarcopenie ... 27
2.3. Relatia dintre modificarile elastografice in sarcopenie si parametrii clinici si
0L =0 11 01 o) PP 29
2.4. Limitari si perspective ale elastografiei in evaluarea musculara in sarcopenie
.................................................................................................... 31
3. Elastografia musculara in bolile reumatologice 33
3.1, DAL ACTUALE. oottt s bbb bbbt 33
3.2. Sclerodermia si efectele sale asupra calitatii musculare ... 34
3.3. Aplicatii ale SWE n sclerodermia SiSt€miCa .......cccomeermremeermeesseessessseesmeesssssssessseenns 35
CONTRIBUTIA PERSONALA 37
4. Scop si obiective 39
5. Metodologie generala 41
6. Studiul 1. Variatii ale elasticitatii musculare in evaluarea modificarilor
legate de varsta la adulti 43
6.1 INETOAUCETE ..ceureereveeetssressesseesseesssss s s b s s st 43
6.2. ODIECTIVE .uvvercereeeersseesssssssssssse s ssssss s ss s bbb bbbt 44
6.3. Material S$1 MELOAA ...t sesres s s s ss s b s 44
6.3.1. Criterii de eligibilitate ... sssresssrases 44

6.3.2. STrategia d€ CAULATE .....vovereeeereeereesseesssesssseessssessssesssssesssssess s sesssssesssssesssasesssanens 45




Elastografia musculard in sarcopenie 3

6.3.3. Procesul de SElECHIE....eeiereerseesseeesserseeisestsssessesssesssss s sssssesssse s b sssssesssssssseens 45
6.3.4. Evaluarea riscului de Dias ... eeereeeemneeseerseessesssesssesssesssesseessessssssssessseens 45
6.4 REZUILALE ...ttt tssees s ss s s b s s bbb bt 45
6.4.1. MELOAOLOZIA ..tueeurrerrereerseessssessesssesssessssses s sssesss s ss bbb bbbt 47
6.4.2. Protocolul de eValUare........eeeeereeeessssessesssessssssssssssesssesssssssessesssessssssseens 47
6.4.3. Variatii ale elastiCitatii .o erreereeeseersserseessssesseessesssessssssssssssesssesssssssssssssssssssssesns 49
6.4.4. Rezultate In fUNCLE A€ SEX ...coerenrerrneeseeesnsesseersess s ssssssssssesssesssssssssssssssssssseens 53
6.4.5. Functia muscular3, elasticitatea $i VArsta ... 53
6.4.6. Fiabilitate /ReproductibDilitate ....c.coneeeeenmresseerseessesessesseessessssessssssssssesssssssseens 54
LTSI D1 b PPN 54
6.6. COMCIUZI wuurrureereesseeesseeseeesseeseessseessssessessssesssessssess e sssess s sssessssasssesssssssssesssassssssssessssesssessssessaseens 58

7. Studiul 2. Evaluarea comparativa ultrasonografica si elastografica a
muschiului flexor profund al degetelor la subiecti cu masa musculara normala

si pacienti presarcopenici 65
78 R 1 0 o o L0 o) PO 65
7. 2. ODIECHIVE couvvereereeeerseeseeesssssee s s s b s s b s s bbb bt 66
7.3. Material $I MELOAA ... ssssssssasssssees 66

7.3.1. Designul studiului, selectia pacientilor si locul desfasurarii........coueeenneens 66
7.3.2. Evaluarea clinica $i chestionarele ... necsesssessssesssssseens 67
7.3.3. EVAlUATrea DXA ... reeeeeeeeseesseessesssesssssessssssessssssssessssesssesssssssssssssessssssssssssssssessssssaseens 67
7.3.4. Masuratori ecografice si reproductibilitate .......coeneeneeenmeeseernmeesseeeseessneens 68
7.3.5. ANALIZA AALELOT oottt sses st ss bbb bbbt 70
A = A 0 L L TP 70
7.4.1. Reproductibilitatea intra-evaluator a masuratorilor SWE........ccconeenneen. 71
7.4.2. Caracteristicile paCientilor ... ssssssssssesssanes 71
7.4.3. Rezultate In functie de SEX ... ssssssssssssssssssssssssssssses 72
7.4.4. Rezultate ecografice Tn SCAlA GIi...ccoueeenmreneernreessereseerseesseesssesssesseessesssseesseens 74
7.4.5. REZUILATE SWE ...t ess s ssssses s s 75
7.4.6. MOAE] PrediCtiV.. e eeeceseeeseeesseersessseessssesssessseesssssssessssesssessssssssssssesssssssssssssesssessssssssseens 75
ST D) £o1 11 ) DO

7.5.1. Functia FPD
7.5.2. Cantitatea FPD
7.5.3. Calitatea FPD
7.5.4. Alte consideratii




4 Roxana-loana Gutiu (Rosca)

ST 1) 4 ] 11 4 PP 79

8. Studiul 3. Elastografia cu unde de forfecare a muschilor mainii si
antebratului in sclerodermia sistemica si sarcopenie 81
S 00 D 0 o Lo 0 Te L (o= TP 81
8.2, DDIECHIVE creueevueeeeeeseerssesseeeseessessse s es bbb bbb Rt 82
8.3. Material $1 MELOAA ..o s st 82
8.3.1. Selectia PartiCipantilor. ... sssssssassens 82
8.3.2. Evaluarea statusului SArCOPENIC....couermeereeeseerserssesssssessessssessssssssessssesssssssssssssssans 82
8.3.3. Recoltarea probelor de sange si analizele de laborator .........cneeeneeens 84
8.3.4. Elastografia MUSCULATE .......coeeeeemeeseerseesseessseesssessseesssessssssessssssssessssssssssssesssssenss 84
8.3.5. Chestionare SUPHIMENTATE ......coeirenerneessereseesssessssssssssssssssesssssssssssssssssssssssssssssens 86
8.3.6. ANAliZa STALISTICA ..uureurerermeerreeseerees s ss s ss s sess s sssesssesnas 87
8.4, REZUILALE. oot ens s s e R R 87

8.4.1. Caracteristicile participantilor si rezultate descriptive ........eeneenn:

8.4.2. Rezultatele SWE in sclerodermia sistemica
8.4.3. Rezultatele SWE TN SArCOPENIE.......omemeerrerrmeesseessmsesssssessssssssssessssssssssseses
8.4.4. Modele ajustate pentru SWE......neeeesesssessssesssssssssssssssssseses

8.4.5. Evaluarea reproductibilitatii intra-evaluator........ns

8.5. DiSCUi veueerrerernrersessseaseenes

LSS T 070 ) 4 o L/ ) PSPPSR 96

9. Concluzii generale 97
10. Originalitatea si contributiile inovative ale cercetarii doctorale ............... 929
REFERINTE 101

Cuvinte cheie: elastografie, SWE, sarcopenie primard/secundara, imbatranire,
sclerodermie sistemica, antebrat, compozitie corporala, rigiditate musculara



Elastografia musculard in sarcopenie 5

LISTA DE PUBLICATII

Articole publicate in extenso ca rezultat al cercetarii doctorale

1.  Gutiu R], Serban O, Badarinza M, Pelea MA, Abdulrahman I, Fodor D. Muscle
elasticity variations in assessing age-related changes in adults — a systematic
review. Geriatr Gerontol Int. 2025;25(7):855-863. d0i:10.1111/ggi.70073 (studiu
cuprins in capitolul 6).

2. GutiuRI, Bilous AD, Cozma I, Leucuta DC, Serban O, Badarinza M, Pelea M, Fodor D.
Evaluation of muscle stiffness in systemic sclerosis and sarcopenia using shear
wave elastography: a cross-sectional study on hand and forearm muscles. Med
Ultrason. 2025;27(4):422-431. doi:10.11152/mu-4531 (studiu cuprins in
capitolul 8).

3. Gutiu R], Bilous AD, Cozma I, Serban O, Badarinza M, Fodor D. Flexor digitorum
profundus evaluation in normal muscle mass subjects and presarcopenic patients
- a sonoelastographic cross-sectional study. Med Ultrason. 2025:1-10. Online
ahead of print. d0i:10.11152/mu-4550 (studiu cuprins in capitolul 7).

INTRODUCERE

Sarcopenia este o afectiune definita prin reducerea masei si calitatii musculare,
asociata in principal imbatranirii, dar si unor factori secundari. Dupa varsta de 50 de ani,
masa musculard scade anual cu 1-2%, iar la peste 80 de ani pierderea poate atinge 50%.
Aceasta conditie are implicatii clinice (caderi, fracturi, pierderea independentei) si
economice (internari frecvente, costuri crescute).

Conform ghidului Grupului European de Lucru privind Sarcopenia la Varstnici
(EWGSOP) din 2018, diagnosticul se bazeaza pe reducerea masei sau calitatii musculare
asociatd cu diminuarea fortei musculare. Metodele standard includ absorbtiometria
duala cu raze X (DXA), imagistica prin rezonantda magnetica (IRM) si computer
tomografia (CT), iar pentru calitatea musculari se folosesc IRM, CT si biopsia. In ultimul
deceniu, ecografia Tn modul B si elastografia - in special elastografia prin unde de
forfecare (SWE) - au atras interes in evaluarea cantatii (ecografia) si calitatii (ecografia
si elastografia) musculare prin accesibilitate si costuri reduse, desi lipsa standardizarii
limiteaza includerea lor in ghiduri.

Pe langa sarcopenia primarad, asociata varstei, exista forme secundare determinate
de boli cronice, malnutritie sau inflamatie. Sclerodermia sistemica (SSc) este una dintre
patologiile asociate, dar datele privind utilizarea elastografiei la acesti pacienti sunt
limitate.
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Prezentul studiu a investigat efectul imbatranirii si al sclerodermiei sistemice asupra
masei musculare prin elastografie, urmarind posibilitatea unui diagnostic precoce si
completarea datelor existente privind calitatea musculara in stare de relaxare si
contractie. Principalele limitari au fost numarul redus de pacienti si lipsa unei urmariri
longitudinale. Totusi, rezultatele au evidentiat valoarea elastografiei In evaluarea
musculaturii atat in conditii fiziologice de imbatranire, cat si in depistarea cazurilor cu
risc de sarcopenie. In plus, la pacientii cu SSc, elastografia a demonstrat alterari ale
biomecanicii musculare in contractia activa, independent de sarcopenie, subliniind
astfel contributia studiului la cunostintele actuale.

STADIUL ACTUAL AL CUNOASTERII

Elasticitatea tisulara reprezinta capacitatea unui tesut de a-si recapata forma
dupi aplicarea unui stres mecanic si poate fi evaluati prin elastografie. In practica
medicala sunt folosite doud tehnici principale: prin unde de deformatie (strain
elastography - SE), dependenta de presiunea aplicatd manual si cu limitari metodologice,
si prin unde de forfecare (shear wave elastography - SWE), consideratd mai adecvata
pentru sistemul musculoscheletal, bazata pe masurarea vitezei undelor de forfecare si
calculul modulului lui Young. SWE permite atat imagini calitative codificate color, cat si
hirti cantitative, fiind deja validatd in patologii hepatice, tiroidiene sau mamare In ceea
ce priveste sistemul musculoscheletal, exista din ce in ce mai multe studii care au aratat
utilitatea SWE pentru diagnosticarea de patologii multiple (tendinopatii, sindrom de
canal carpian, fasciita plantard, traumatisme si rupturi musculare, patologii
neuromusculare, miopatii).

Pentru obtinerea unor rezultate reproductibile, tehnica necesita standardizare
stricta: folosirea unei sonde adecvate adancimii muschiului, evitarea compresiei,
orientarea paralela cu fibrele musculare si plasarea corectd a regiunilor de interes (ROI).
Aspectul normal al muschiului pe SWE este unul heterogen, cu variatii de rigiditate Intre
repaus si contractie. Elasticitatea este influentata de numerosi factori: pozitia corpului
si a articulatiilor, gradul de activare musculara, sex, varsta, nivel de activitate si
patologiile asociate.

in sarcopenie, definitd de ultimul ghid EWGSOP ca sciderea masei sau calititii
musculare asociatd cu scaderea fortei musculare, SWE are un potential deosebit,
intrucat detecteaza modificari precoce ale rigiditatii musculare, chiar Inaintea pierderii
de masa vizibile prin DXA sau CT. Studiile au raportat rezultate variabile: fie scaderea,
fie mentinerea elasticitatii musculare In repaus, cresteri in intindere pasiva si diminuari
in contractie. In sarcopenia secundari (ciroza, BPOC, diabet, boli reumatologice), SWE a
aratat diferente semnificative de elasticitate corelate cu parametri clinici si paraclinici,
in special cu forta de prindere, testele de performanta fizica si indicele de masa
musculara scheletica. Integrarea SWE cu masuratori ecografice clasice (ecogenitate,
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grosime, arie de sectiune transversald) si parametri clinici permite modele predictive cu
acuratete ridicatd, uneori asistate de algoritmi de inteligenta artificiala. Cu toate ca in
ultimii ani au aparut numeroase studii si rezultate promitatoare, variabilitatea acestora
a Tmpiedicat integrarea acestei metode in protocoalele actuale.

In reumatologie, SWE si-a gisit aplicatii in miozitele inflamatorii, lupusul
eritematos sistemic, artrita reumatoida si, recent, In SSc. Desi, in mod traditional,
accentul a fost pus pe afectarea cutanata si viscerala, datele disponibile indica o
implicare frecventa a musculaturii, prin procese fibrotice pe langa inflamatia cunoscuta,
intr-o masura probabil mai mare decat s-a presupus initial. Pana in prezent, un singur
studiu a raportat cresteri ale rigiditatii musculare in repaus, masurate prin SWE, la
pacienti cu SSc, la nivelul mai multor grupe musculare, rezultate interpretate ca
secundare infiltrarii fibroase tisulare. Avand in vedere numarul limitat de date, sunt
necesare studii suplimentare, cu protocoale standardizate, pentru a confirma aceste
observatii si pentru a stabili valoarea diagnostica si de monitorizare a SWE in SSc.

Un gol important al literaturii priveste musculatura mainii si antebratului,
investigata insuficient in ciuda relevantei functionale, astfel evaluarea acestor grupe
musculare in studiul de fatd urmareste sa aduca informatii suplimentare in aceasta
directie si sa completeze cunostiintele actuale atat in conditii fiziologice de imbatranire
cat si in contextul patologic al SSc.

CONTRIBUTII PERSONALE

Studiul 1: Variatii ale elasticitatii musculare in evaluarea modificarilor legate de
varsta la adulti.

Scop / Obiective: Principalul obiectiv al acestui studiu a fost analiza impactului
imbétranirii asupra elasticitatii tesutului muscular utilizind SWE. In plus, analiza a
urmarit identificarea altor aspecte relevante ale evaludrii musculare in contextul
procesului de Tmbatranire si furnizarea unei descrieri cuprinzatoare a variatiilor
observate prin SWE in raport cu acest proces.

Material si metode: Am analizat publicatiile din 6 baze de date, din ultimul deceniu, cu
focalizare pe elasticitatea musculari la populatia varstnicd sanitoasa. In final, au fost
incluse 15 studii transversale, care au evaluat, prin SWE, o gama variata de regiuni
anatomice.

Rezultate: Toate studiile au comparat rigiditatea musculara intre diferite grupe de
varstd, Insa limitele de varsta aplicate au variat semnificativ. Rezultatele au aratat c3, in
repaus, rigiditatea musculara era fie redus3, fie nemodificatd, in timp ce in contractie
aceasta scadea, iar in intindere pasiva crestea. Diferentele legate de sex au fost
inconsistente, unele studii raportand o elasticitate mai mare la barbati, iar altele o



8 Roxana-loana Gutiu (Rosca)

rigiditate superioari la femei. In plus, s-au observat corelatii pozitive variabile cu testele
de evaluare a functiei musculare.

Concluzii: Rezultatele evidentiaza necesitatea optimizdrii si standardizarii
protocoalelor SWE, pentru a asigura acuratete si consistenta in cercetarile viitoare
asupra rigiditatii musculare si imbatranirii; variabilitatea metodologica ridicata a
impiedicat efectuarea unei meta-analize.

Studiu 2: Evaluarea comparativa ultrasonografica si elastografica a muschiului
flexor profund al degetelor la subiecti cu masa musculara normala si
presarcopenici.

Scop / Obiective: Acest studiu a urmarit caracterizarea calitatii si cantitatii muschiului
flexor profund al degetelor (FDP) la persoane varstnice cu presarcopenie comparativ cu
indivizi cu masa musculara normala si evaluarea potentialului ecografiei si elastografiei
musculare a acestui muschi ca marker diagnostic pentru identificarea presarcopeniei.

Material si metode: Studiul transversal a inclus 50 de participanti potriviti dupa varsta
si sex, repartizati In 2 grupuri: cu presarcopenie (n=25) si cu masa musculara normala
(n=25), conform indexului masei musculare scheletice apendiculare (ASMI) determinat
prin DXA. Toti subiectii au beneficiat de evaluare clinica si ecografica a FDP. Analiza
ecografica a cuprins aria de sectiune transversald (AST), grosimea musculara (GrM),
unghiul de pennatie (UP), ecogenitatea si elastografia prin unde de forfecare (SWE), in
repaus si contractie izometrica. Pentru analiza predictiva si aprecierea performantei
diagnostice au fost utilizate regresia logistica si curbele ROC.

Rezultate: La participantii presarcopenici s-a observat o reducere semnificativa a AST
si o crestere a ecogenitatii 1n scala gri, in timp ce GrM si UP nu au prezentat diferente
notabile. Ecogenitatea s-a corelat negativ cu AST, parametrii DXA si circumferinta
antebratului (CA), iar valorile prag grayscale au fost propuse pentru distingerea
gradelor vizuale de ecogenitate. Desi analiza univariatd nu a evidentiat diferente
semnificative ale SWE, masuratorile in relaxare s-au dovedit predictori independenti in
modelul de regresie, alaturi de forta de prindere si CA.

Concluzii: Ecogenitatea in scala gri a FDP se confirma ca marker sensibil al deteriorarii
musculare timpurii, iar SWE in repaus s-a dovedit un predictor independent al
presarcopeniei, evidentiind utilitatea sa in diagnosticarea precoce.

Studiul 3: Elastografia cu unde de forfecare a muschilor mainii si antebratului in
sclerodermia sistemica si sarcopenie.

Scop / Obiective: Studiul a urmarit sa evalueze, prin SWE, impactul sclerodermiei
sistemice (SSc) si al sarcopeniei asupra calitdtii musculare la nivelul mainii si
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antebratului si sa determine contributia lor independentad la modificarile rigiditatii
musculare.

Material si metode: Studiul transversal a inclus 39 de pacienti cu sclerodermie
sistemici (SSc) si 90 de participanti control. In cadrul ambelor grupuri se regiseau
participanti cu sarcopenie, aceasta fiind definitd conform criteriilor EWGSOP2 cu
ajutorul indicelui masei corporale fara grasime (FFMI) si a fortei de prindere (HGS).
Rigiditatea musculara a fost masurata prin SWE, in repaus si contractie, la nivelul
eminentei tenare, al muschiului flexor lung al policelui (FLP) si al flexorului profund al
degetelor (FPD). Evaluarile au fost completate cu masuratoarea DXA pentru compozitia
corporald, examen clinic si chestionare standardizate. Pentru ajustarea in functie de
varst3, sex si IMC s-au aplicat regresia liniara multipla si potrivirea pe baza scorului de
propensitate, iar fiabilitatea intra-observator a fost testata prin coeficientul de corelatie
intraclasa (ICC).

Rezultate: lLa pacientii cu SSc, rigiditatea musculara in timpul contractiei a fost
semnificativ mai mare la toate nivelurile investigate (p<0,05), independent de
sarcopenie, varstd sau compozitia corporald, fara diferente notabile in repaus.
Sarcopenia a influentat doar izolat valorile SWE, iar ICC, cuprins intre 0,858 si 0,935, a
confirmat o fiabilitate intra-observator excelenta.

Concluzii: In SSc, rigiditatea musculard crescutd in timpul contractiei reflectd mai
degraba modificarile fibrotice ale matricei extracelulare secundare SSc decat prezenta
sarcopeniei. SWE realizatd in conditii standardizate de contractie poate constitui un
biomarker imagistic sensibil al afectarii musculare, dar validarea valorii sale diagnostice
necesita studii suplimentare care sa includa reproductibilitatea inter-observator si
fenotiparea clinica.

CONCLUZII GENERALE

Principalele concluzii ale cercetdrilor cuprinse in aceasta lucrare sunt
urmatoarele:

1. Elastografia musculara la populatia varstnica descrisa in literatura de specialitate a
evidentiat rezultate eterogene, determinate de lipsa unei standardizari
metodologice (pozitia pacientului, tipul de contractie, parametrii tehnici), de
variabilitatea muschilor examinati, cu particularitati structurale si functionale
diferite, precum si de diversitatea modalitatilor de raportare a rezultatelor. Aceasta
heterogenitate a impiedicat pana in prezent realizarea unor meta-analize robuste
care sa ofere concluzii ferme asupra modificarilor de elasticitate musculara asociate
varstei.

2. Imbitranirea determina modificiri caracteristice ale elasticititii musculare, vizibile
in toate cele trei stari de evaluare: in repaus, rigiditatea musculara prezinta o
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tendinta spre scadere sau modificare nesemnificativa; in timpul intinderii pasive, se
inregistreaza o crestere constantd a rigiditatii; iar in contractie activa, rigiditatea
tinde sa fie mai redus3, sugerdnd o alterare a mecanicii musculare odata cu varsta.

3. Elasticitatea muscularda se coreleaza pozitiv cu functia musculara atunci cand
evaluarea se face in repaus si in contractie, ceea ce subliniaza relevanta SWE ca
marker functional. Totusi, nu au fost identificate date concludente pentru corelatiile
in timpul intinderii pasive.

4. In presarcopenie, ecografia in modul B (scali gri) se dovedeste mai sensibild decat
SWE pentru caracterizarea calitatii musculare, prin identificarea unei cresteri a
ecogenitdtii muschiului flexor profund al degetelor, ceea ce sugereaza alterari
structurale precoce ale tesutului muscular.

5. Desi SWE nu a identificat diferente semnificative Intre pacientii cu presarcopenie si
controalele sanatoase de aceeasi varsta si sex, atait SWE, cat si ecografia grayscale
au prezentat corelatii intre ele si s-au dovedit a fi predictori importanti ai
presarcopeniei, subliniind utilitatea integrarii celor doud metode.

6. La pacientii cu scleroza sistemica s-a demonstrat o crestere semnificativda a
rigiditatii musculare la nivelul mainii si antebratului in timpul contractiei,
comparativ cu persoanele fird aceastd patologie. In schimb, in repaus nu au fost
observate diferente relevante.

7. Sarcopenia, ca entitate izolatd, nu influenteaza semnificativ valorile de elasticitate
musculara In repaus sau in contractie.

8. Modificdrile elastografice observate in scleroza sistemica indica implicarea directa
a mecanismelor fiziopatologice ale bolii, in special a procesului fibrotic, in alterarea
biomecanicii musculare, mai degraba decit decat simpla pierdere de masa
musculard. Aceste efecte au fost evidentiate in principal in timpul contractiei
musculare, ceea ce sugereaza ca SWE ar putea constitui un instrument sensibil
pentru detectarea si monitorizarea acestor modificari subclinice.

9. Elastografia aplicata la nivelul muschilor mainii si antebratului, importanti in
functia musculara a membrului superior, sunt usor accesibili si ofera informatii
importante ale calitatii tesutului muscular atat in contextul imbdatranirii cat si al
sclerodermiei sistemice.

ORIGINALITATEA SI CONTRIBUTIILE INOVATIVE ALE
CERCETARII DOCTORALE

Elastografia cu unde de forfecare (SWE) a devenit in ultimii ani un instrument de
interes pentru evaluarea calitdtii musculare, Insa aplicabilitatea sa clinica este inca
limitata de variabilitatea biologica si tehnica. Aceasta teza aduce contributii importante
prin trei directii majore: (1) analiza sistematica a literaturii privind sarcopenia primars,
care a evidentiat tendinte consistente ale rigiditatii musculare in raport cu imbatranirea;
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(2) explorarea presarcopeniei, etapa precoce si insuficient documentatd, unde au fost
identificate corelatii relevante intre ecogenitatea grayscale si parametrii structurali si
au fost propuse pentru prima data valori prag cuantificabile, cu potential de
standardizare; si (3) investigarea sarcopeniei secundare in sclerodermia sistemicg,
printr-un studiu original care a demonstrat cresterea rigiditatii musculare in contractie,
independent de sarcopenie, sugerand rolul proceselor fibrotice ca determinant principal
al modificarilor biomecanice. O contributie suplimentara, deosebit de relevantd, consta
in focalizarea asupra muschilor mainii si antebratului, regiuni pana acum neglijate in
literatura de specialitate, dar esentiale pentru functionalitatea zilnica si evaluarea fortei
de prindere. Prin aceste rezultate, cercetarea ofera date originale care completeaza
literatura existentd si deschide perspective pentru integrarea ecografiei si SWE in
diagnosticul precoce si monitorizarea sarcopeniei si SSc, cu implicatii directe pentru
practica clinica.



12 Roxana-loana Gutiu (Rosca)

SUMMARY OF PhD THESIS

Skeletal Muscle
Elastography in Sarcopenia

PhD student: Roxana-loana GUTIU (ROSCA)

Scientific coordinator: Prof. Dr. Daniela FODOR




Elastografia musculard in sarcopenie 13

TABLE OF CONTENTS

INTRODUCTION 9
CURRENT STATE OF KNOWLEDGE 11
1. Muscle Elastography — General Concepts 13
1.1. Elastographic assessment methods and their Utility........ooneeeenmeerneeenseesneeenens 13

1.2. Principles for performing muscle SWE ... eeserseessesssesssssssssssessess 14

1.3. Normative elastographic features of skeletal muscle........couneereeenmeereeenmeerseeenees 15

1.4. Role of SWE in the evaluation of muscle tiSSUE......ueeereeneerrreeeersseeseeesseesseeesnens 18

1.4.1. Changes in elasticity by contractile status and the influence of position 20

2. Sarcopenia and muscle tissue 23
2.1. Sarcopenia — definition, staging, types, diagnosiS......eeerneernmeesseeesseessneens 23
2.2. Methods for assessing muscle quality in sarcopenia.......eerseeen: 27
2.3. Relationship between elastographic changes in sarcopenia and
clinical/paraclinical PArameters ... 29
2.4. Limitations and perspectives of elastography for muscle evaluation in
EY D10 0 1<) o - P 31

3. Muscle elastography in rheumatic diseases 33
3.1, CUITENT EVIAEIICE .couveerrerrereerneessseessesssesssesssssssssssssesssss s sssessses s sb s sssas st sessssssssessassssssesas 33
3.2. Systemic Sclerosis and its effects on muscle qUAlity......merrernnreeresneeenns 34
3.3. Applications of SWE in Systemic SClEI0SIS .....couermemmeemeessmereesssssseesseessessssessseens 35

PERSONAL CONTRIBUTION 37

4. Aim and objectives 39

5. General methodology 41

6. Study 1. Variations in muscle elasticity for assessing age-related changes

in adults 43

6.1. Introduction .43
6.2. Objectives .. 44
6.3. Materials and methods .. 44

6.3.1. Eligibility CTIteria .. ssssssssssssssssasss 44

6.3.2. SEATCH SEIALEY ..oorerrerreereeerreresseersesssessssses e sss s ss s b s bbb s e b e 45



14 Roxana-loana Gutiu (Rosca)

6.3.3. Selection process

6.3.4. RiSK Of Dias aSSESSIMENT ....ourueueereeeseessseessseeessseessseessssessssssssesssssesssssesssssesssssssssaess 45
6.4 RESULLS ..oceeeeecereeeetsees et ssse s s s ss st s bR Rt 45
6.4.1. MEthOAOLOZY ..oureerrenrrerrerseeessessesrssessssssssessesssesssssss s ss et b s s ss s b s 47
6.4.2. ASSESSIMENT PIOTOCOL ...t ss s ssssssees 47
6.4.3. ElaStiCILY VATrTatiONS .. eceseeeseersseesesssssessesssessssssssssssesssesssssssssssssesssssssssssssassssssssssssssssns 49
6.4.4. SEX-SPECIfIC TESULLS w.coureurerrerreerseesnresseessseessesess s s ss s s s ss s ss s b 53
6.4.5. Muscle function, elasticity, and e ........ceemeeemeessmsesssneessesesssesessesssssessssess 53
6.4.6. Reliability /reprodUucibility ... eeereeseceseesseerseessesessessseessesssssssssssssssssssssssssssssns 54
6.5, DISCUSSION cocurcereererseetsseessesssesssesssssssss e ss s b ssse s bbb bbbt 54
6.6. CONCIUSIONS ...ceureereemeerreeseessseesseesssesssesssessssssssess e sssesssss s sssess s ssessssesssessssssssessssassssssssessssessas 58

7. Study 2. Comparative ultrasonographic and elastographic evaluation of
the flexor digitorum profundus in normal muscle mass subjects and

presarcopenic patients 65
2% TR 41 /o T 15 o o o} o L0PO PP 65
7.2, ODJECHIVES courerereresrerssers s sss e sss s sss s SeRSsRsEE 66
7.3. Materials and Methods ... sreesssesssessssesssessseessssssessseenas 66

7.3.1. Study design, patient selection, and SETtING .......cuuwerrerrmeereeenmresreeesmeesssseseessseenns 66
7.3.2. Clinical assessment and qUESTIONNAITES .......cocweureermmrermrerssesersesersssrsessssssssees 67
7.3.3. DXA @SSESSIMENT c.cotvuirerreesserrersessesssssss s sessse s ssssssssssssssssssssens 67
7.3.4. Ultrasound measurements and reproducibility .......ceeenneeneeeseessneenns 68
7.3.5. DAta @NalySiS. . 70
74 RESULLES cooeeeceeceeeeeersees s ss s s s s R 70
7.4.1. Intra-rater reproducibility of SWE measurements.........eeeseessneenns 71
7.4.2. Patient CharaCteriStiCS ..iersiseessssssssesssssssssssssssssssssssssssssssssssssssessssssans 71
7.4.3. SeX-SPECIfIC TESULLS oeomreercerereerreeseresseer s ss s sessssses s ssess s sssessssssnns 72
7.4.4. Grayscale ultrasound reSULLS ... seseseersesssesssseessesseessssssesssseenss 74
7.4.5. SWE TESUILS ...couvrerererrererersesesesssssssssse s ssssssssssssssssssssssssssssssesssssesssssesssssesssssssssanens 75
7.4.6. Predictive MOAEl... s s ssssessssssesssssssss s sssssssssssns 75
7.5. DiSCUSSION ccoureeeerreerrerenseernens

7.5.1. FDP function
7.5.2. FDP quantity
7.5.3. FDP quality
7.5.4. Other CONSIAETAtIONS ...o..reverererereresseesseesssessse s ssssseserasesssaens 78




Elastografia musculard in sarcopenie 15

A T O 4 Tod 10 13 o o T 79

8. Studiul 3. Shear wave elastography of hand and forearm muscles in

Systemic Sclerosis and sarcopenia 81
£SO o Lo o To L1 U ) o 1PHN PP 81
8.2, ODJECLIVES ..oureureerueeseeesssesssesssesssssessessssess s ssses s sssa s s b s bbb R b st 82
8.3. Materials and mMethods ... sssessssssssensass 82

8.3.1. Participant SElECtION. ..o reinrerrersessses s sssessssssssss s sssssssssssssssssssssssssssssssssesans 82

8.3.2. Assessment Of SATCOPENIA STALUS ...cuueemeesreerseesesesssessesssesssssssessssesssssssssssssssssessnns 82

8.3.3. Blood sampling and laboratory analySes........eeeeesesssessseesns 84

8.3.4. MUSCle €lastOgraphy ....coeeeeernreeeessseeseesseessessssssssesseesssssesssesssesssssssssesssessass 84

8.3.5. Additional qQUESLIONNAITES ...ceererereeererrresseerseesssssssssss s ssssssesssessssssssssssssssans 86

8.3.6. Statistical AaNalY SIS .. eessennans 87
8.4. Results ....oeoecereemreceneennee

8.4.1. Participant characteristics and descriptive results..
8.4.2. SWE findings in Systemic SClerosis ...
8.4.3. SWE findings in sarcopenia
8.4.4. Adjusted models for SWE

8.4.5. Assessment of intra-rater reproducibility ... 92

8.5, DISCUSSION ceuveureeseesseerseessessseesseeseesssesssessssessssesssesssssssssssssass s ssssssssesssessssssssessssesssesssssssssssssessass 93

8.6, CONCIUSIONS ...cuvevueeereeretseesecesssessesssse s b ssss s st ss s bbb bbb 96

9. General conclusions 97
10. Originality and innovative contributions of the doctoral research............ 99
REFERENCES 101

Keywords: elastography, SWE, sarcopenia, aging, systemic sclerosis, forearm, body
composition, muscle stiffness



16 Roxana-loana Gutiu (Rosca)

PUBLICATION LIST

Full-text publications arising from the doctoral research

1. Gutiu RI, Serban O, Badarinza M, Pelea MA, Abdulrahman I, Fodor D. Muscle
elasticity variations in assessing age-related changes in adults - A systematic
review. Geriatr Gerontol Int. 2025 Jul;25(7):855-863. doi: 10.1111/ggi.70073.
Epub 2025 Jun 11 (study covered in chapter 6).

2. GutiuRI, Bilous AD, Cozma I, Leucuta DC, Serban O, Badarinza M, Pelea M, Fodor
D. Evaluation of muscle stiffness in systemic sclerosis and sarcopenia using
shear wave elastography: a cross-sectional study on hand and forearm muscles.
Med Ultrason. 2025;27(4):422-431. doi:10.11152 /mu-4531 (study covered in
chapter 8).

3. Gutiu R], Bilous AD, Cozma I, Serban O, Badarinza M, Fodor D. Flexor digitorum
profundus evaluation in normal muscle mass subjects and presarcopenic
patients - a sonoelastographic cross-sectional study. Med Ultrason. 2025:1-10.
Online ahead of print. doi:10.11152/mu-4550 (study covered in chapter 7).

INTRODUCTION

Sarcopenia is a condition characterized by reductions in skeletal muscle mass and
quality, occurring primarily with aging but also in association with secondary factors.
After the age of 50 years, muscle mass declines by approximately 1-2% per year, and
cumulative loss may reach ~50% in individuals over 80. Clinically, sarcopenia is linked
to falls, fractures, and loss of independence, with substantial economic impact through
increased hospitalizations and care costs.

According to the 2018 European Working Group on Sarcopenia in Older People
(EWGSOP) guideline, diagnosis is based on reduced muscle mass or quality associated
with decreased muscle strength. Standard methods include dual-energy X-ray
absorptiometry (DXA), magnetic resonance imaging (MRI), and computed tomography
(CT); muscle quality is assessed using MRI, CT, and, in selected cases, biopsy. Over the
past decade, B-mode ultrasound and elastography—particularly shear wave
elastography (SWE)—have garnered interest for assessing muscle quantity
(ultrasound) and quality (ultrasound and elastography) due to their accessibility and
lower cost, although the lack of standardization has limited their incorporation into
guidelines.

Beyond primary (age-related) sarcopenia, secondary forms arise in the context of
chronic disease, malnutrition, or chronic inflammation. Systemic sclerosis (SSc) is
among the associated conditions, though evidence on the use of elastography in SSc
remains limited.



Elastografia musculard in sarcopenie 17

The present study investigated the effects of aging and SSc on skeletal muscle
using elastography, with the dual aims of exploring early diagnostic utility and
supplementing existing data on muscle quality under relaxed and contracted states.
Main limitations were the modest sample size and absence of longitudinal follow-up.
Even so, findings support the value of elastography for evaluating muscle in
physiological aging and for identifying individuals at risk of sarcopenia. In patients with
SSc, elastography demonstrated alterations in muscle biomechanics during active
contraction independent of sarcopenia status, thereby adding to current knowledge in
this field.

CURRENT STATE OF KNOWLEDGE

Tissue elasticity is the capacity of a tissue to recover its shape after mechanical
stress and can be assessed by elastography. In clinical practice, two main techniques are
used: strain elastography (SE), which depends on manually applied compression and
has methodological limitations, and shear wave elastography (SWE), considered more
suitable for the musculoskeletal system as it measures shear-wave speed to estimate
stiffness (via Young’s modulus). SWE provides both color-coded qualitative maps and
quantitative stiffness maps and has been validated in hepatic, thyroid, and breast
disease. In the musculoskeletal field, a growing body of work supports its utility across
multiple conditions (tendinopathies, carpal tunnel syndrome, plantar fasciitis, muscle
trauma and tears, neuromuscular disorders, myopathies).

To obtain reproducible results, strict standardization is essential: use a
transducer appropriate to muscle depth, avoid external compression, align the probe
parallel to muscle fibers, and place regions of interest (ROIs) correctly. Normal skeletal
muscle on SWE appears heterogeneous, with stiffness varying between rest and
contraction. Elasticity is influenced by numerous factors, including body and joint
position, degree of muscle activation, sex, age, activity level, and comorbidities.

In sarcopenia—defined by EWGSOP2 as low muscle quantity or quality
accompanied by reduced muscle strength—SWE is particularly promising because it can
detect early stiffness changes, potentially preceding mass loss detectable by DXA or
CT/MRI. Studies report heterogeneous findings: decreased or unchanged stiffness at
rest, increased stiffness during passive stretch, and decreased stiffness during
contraction. In secondary sarcopenia (e.g., cirrhosis, COPD, diabetes, rheumatic disease),
SWE has shown significant stiffness differences that correlate with clinical and
paraclinical parameters, notably handgrip strength, physical performance tests, and the
appendicular skeletal muscle mass index (ASMI). Combining SWE with conventional B-
mode ultrasound metrics (echogenicity, thickness, cross-sectional area [CSA]) and
clinical variables yields high-performing predictive models, sometimes aided by
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machine-learning approaches. Despite promising data, variability across studies has
limited incorporation of these methods into current protocols.

In rheumatology, SWE has been applied to inflammatory myopathies, systemic
lupus erythematosus, rheumatoid arthritis, and, more recently, SSc. Although traditional
emphasis has been on cutaneous and visceral involvement, emerging evidence indicates
frequent muscle involvement through fibrotic processes in addition to inflammation—
likely to a greater extent than previously assumed. To date, a single study has reported
higher resting muscle stiffness by SWE across multiple muscle groups in SSc, interpreted
as secondary to fibrotic infiltration. Given the limited evidence base, additional studies
with standardized protocols are needed to confirm these observations and to establish
the diagnostic and monitoring value of SWE in SSc.

An important gap in the literature concerns the hand and forearm musculature,
which has been insufficiently investigated despite its functional relevance; therefore, the
present study evaluates these muscle groups to provide additional data and to
complement current knowledge both under physiological aging and in the pathological
context of SSc.

PERSONAL CONTRIBUTIONS

Study 1: Variations in Muscle Elasticity for Assessing Age-Related Changes in
Adults

Aim/Objectives: The primary objective was to examine the impact of ageing on muscle
elasticity using SWE. In addition, we sought to identify other relevant aspects of muscle
assessment in the context of ageing and to provide a comprehensive summary of SWE-
derived variations related to this process.

Materials and Methods: We screened publications from six databases over the last
decade, focusing on muscle elasticity in healthy older adults. Fifteen cross-sectional
studies using SWE across a wide range of anatomical regions were included.

Results: All studies compared muscle stiffness across age groups, but age cut-offs varied
substantially. Findings showed reduced or unchanged stiffness at rest, decreased
stiffness during contraction, and increased stiffness during passive stretching. Sex
effects were inconsistent—some studies reported greater elasticity in males, others
greater stiffness in females. Variable positive correlations with muscle function tests
were also observed.

Conclusions: The findings underscore the need to optimize and standardize SWE
protocols to improve accuracy and consistency in future research on muscle stiffness
and ageing; the high methodological heterogeneity precluded a meta-analysis.
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Study 2: Comparative Ultrasonographic and Elastographic Evaluation of the Flexor
Digitorum Profundus in Older Adults with Normal Muscle Mass and
Presarcopenia

Aim/Objectives: To characterize the quality and quantity of the flexor digitorum
profundus (FDP) in older adults with presarcopenia versus those with normal muscle
mass, and to evaluate the diagnostic potential of B-mode ultrasound and muscle
elastography of the FDP for identifying presarcopenia.

Materials and Methods: This cross-sectional study enrolled 50 age- and sex-matched
participants assigned to presarcopenia (n=25) or normal muscle mass (n=25) based on
the DXA-derived appendicular skeletal muscle mass index (ASMI). All underwent
clinical assessment and FDP ultrasound. Ultrasound parameters included CSA, muscle
thickness (MT), pennation angle (PA), grayscale echogenicity, and SWE at rest and
during isometric contraction. Logistic regression and receiver operating characteristic
(ROC) analysis were used for predictive modelling and diagnostic performance.

Results: Presarcopenic participants showed significantly lower CSA and higher
grayscale echogenicity, whereas MT and PA did not differ meaningfully. Echogenicity
correlated negatively with CSA, DXA measures, and forearm circumference (FC), and
grayscale cut-offs were proposed to distinguish visual echogenicity grades. Although
univariate analyses did not show significant differences in SWE, resting SWE emerged
as an independent predictor in the regression model alongside handgrip strength and
FC.

Conclusions: FDP grayscale echogenicity is a sensitive marker of early muscle
deterioration, and resting SWE independently predicted presarcopenia, supporting its
value for early diagnosis.

Study 3: Shear Wave Elastography of Hand and Forearm Muscles in Systemic
Sclerosis and Sarcopenia

Aim/Objectives: To evaluate, using SWE, the impact of SSc and sarcopenia on muscle
quality in the hand and forearm, and to determine their independent contributions to
changes in muscle stiffness.

Materials and Methods: This cross-sectional study included 39 patients with SSc and
90 controls. Both groups contained participants with sarcopenia, defined per EWGSOP2
using the fat-free mass index (FFMI) and handgrip strength (HGS). Muscle stiffness was
measured by SWE at rest and during contraction at three sites: the thenar eminence,
flexor pollicis longus (FPL), and flexor digitorum profundus (FDP). Assessments were
complemented by whole-body DXA, clinical evaluation, and standardized
questionnaires. Multiple linear regression and propensity score matching were applied
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to adjust for age, sex, and BMI; intra-rater reliability was evaluated using intraclass
correlation coefficients (ICCs).

Results: In SSc, muscle stiffness during contraction was significantly higher at all sites
(p<0.05), independent of sarcopenia, age, or body composition, with no notable
differences at rest. Sarcopenia had only isolated effects on SWE values. ICCs ranged from
0.858 to 0.935, indicating excellent intra-rater reliability.

Conclusions: In SSc, increased stiffness during contraction likely reflects fibrotic
extracellular matrix changes rather than sarcopenia. Standardized-contraction SWE
may serve as a sensitive imaging biomarker of muscle involvement, but further
studies—including inter-rater reproducibility and clinical phenotyping—are needed to
validate its diagnostic utility.

GENERAL CONCLUSIONS

The main conclusions of the research presented in this work are as follows:

1. Muscle elastography in older adults, as described in the literature, has yielded
heterogeneous results due to the lack of methodological standardization (patient
positioning, contraction type, technical parameters), variability in the muscles
examined with distinct structural/functional features, and diverse reporting
formats. This heterogeneity has thus far precluded robust meta-analyses capable of
drawing firm conclusions about age-related changes in muscle elasticity.

2. Ageing produces characteristic changes in muscle elasticity observable across all
three assessment states: at rest, stiffness tends to decrease or remain unchanged;
during passive stretching, stiffness consistently increases; and during active
contraction, stiffness tends to be lower, suggesting age-related alterations in muscle
mechanics.

3. Muscle elasticity correlates positively with muscle function when assessed at rest
and during contraction, underscoring the relevance of SWE as a functional marker.
By contrast, conclusive data are lacking for correlations obtained during passive
stretching.

4. Inpresarcopenia, B-mode (grayscale) ultrasound appears more sensitive than SWE
for characterizing muscle quality, demonstrated by increased echogenicity of the
flexor digitorum profundus—findings that suggest early structural alterations of
muscle tissue.

5. Although SWE did not show significant between-group differences (presarcopenia
vs. age- and sex-matched controls), both SWE and grayscale ultrasound exhibited
mutual correlations and served as significant predictors of presarcopenia,
supporting the integration of the two modalities.



Elastografia musculard in sarcopenie 21

6. In systemic sclerosis, muscle stiffness of the hand and forearm was significantly
higher during contraction than in individuals without SSc; no meaningful
differences were observed at rest.

7. Sarcopenia, considered in isolation, does not significantly influence muscle
elasticity values at rest or during contraction.

8. The elastographic changes observed in systemic sclerosis indicate direct
involvement of disease pathophysiology—particularly fibrosis—in altering muscle
biomechanics, rather than mere loss of muscle mass. These effects were most
evident during muscle contraction, suggesting that SWE may serve as a sensitive
tool for detecting and monitoring these subclinical changes.

9. Elastography applied to the hand and forearm muscles—key contributors to upper-
limb function—leverages their easy accessibility and provides valuable information
on muscle tissue quality in both ageing and systemic sclerosis.

ORIGINALITY AND INNOVATIVE CONTRIBUTIONS OF
THE DOCTORAL RESEARCH

SWE has emerged in recent years as a promising tool for assessing muscle quality;
however, its clinical applicability remains limited by biological and technical variability.
This thesis makes three major contributions: (1) a systematic review of the literature on
primary sarcopenia, which delineated consistent trends in muscle stiffness with ageing;
(2) an exploration of presarcopenia, an early and insufficiently documented stage, in
which relevant correlations were identified between grayscale echogenicity and
structural parameters and, for the first time, quantifiable threshold values with
standardization potential were proposed; and (3) an investigation of secondary
sarcopenia in systemic sclerosis, through an original study demonstrating increased
muscle stiffness during contraction, independent of sarcopenia, thereby implicating
fibrotic processes as the principal determinant of biomechanical alterations. An
additional, particularly relevant contribution is the focus on hand and forearm muscles,
regions so far neglected in the literature yet essential for daily function and for assessing
grip strength. Collectively, these findings provide original data that complement the
existing literature and open avenues for integrating ultrasound and SWE into the early
diagnosis and monitoring of sarcopenia and SSc, with direct implications for clinical
practice.



