Gdanski Uniwersytet Medyczny
Wydziat Lekarski

Rozprawa doktorska

Ocena tkanki ttuszczowej i miesniowej

metodg rezonansu magnetycznego w populacji pediatryczne;j

Assessment of adipose and muscle tissue with magnetic resonance imaging

in pediatric population

lek. Kacper Marunowski

| Zaktad Radiologii
Gdanskiego Uniwersytetu Medycznego

Promotor: dr hab. n. med. Maciej Piskunowicz
| Zaktad Radiologii
Gdanskiego Uniwersytetu Medycznego

Promotor pomocniczy: dr n. med. Dominik Swieton
Il Zaktad Radiologii
Gdanskiego Uniwersytetu Medycznego

Gdansk 2022



Sktadam serdeczne podziekowania

Mojemu promotorowi dr hab. n. med. Maciejowi Piskunowiczowi oraz promotorowi

pomocniczemu dr n. med. Dominikowi Swietoniowi za umozliwienie rozwoju naukowego.

Wspodtautorom artykutéw wchodzacych w sktad rozprawy doktorskiej za owocng wspodtprace.

Moim Bliskim za okazane wsparcie.



SPIS TRESCI

WYKAZ PRAC WCHODZACYCH W SKtAD ROZPRAWY DOKTORSKIEJ / LIST OF MANUSCRIPTS

INCLUDED IN THE DOCTORAL DISSERTATION ......cveviieiertereieeeeeeeseteseeseesesesesesasaesesesessassesessas 4

SEOWA KLUCZOWE / KEY WORDS........oucueveveieeeeeeeteteseseseeaesesesessessesesesesssssssesesesssssassssssesssasseens 5

STRESZCZENIE W JEZYKU POLSKIM ....ouvuvvvieieeececteseseeeeeaesetesesssete e sasae s es s asae s s s aesenas 6

I, WYKAZ STOSOWANYCH SKROTOW.......ccueririnieirirereiieeecietesesssae e ses s asae e 6

. WPROWADZENIE .......ooiueueveteeeeeceetetesesesessesesesesssstesesesessssesesasesesassesesessssassesesesasansssesasans 7

I, CELE PRACY woooeieteteeeeetete et eeesae e tesesss st s s et se st s s setetassesastesesesnssassesesesasanassesasans 8

IV. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKtAD ROZPRAWY DOKTORSKIE]............ 9

[T U o] 11 ol - 1 PSR 9

1. PUBIKACIA 2. oottt ettt ettt s s s et s s nannnes 10

V. PODSUMOWANIE.........cooiiuetereteeeetetetesesseete et essas s st e s s e st s s s s s sesesasastesesesesanaesenas 12

SUMMARY IN ENGLISH .....oviiuiteteteieicetete ettt sttt essasae et s st et s sttt s s s anaesnas 13

I LIST OF ABBREVIATIONS......coviueteveveeieeeeetetetesssssesesesessssssesesesssssesessssssssssssssesssssssesssans 13

. INTRODUCTION ...ovviieieeteteieectete et eeeeete ettt s s sae s et ss e st et s s sese s s s s asaesesnans 14

I, AIMS OF THE STUDY ....ouiuitiviieiectete ettt essaeae et ssae et ssesasaese st ss st s s s s asaesesnans 15

IV. DESCRIPTION OF THE PUBLICATIONS INCLUDED IN THE DOCTORAL THESIS .............. 16

TR o] o [ToF=1 d o] o T AU PP 16

i, PUBLICAtioN 2. .o 17

V. SUMMARY ..ottt sttt bbbt bt ae s s b as bbb aesenas 18

BIBLIOGRAFIA / REFERENCES .......cvviviieiieteteteieesee sttt b st a e anees 19
PUBLIKACJE WCHODZACE W SKtAD ROZPRAWY DOKTORSKIEJ / MANUSCRIPTS INCLUDED IN

THE DOCTORAL DISSERTATION .....cuouiuiveteieececaetetetesesaeaesesesesesaesesesesesasaesese s sesssaesesesesasansesessans 22



WYKAZ PRAC WCHODZACYCH W SKtAD ROZPRAWY DOKTORSKIEJ / LIST OF
MANUSCRIPTS INCLUDED IN THE DOCTORAL DISSERTATION

Marunowski K, Swieton D, Bzyl W, Grzywirska M, Kaszubowski M, Bandosz P, Khirichenko D,

Piskunowicz M

MRI-derived subcutaneous and visceral adipose tissue reference values for children aged 6

to under 18 years.
Front Nutr. 2021;8:757274. doi:10.3389/fnut.2021.757274

IF 6.590 | MNiSW: 70 pkt | praca oryginalna

Marunowski K, Swietor D, Bzyl W, Grzywiriska M, Bandosz P, Khrichenko D, Piskunowicz M

Reference values for MRI-derived psoas and paraspinal muscles and macroscopic fat

infiltrations in paraspinal muscles in children.
J Cachexia Sarcopenia Muscle. 2022;10.1002/jcsm.13049. doi:10.1002/jcsm.13049

IF: 12.063 | MNiSW: 200 pkt | praca oryginalna



StOWA KLUCZOWE / KEY WORDS

Tkanka ttuszczowa podskdrna, tkanka ttuszczowa wisceralna, ttuszcz wewnatrzmiesniowy,
miesnie ledzwiowe i przykregostupowe, wartosci referencyjne, siatki centylowe, dzieci,
obrazowanie rezonansu magnetycznego, sarkopenia, ocena stanu odzywienia

Subcutaneous adipose tissue, visceral adipose tissue, intramuscular fat, psoas and paraspinal
muscles, reference values, percentile charts, children, magnetic resonance imaging,
sarcopenia, nutritional assessment



BIA
BMI

CcT

MR
MSD
pMRI
PSMA
SAT

tMFI

tPMA

tPSMA

VAT

WtHR

STRESZCZENIE W JEZYKU POLSKIM

WYKAZ STOSOWANYCH SKROTOW

(ang. bioelectrical impedance analysis), analiza impedancji bioelektrycznej
(ang. body mass index), wskaznik masy ciata

(ang. computed tomography), tomografia komputerowa

(ang. lumbar), ledzwiowy

(ang. magnetic resonance), rezonans magnetyczny

MedStream Designer

parametric MRI

(ang. paraspinal muscle area), powierzchnia miesni przykregostupowych
(ang. subcutaneous adipose tissue), tkanka ttuszczowa podskdérna

(ang. total macroscopic fat infiltrations), catkowita powierzchnia
makroskopowych infiltracji tkanki ttuszczowej w obrebie miesni
przykregostupowych

(ang. total psoas muscle area), catkowita powierzchnia miesni ledzwiowych
wiekszych

(ang. total paraspinal muscle area), catkowita powierzchnia miesni
przykregostupowych

(ang. visceral adipose tissue), tkanka ttuszczowa wisceralna

(ang. waist to height ratio), stosunek obwodu talii do wysokosci ciata



Il.  WPROWADZENIE

Nadwaga i otytos¢ w populacji pediatrycznej sg definiowane jako warto$é¢ BMI
odpowiednio powyzej 85-go i 95-go percentyla wzgledem norm wtasciwych dla wieku i ptci
zawartych w siatkach centylowych.! Stanowig one niezalezny czynnik ryzyka rozwoju chordb
sercowo-naczyniowych, cukrzycy, depresji oraz choréb nowotworowych w wieku
dorostym.?3 Sarkopenia u dzieci jest nowym pojeciem powigzanym z niedostateczng ilocig
tkanki mies$niowej wzgledem wieku. Udowodniono, ze sarkopenia wptywa na czestos¢
wystepowania powiktan pooperacyjnych oraz komplikacji zwigzanych z leczeniem
przeciwnowotworowym.*” W zwigzku z powyzszym wczesne wykrycie zaburzen sktadu ciata
jest niezbedne dla zapewnienia prawidtowego rozwoju dzieci, szczegdlnie w przypadku
wspdtistnienia chordb przewlektych i nowotworowych.®° Obecnie analiza sktadu ciata oraz
dystrybucji tkanki ttuszczowej staje sie istotnym elementem oceny stanu pacjenta w ramach
opieki specjalistycznej. Podstawowymi narzedziami wykorzystywanymi w praktyce klinicznej
sg pomiary antropometryczne stuzgce m.in. do okreslenia parametréow takich jak BMI czy
WtHR. Metody te charakteryzujg sie jednak duzym btedem pomiaru i zanizajg rzeczywista
czesto$¢é wystepowania otytosci u dzieci.!®*2 W duzych o$rodkach klinicznych sktad ciata
coraz czesciej oceniany jest na podstawie pomiaru impedancji tkanek. BIA opiera sie na
zatozeniu statosci sktadu chemicznego bezttuszczowej masy ciata i w populacji oséb
zdrowych pozwala na uzyskanie doktadniejszych wynikéw niz przy uzyciu pomiaréw
antropometrycznych.’*14 Jednakze interwencje chirurgiczne oraz stany patologiczne, takie
jak wodobrzusze czy organomegalia, wptywajg negatywnie na precyzje pomiaréw.?
Uzytecznos¢ badan CT oraz MR w ocenie tkanki miesniowej i ttuszczowej zostata
udowodniona zaréwno u dzieci, jak i u 0s6b dorostych.'61? Obie metody pozwalajg nie tylko
na bezposrednig, iloSciowg ocene tkanek, ale rowniez na wydzielenie ich kompartymentow
takich jak SAT i VAT w obrebie tkanki ttuszczowej. W zwigzku z narazeniem na
promieniowanie jonizujgce badania CT u dzieci s3 wykonywane gtdwnie w stanach
zagrozenia zycia, podczas gdy obrazowanie MR stanowi nieodtgczong cze$¢ procesu
diagnostycznego oraz badan kontrolnych w przebiegu wielu choréb u dzieci. Jest to metoda
bezpieczna, ktéra ze wzgledu na wysoka rozdzielczos¢ tkankowa stanowi ztoty standard
wsérdd metod oceny sktadu ciata.’®2! Niemniej jednak iloSciowa ocena tkanki ttuszczowej i

miesniowej w oparciu o badanie MR catego ciata nie zostata do tej pory wdrozona do



praktyki klinicznej. Zwigzane jest to z wysokim kosztem badania, dtugim czasem akwizycji
obrazéw oraz potrzebg zaangazowania wysoko wyspecjalizowanego personelu medycznego
do prawidtowej analizy obrazéw przy uzyciu narzedzi do recznej i pdtautomatycznej
segmentacji tkanek. W sSwietle ostatnich doniesiein ocena pojedynczych przekrojéw na
poziomie jamy brzusznej dobrze koreluje z catkowitg masg miesniowg oraz iloscig SAT i
VAT.?1"24 Rozszerzenie oceny badarn MR o segmentacje tkanek na pojedynczych przekrojach
moze pozwoli¢ na wczesniejsze wykrycie zaburzen skfadu ciata i umozliwi¢ adekwatne

leczenie zywieniowe.

lll.  CELE PRACY

1.  Stworzenie zaleznych od ptci i wieku wartosci referencyjnych podskdérnej oraz
wisceralnej tkanki ttuszczowej w obrazach rezonansu magnetycznego w populacji
pediatrycznej.

2.  Stworzenie zaleznych od pfci i wieku wartosci referencyjnych miesni ledZzwiowych
oraz przykregostupowych w obrazach rezonansu magnetycznego w populacji
pediatrycznej.

3. Wyznaczenie wartosci referencyjnych infiltracji tkanki ttuszczowej w obrebie miesni

przykregostupowych w populacji pediatrycznej.



IV.  OMOWIENIE PUBLIKACJI WCHODZACYCH W SKtAD ROZPRAWY DOKTORSKIE]

i. Publikacja 1.

MRI-Derived Subcutaneous and Visceral Adipose Tissue Reference Values for Children Aged

6 to Under 18 Years.

Celem pierwszej publikacji byto opracowanie wartosci referencyjnych SAT i VAT w
populacji pediatrycznej. Do pracy wigczono 262 badania MR jamy brzusznej i miednicy
mniejszej zdrowych dzieci w wieku od 6 do 18 lat (111 dziewczynek i 151 chtopcédw). Badania
wykonane w latach 2010-2020 zostaty wyszukane z lokalnej bazy danych przy pomocy
oprogramowania MSD. Z ostatecznej analizy wykluczono badania dzieci w wieku od 0 do 5
lat ze wzgledu na zbyt maty liczebnosé grupy. Poétautomatyczna segmentacja tkanki
ttuszczowe] zostata przeprowadzona przez dwéch obserwatoréw w programie pMRI.
Wyodrebniono tkanke ttuszczowg umiejscowiong na zewngatrz od mieéni jamy brzusznej i
grzbietu (SAT) oraz tkanke ttuszczowag wewnatrz jamy brzusznej z wylaczeniem infiltracji
wewnatrzmiesniowych (VAT). Segmentacja tkanki ttuszczowej w populacji oséb dorostych
najczesciej przeprowadzana jest w oparciu o T1-zalezne sekwencje Dixon. Cechujg sie one
duzg podatnosciag na artefakty ruchowe, w zwigzku z tym jakos¢ badania jest silnie zalezna
od umiejetnosci wstrzymania oddechu podczas akwizycji obrazu. Niestety wspdtpraca dzieci
w czasie badania jest czesto ograniczona, a w przypadku zastosowania sedacji w najmtodszej
grupie wiekowej niemozliwa. W zwigzku z mniejszg iloscig artefaktéw ruchowych oraz
poréwnywalng czutoscig i swoistoscig segmentacji tkanki ttuszczowej w obrazach T1- oraz
T2-zaleznych, do analizy wykorzystano obrazy T2-zalezne. Ocenie poddany zostat przekréj
poprzeczny na poziomie trzonu kregu L2, ktéry najlepiej odzwierciedla catkowitg ilo$¢ SAT i
VAT u dzieci. Obaj obserwatorzy przeprowadzili segmentacje badan 15 pacjentéow. Na
podstawie uzyskanych wynikow oceniono powtarzalno$¢ pomiaréw przy pomocy wykresow
Blanda-Altmana. Rdznice pomiedzy pomiarami tego samego obserwatora, jak réwniez
miedzy dwoma obserwatorami wynosity do 1% dla SAT ($rednia rdznica 0.07 cm?) oraz do 3%
dla VAT ($rednia réznica 0.04-0.08 cm?). Wysoka powtarzalno$¢ oznaczer pozwolita na
wykorzystanie pomiaréw SAT i VAT do stworzenia wartosci referencyjnych. Siatki centylowe

SAT, VAT i BMI zalezne od ptci i wieku zostaty opracowane w oparciu o metode lambda-mu-



sigma przy uzyciu programu LMSChartMaker. Analiza uzyskanych wartosci referencyjnych
wykazata podobny rozktad linii centylowych BMI w poréwnaniu z dostepnymi normami
WHO. Dystrybucja linii centylowych SAT rdéznita sie pomiedzy pfciami. U chtopcéw
obserwowano wzrost wartosci we wszystkich grupach wiekowych (mediana 66.33 cm? w 18.
roku zycia), natomiast u dziewczynek wartosci ustabilizowaty sie okoto 14. roku zycia
(mediana 91.1 cm?). U obu ptci wykazano ciagly wzrost pola powierzchni VAT w catym
obserwowanym okresie, z osiggnieciem mediany 55.08 c¢cm? u chtopcéw i 48.41 cm? u
dziewczynek w 18. roku Zzycia. Obserwowano rdéznice dystrybucji tkanki ttuszczowej
pomiedzy piciami z przewagg SAT u dziewczynek oraz VAT u chtopcédw. Wartosci 85. i 95.
percentyla na siatkach centylowych BMI uznawane sg za punkty ociecia dla nadwagi i
otytosci. W zwigzku z narastajgcym problemem nadmiernej masy ciata w populacji

pediatrycznej wyznaczono korespondujgce linie centylowe dla SAT i VAT.

ii.  Publikacja 2.

Reference values for MRI-derived psoas and paraspinal muscles and macroscopic fat

infiltrations in paraspinal muscles in children.

Celem drugiej publikacji byto opracowanie wartosci referencyjnych dla tPMA, tPSMA
oraz tMFl w populacji pediatrycznej. Do pracy wigczono 465 badan MR jamy brzusznej,
miednicy mniejszej oraz kregostupa w odcinku ledzwiowym zdrowych dzieci w wieku od 1 do
18 lat (233 dziewczynki i 232 chtopcdw). Badania wykonane w latach 2010-2021 zostaty
wyszukane z lokalnej bazy danych przy pomocy MSD. Z ostatecznej analizy wykluczono
badania dzieci w pierwszym roku zycia ze wzgledu na zbyt matg liczebno$é grupy.
Poétautomatyczna segmentacja tkanek zostata przeprowadzona przez dwdéch obserwatoréw
w programie pMRI. Wyodrebniono PSMA definiowane jako sume powierzchni miesni
wielodzielnego, biodrowo-zebrowego ledZwi oraz najdiuzszego lediwi. Sume powierzchni
miesni po obu stronach ciata oznaczono jako tPMA, tPSMA i tMFI. Pole powierzchni tMFI
zostato wytgczone z analizy obszaru tPSMA. Segmentacje tkanek przeprowadzono w oparciu
o standardowe obrazy T2-zalezne na poziomie krgzka miedzykregowego L4, ktéry dobrze
koreluje z catkowitg masg miesniowg. W przypadku objecia krgzka miedzykregowego L4 na

wiecej niz jednym przekroju do analizy wykorzystano obrazy zlokalizowane blizej trzonu
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kregu L4. Powtarzalno$¢ pomiaréw zostata oceniona przy pomocy wykreséw Blanda-Altmana
w oparciu o 40 badan segmentowanych przez obu obserwatoréw. Réznice pomiedzy
pomiarami tego samego obserwatora, jak rowniez miedzy dwoma obserwatorami wynosity
$rednio 0.39-0.43 cm? dla tPMA oraz 0.05-0.1 cm? dla tPSMA. Wysoka powtarzalnosé
segmentacji pozwolita na wykorzystanie pomiaréw tPMA, tPSMA i tMFA do stworzenia
zaleznych od ptci i wieku siatek centylowych. Wartosci referencyjne BMI, wagi, tkanki
miesniowej i ttuszczowej zostaty opracowane w oparciu o metode lambda-mu-sigma przy
uzyciu programu LMSChartMaker. Uzyskane siatki centylowe BMI poréwnano z narodowymi
wartosciami referencyjnymi (badanie Ola/Olaf).2>?® Witaczona do badania populacja
charakteryzowata sie wyzszym BMI, szczegdlnie dla zakresu +2SD i +1SD (do 2,7 jednostki u
dziewczynek oraz 1,46 jednostki u chtopcéw). W pierwszych latach zycia przebieg linii
centylowych grup miesniowych u obu pfci byt podobny, z nastepczg predominacjg u
chtopcéw od odpowiednio 8. i 10. roku zycia dla tPMA i tPSMA. U dziewczynek zwracato
uwage wyptaszczenie linii centylowych od okoto 14. roku zycia z osiggnieciem median
réwnych 26.37cm? dla tPMA i 40.76cm? dla tPSMA na koricu obserwowanego zakresu. Taki
przebieg krzywych moze by¢ zwigzany z wczesniejszym zakonczeniem okresu wzrastania w
populacji zenskiej. U chtopcdw dynamiczny wzrost pél powierzchni tPMA i tPSMA widoczny
byt we wszystkich grupach wiekowych, z osiggnieciem median réwnych 40.43cm? i 56.66cm?
w 18. roku zycia. W poréwnaniu z wynikami kanadyjskiego badania opartego na
obrazowaniu CT, wartosci 75., 90., i 95. percentyli wykazaty nieco wiekszg wariancje, jednak
ogdlny przebieg linii centylowych byt podobny.?! W wieku od 1 do 3 lat pole powierzchni
tMFI byto poréwnywalne u obu ptci, w pozostatym obserwowanym zakresie wiekszg ilos¢
tkanki ttuszczowej obserwowano u dziewczynek. Srednia iloé¢ tMFI byta zbiezna z
wczesniejszymi badaniami i wyniosta okoto 5% (SD +3.65%) u dziewczynek i okoto 3.5% (SD

+2.25%) u chtopcow.
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V.  PODSUMOWANIE

Wyniki przeprowadzonych badan umozliwity stworzenie po raz pierwszy wartosci
referencyjnych SAT, VAT, tPMA, tPSMA i tMFI opartych na badaniach MR w populacji
pediatrycznej. llosciowa ocena tkanki ttuszczowej oraz tkanki miesniowej w badaniu MR
moze pozwoli¢ na wczesniejsze wykrycie zaburzen sktadu ciata i personalizacje planu
leczenia. Szerokie wykorzystanie badan MR w standardowych protokotach diagnostycznych

u dzieci otwiera mozliwos¢ wykorzystania zaproponowanej metody w praktyce kliniczne;.

12



BIA
BMI

CcT

MR
MSD
pMRI
PSMA
SAT
tMFI
tPMA
tPSMA
VAT

WtHR

SUMMARY IN ENGLISH

LIST OF ABBREVIATIONS
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MedStream Designer
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Il. ~ INTRODUCTION

Overweight and obesity in the pediatric population are defined as BMI values at the level
of 85th and 95th percentiles based on age and sex dependent percentile charts.! Childhood
overweight and obesity have been recognized as an independent risk factor for the
development of cardiovascular diseases, diabetes, depression and neoplastic diseases in
adulthood.?3 Pediatric sarcopenia is a new term associated with insufficient muscle mass at
a given age and it affects prevalence of surgical and anticancer treatment complications.*”’
Therefore, early detection of body composition disorders is essential to ensure the proper
development of children, especially in the presence of chronic and neoplastic diseases.??
Currently, body composition analysis and assessment of adipose tissue distribution are
becoming an important part of the patients’ evaluation during hospitalization. In clinical
practice the routine approaches include anthropometric measurements to determine
parameters such as BMI or WtHR. These methods are characterized by a large measurement
error, and therefore they underestimate the actual prevalence of obesity in children.%2 In
large clinical centers tissue impedance analysis has been increasingly used for body
composition assessment. BIA is based on the assumption of constant chemical composition
of fat-free-body and provides more precise results than anthropometric measurements in
the healthy population.'314 However, surgical interventions and pathological conditions such
as ascites and organomegaly negatively affect its accuracy. The usefulness of CT and MR in
the assessment of muscle and adipose tissue has already been proved in both adult and
pediatric patients.'®19 Both methods allow for direct quantitative assessment of tissues and
additionally enable segmentation of their compartments such as SAT and VAT within adipose
tissue. In children due to radiation exposure the CT examinations are performed primarily
during emergency, while diagnostic and control tests of multiple diseases are carried out
using MR. MR is radiation-free technique, which due to its high tissue resolution is
considered a gold standard among body composition assessment methods.1%%!
Nevertheless, quantitative evaluation of adipose and muscle tissues based on whole body
MR examination has not been introduced into clinical practice yet. This is related to long
acquisition time of the images, associated costs and dependence on highly qualified
personnel for proper image analysis based on manual and semi-automatic tissue

segmentation tools. According to recent reports the assessment of single cross-sections at

14



the abdominal level correlates with total muscle mass and the amount of SAT and VAT.2-24

Incorporation of single cross-section tissue segmentation into standard MR images analysis

may enable earlier detection of body composition disorders and adequate nutritional

treatment.

AIMS OF THE STUDY

Establishment of sex and age-dependent MR-derived reference normative values for
SAT and VAT in pediatric population.

Establishment of sex and age-dependent MR-derived reference values for tPMA and
tPSMA in pediatric population.

Establishment of reference values for tMFI in pediatric population.

15



IV.  DESCRIPTION OF THE PUBLICATIONS INCLUDED IN THE DOCTORAL THESIS

i Publication 1.

MRI-Derived Subcutaneous and Visceral Adipose Tissue Reference Values for Children Aged

6 to Under 18 Years.

The first publication aimed to develop SAT and VAT reference values in the pediatric
population. The study included 262 MR examinations of abdomen and pelvis of healthy
children aged from 6 to 18 years (111 girls and 151 boys). The local database was searched
for examinations conducted in years 2010-2020 by means of MSD. The examinations of
children aged 0-5 years were excluded from the final analysis due to the insufficient sample
size. Semi-automatic adipose tissue segmentation was performed by two observers with the
use of pMRI. The adipose tissue was separated into SAT, which is located outside of the
abdominal and back muscles, and VAT defined as the adipose tissue inside the abdominal
cavity excluding intramuscular infiltrations. In most studies segmentation of adipose tissue in
the adult population was based on T1l-weighted Dixon sequences. These sequences are
vulnerable to movement artefacts, therefore the quality of acquired images is strongly
dependent on the ability to breath-hold during the examination. Unfortunately, full
cooperation is difficult in young children, and impossible in case of sedation in the youngest
age group. Due to the lower number of movement artifacts, as well as comparable
sensitivity and specificity of T1- and T2-weighted sequences in the assessment of adipose
tissue, the T2-weighted images were used for the analysis. The cross-section images at
height of L2 vertebral body were chosen for segmentation, as this level most accurately
reflects the total amount of SAT and VAT in children. The studies of 15 patients were
segmented by both observers. Based on obtained data the reproducibility of measurements
was assessed by using the Bland-Altman plots. The differences between observers and intra-
observer reproducibility were up to 1% for the SAT (mean difference 0.07 cm?) and up to 3%
for VAT (mean difference 0.04-0.08 cm?). These results indicated reliability of SAT and VAT
measurements for construction of reference values. The sex and age-dependent SAT, VAT
and BMI percentile charts were developed based on the lambda-mu-sigma method and

LMSChartMaker software. The analysis of the obtained references showed a similar

16



distribution of BMI percentile lines compared to the available WHO standards. Distribution
of SAT percentile lines differed between sexes. In boys, a continuous increase was observed
through all age groups (median 66.33 cm? at 18 years of age), while in girls the values
stabilized at the age of 14 (median 91.1 cm?). In both sexes, a continuous increase of VAT
surface areas was demonstrated in the observed period reaching median of 55.08 cm? in
boys and 48.41 cm? in girls at 18 years of age. The distribution of adipose tissue differed
between sexes with a predominance of SAT in girls and VAT in boys. The 85™ and 95t
percentile values on the BMI charts are considered the cut-off points for overweight and
obesity. Due to the growing problem of excess body weight in the pediatric population

corresponding percentile lines for SAT and VAT were determined.

ii. Publication 2.

Reference values for MRI-derived psoas and paraspinal muscles and macroscopic fat

infiltrations in paraspinal muscles in children.

The second publication aimed to develop tPMA, tPSMA and tMFI reference values in the
pediatric population. The study included 465 MR examinations of abdomen, pelvis and
lumbar spine of healthy children aged 1 to 18 years (233 girls and 232 boys). The local
database was searched for examinations conducted in years 2010-2021 by means of MSD.
The examinations of children in the first year of life were excluded from the final analysis
due to the insufficient sample size. Semi-automatic tissue segmentation was performed by
two observers with the use of pMRI. The PSMA was defined as the sum of multifidus,
iliocostalis lumborum, and longissimus muscles. The tPMA, tPSMA, and tMFI represented
the sum of muscle areas on both sides of the body. The tMFI surface area was excluded from
the tPSMA analysis. Tissue segmentation was performed based on images from standard T2-
weighted sequences at level of L4 disc, which correlates well with total muscle mass. If the
L4 intervertebral disc was displayed on more than one cross-section, the image closer to the
L4 vertebrae body was selected for analysis. The reproducibility of the measurements was
assessed by using the Bland-Altman plots based on 40 sets of MR examinations segmented
by both observers. The differences between observers and intra-observer reproducibility

averaged between 0.39-0.43 cm? for tPMA and 0.05-0.1 cm2 for tPSMA. High reproducibility
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of segmentation allowed for construction of sex and age-dependent percentile charts based
on tPMA, tPSMA and tMFA measurements. The reference values for BMI, weight, muscle
and adipose tissue were developed based on the lambda-mu-sigma method using the
LMSChartMaker software. The obtained BMI percentile charts were compared with the
national reference values (Ola / Olaf study).?>?® The population included in the study was
characterized by a higher BMI, especially for the +2SD and +1SD ranges (up to 2.7 units in
girls and 1.46 units in boys). In the first years of life the distribution of muscle percentile
charts was similar in both sexes with subsequent predominance for tPMA and tPSMA in boys
from 8 and 10 years of age, respectively. In girls, the flattening of the percentile lines at age
of 14 years was noted, reaching median of 26.37 cm? for tPMA and 40.76 cm? for tPSMA at
the end of the observed range. Such distribution of percentile charts may be associated with
an earlier end of growth phase in female population. In boys, a dynamic increase of tPMA
and tPSMA surface areas was observed through all age groups, with corresponding medians
of 40.43 cm? and 56.66 cm? at 18 years of age. Compared to the Canadian study based on CT
examinations, the 75", 90t and 95 percentile values showed slightly greater variance, but
the overall course of the percentile lines was similar.?! The surface area of tMFI in both sexes
was comparable from age 1 to 3 years old, with subsequent predominance in girls in the rest
of observed range. The mean value of tMFI was consistent with previous studies and

reached up to 5% (SD + 3.65%) in girls and 3.5% (SD + 2.25%) in boys.

V. SUMMARY

The results of the conducted research enabled construction of MR-derived SAT, VAT,
tPMA, tPSMA and tMFI reference values in the pediatric population. The quantitative
assessment of adipose and muscle tissue in MR may allow for earlier detection of body
composition disorders and personalization of the treatment plan. The widespread use of MR
in pediatric standard diagnostic protocols creates the possibility of introducing the proposed

method in clinical practice.
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The assessment of body composition in pediatric population is essential for proper
nutritional support during hospitalization. However, currently available methods have
limitations. This study aims to propose a novel approach for nutrition status assessment
and introduce magnetic resonance imaging (MRI)-derived subcutaneous and visceral fat
normative reference values. A total of 262 healthy subjects aged from 6 to 18 years
underwent MRI examinations and anthropometric measurements. MRI images at the
second lumbar vertebrae were used by two radiologists to perform the semi-automatic
tissue segmentation. Based on obtained adipose tissue surface areas and body mass
index (BMI) scores sex-specific standard percentile curves (3rd, 10th, 25th, 50th, 75th,
90th, 97th) and z-scores were constructed using LMS method. Additionally, 85th and
95th centiles of subcutaneous and visceral adipose tissue were proposed as equivalents
of overweight and obesity. Bland-Altman plots revealed an excellent intra-observer
reproducibility and inter-observer agreement. In conclusion, our findings demonstrate
highly reproducible method and suggest that MRI-derived reference values can be
implemented in clinical practice.

Keywords: subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT), magnetic resonance imaging,
nutritional assessment, age and sex dependent reference values, percentile charts, children

INTRODUCTION

Childhood overweight and obesity have been recognized as strong risk factors for the development
of cardiovascular disease, diabetes mellitus, depression, and cancer in adulthood (1, 2). Thus,
determining body tissue composition, particularly visceral, and subcutaneous adipose tissue
compartments can be useful for the assessment of patient risk stratification. A proper development
during the growth period requires an appropriate nutritional status, mainly in children with
coexisting chronic cardiovascular or oncological diseases (3, 4). In routine clinical practice, the
assessment of obesity grade and body fat content is based on anthropometric measures and indexes
such as skinfold thickness, body mass index (BMI), or waist to hip ratio (WtHR) in comparison
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to the healthy population. Currently, body impedance analysis
(BIA), which enables algorithm-based estimation of adipose
and lean body mass has been increasingly used. While
these methods are convenient and accessible in clinical
routine practice, their accuracy in reflecting malnutrition and
capability to differentiate visceral adipose tissue (VAT) and
subcutaneous adipose tissue (SAT) compartments are limited
(5-7). Anthropometric measurements tend to underestimate
the incidence of obesity and malnutrition, especially with the
coexistence of disease both during the initial assessment and
over the longer-term following the treatment (8, 9). BIA is
safe and demonstrates higher sensitivity than anthropometric
methods, but underestimates the amount of adipose tissue in lean
children and overestimates in obese ones (5). Although there are
imaging methods including dual-energy x-ray absorptiometry
(DXA) and computed tomography (CT) which directly discern
body compartments with high accuracy, their role in the pediatric
population is limited due to the radiation burden (10-12).
Another diagnostic tool frequently used in children is magnetic
resonance imaging (MRI). Due to the different magnetic
properties of water and fat-bound protons, this radiation-free
technique allows to assess lean and adipose tissue compartments
(13-17). However, a dedicated MRI whole-body protocol for
the assessment of nutritional status is highly costly and time-
demanding thus is limited in clinical use. In this context, it
seems crucial to establish a simple and fast method of VAT
and SAT quantification using MRI which can be obtained
during the regular diagnostic protocol. A method that meets
these requirements was already validated in adult population
fat quantification from a single CT and MRI slice at the L2-L3
vertebral level (18-22). With this approach, all adipose tissue
measurements can be obtained from routine diagnostic protocol
with high correlation to MRI whole-body examination adipose
tissue volumes.

Considering the limitation of currently available methods,
this study aimed to establish the gender-dependent reference
normative values of MRI-derived visceral and subcutaneous
adipose tissue in a healthy pediatric population, which can serve
as reference standards in the evaluation of body composition in
children and adolescence with nutrition disorders.

MATERIALS AND METHODS
Patients

This retrospective study was approved by the Institutional
Ethics Committee the approved number of our project is
NKBBN/443/2018. Eligible participants were children and
adolescence aged 0-18 who underwent MRI examination of the
abdomen or pelvis in the years 2010-2020. The local database
was searched by use of the dedicated search engine MedStream
Designer (MSD) and 1,315 records were found. Exclusion criteria
included incorrect search by MSD (281), examinations without
T2-weighted sequences (48), T2-weighted sequences distorted
by artifacts (47), a history of oncological or hematological
disease, hydronephrosis, ascites, glycogen storage diseases (520),
patients post nephrectomy, or other surgical procedure (59).
The remaining 24 MRI records were follow up studies thus

were excluded from the analysis (23). The MRI examinations of
children aged 0-5 were also excluded due to insufficient sample
size (74). The final analysis included a total of 262 children or
adolescence aged 6-18 years (111 girls, and 151 boys) without
changes or with changes of benign origin.

Demographic Characteristics

Demographic characteristics included patients’ age, weight, and
height at time of MRI examination. BMI was calculated for each
subject by dividing weight in kilograms by square of the height
in meters.

Imaging Method

Three different MRI systems were used: two 1.5T systems
Magnetom Aera and Magnetom Sola (Siemens Healthineers,
Erlangen, Germany) and one 3.0T system Philips Achieva 3.0
TX (Philips Medical Systems Nederlands, Best, Netherlands).
MRI examinations of the abdomen and/or pelvis were performed
by using the standard protocols. A standard TSE T2-weighted
sequence in the transverse plane was taken for analysis. A single
slice at the level of the second lumbar vertebra was selected for
visceral and subcutaneous adipose tissue evaluation.

Adipose Tissue Quantification
The fat tissue compartment was segmented into SAT and VAT.
The SAT was defined as subcutaneous fat externally of the
abdominal and back muscles. The VAT was defined as adipose
tissue inside of the abdominal cavity, excluding fat depots within
abdominal and back muscles and fat tissue extending beyond the
posterior outline of the vertebral body. Both arms visible on the
analysis page were excluded from adipose tissue quantification.
Semi-automatic body composition analysis was performed
with the use of parametric Magnetic Resonance Imaging v1.2.31-
b (pMRI) software. The program is freeware available at the
website www.parametricmri.com. The T2-weighted sequence
was loaded into pMRI and processed with the volumetric region
of interest analysis module which allows for segmentation and
volumetric quantification of adipose tissues. A single slice at
the level of the second lumbar vertebra was selected for the
assessment of adipose tissue. For the analysis of SAT and
VAT signal intensity, thresholds were manually set. After signal
intensity-based segmentation, all data sets were visually revised
(Figure 1). Misclassified tissues were corrected by two operators.
One hundred seventy-two sets by KM (2nd year of specialization
in radiology) and ninety sets by MP (radiologist with 15 years
of experience in MRI). The average time needed for analysis and
correction of a single data set was ~between 5 and 15 min. The
example of segmented cross-section is presented in Figure 1.

Statistical Analysis

Statistical Analysis of MRI Images

Agreement of segmentation results between observers and intra-
observer reproducibility were assessed by using the Bland-
Altman plots. The limits of agreement of the Bland-Altman plots
were defined as the mean differences +90% confidence intervals.
Statistical analysis was performed in R version 4.1.0.
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FIGURE 1 | Example of tissue SAT (red) and VAT (blue) segmentation of 14
years old boy, BMI: 27.7 kg/m? by MP. BMI, Body Mass Index, MP, second
radiologist; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

Statistical Analysis of Percentile Charts

Sex-specific BMI-for-age, SAT-for-age and VAT-for-age
percentile curves and z-scores were constructed using the
lambda-mu-sigma (LMS) method (24) and LMSChartMaker
Light version 2.54 software (23). Identification of outliers was
made by inspecting the z-score plot of each variable. None of
the outliers were considered to be made due to mistakes of data
recording or transferring. Following WHO guidelines (25, 26),
derivation of percentiles was enabled only within the interval
of z-scores between —3.0 and 3.0. To avoid assumptions about
the distribution of data beyond the limits of observed values, the
standard deviation at each age beyond this limit was fixed at the
distance —2.5 SD and 2.5 SD correspondingly. In boys four SAT,
three VAT, and one BMI values were fixed; in girls-only one SAT,
two VAT, and one BMI values were fixed.

The LMS is based on the assumption that by use of Box-
Cox transformation any anthropometric data such as BMI can
be converted to a normal distribution for any given age (age was
used as a continuous variable). Natural cubic splines with knots
at each distinct age t were fitted to create three smooth curves
representing the skewness L(t) [Box-Cox transformation], the
median M(t), and the coefficient of variation S(t) of the original
data as they vary with age:

Ca(t) = MO)x[1 + L{)xS(t)xZe] /=0

where Za is the a-quantile of a standard normal distribution and
Ca(t) is a percentile corresponding to Za. Equivalent degrees of
freedom (edf) L(t), M(t), and S(t) measure the complexity of each
fitted curve. In our limited sample size, for each data set the
standard edf of L3, M5, S3 was chosen, as further fitting made
no significant improvements to our model (23).

RESULTS

The inter-observer agreement was assessed based on 15 sets of
randomly selected MRI examinations segmented separately by
both radiologists (KM and MP) (Supplementary Figures 1, 2).

The same set of images was subsequently resegmented
by one radiologist (K.M.) for the evaluation of the
intra-observer reproducibility. Results in form of Bland-
Altman plots are presented in the supplementary material
(Supplementary Figures 3, 4). For SAT both intra- and inter-
observer mean differences were at the level of 0.07 cm?. The
actual differences were up to 2 cm? for intra- and 0.5 cm? for
inter-observer measurements which represents disagreement
at a level of 1% for corresponding measurements. Slightly
higher intra- and inter-observer disagreement was noted in VAT
segmentation reaching accordingly up to 2.4 cm? (mean —0.04
cm?) and 2.7 cm? (mean 0.08 cm?). In those cases maximum
difference in measurements was around 3%.

For the adjustment of BMI-for-age, SAT-for-age, and VAT-
for-age percentiles the 262 MRI pediatric examinations (111
girls, and 151 boys) aged 6-18 (mean age of 12.49 years) were
enrolled. The SAT and VAT reference values in each age group for
boys and girls are presented in Tables 1-4. Based on the results
percentile curves for SAT and VAT were calculated and presented
in Figures 2-5.

Corresponding BMI  growth charts are presented
in the supplementary material in correlation to age
(Supplementary Figures 5,6). Among both genders, BMI
increased continuously during childhood and adolescence,
reaching a median of 22.5 kg/m? in boys and 21.7 kg/m? in girls
at the end of the observed age range (18 years). In the groups
between 8 and 10 years old, the flattening of the centile curves for
BMI was observed, especially noticeable in the percentile range
from 3 to 50.

The distribution of SAT percentiles were different between
both genders. In boys, a continuous increase was observed
throughout all age groups, reaching the median of 66.33 cm? at 18
years of age. In girls, at the beginning of maturity-onset (from age
7 to 11 years), a dynamic increase of SAT surface area was noted,
which then stabilized at the age of 14 years (median of 91.1 cm?).

For SAT, the difference between the 3rd and 97th
percentile reached a maximum of 307.85 cm? for
boys 12 years of age, while the maximum difference

for girls (287.54 cm?) was attained at 13 years of age
(Tables 1, 2).

The distribution of VAT percentiles was comparable for both
genders. Both boys and girls showed a continuous increase in
surface areas in all age groups, reaching the median of 55.08 cm?
in boys and 48.41 cm? in girls at 18 years of age, respectively.

The difference of VAT areas between extreme percentiles
increased continuously until age of 12 years in girls and until the
end of the observed age range in boys. At this age, the difference
of 81.15 and 137.14 cm?, respectively, was attained, however in
girls from 11 years onwards no substantial differences were noted
(Tables 3, 4).

DISCUSSION

This the first study which demonstrates the reference values of the
subcutaneous and visceral adipose tissue as the percentile charts
for girls and boys from 6 to 18 years of age.
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TABLE 1 | SAT-for-age (cm?) references for boys.

Age -28D -1SD 18D 2SDb P3 P5 P10 P25 P50 P75 P85 P90 P95 P97
(years)

6 12.59 16.65 32.90 50.62 13.00 13.86 15.34 18.37 22.84 29.03 33.38 36.86 43.04 47.88
7 11.93 17.64 47.90 94.22 12.47 13.63 15.71 20.29 27.80 39.65 48.96 57.03 72.69 86.13
8 12.37 20.17 71.96 17474 13.07 14.60 17.45 24.06 35.83 56.40 74.04 90.25  123.97  155.09
9 13.82 23.94  100.41 274.09 14.69 16.64 20.33 29.19 45.72 76.26  103.69 129.70 18576  239.42
10 15.10 2726  123.36  342.98 16.13 18.45 22.89 33.69 54.22 92.71 127.52  160.58  231.70  299.44
11 15.53 2892 135.35  368.56 16.66 19.20 24.08 36.05 58.90 101.63  139.91 1756.90 252.16  323.41
12 15.35 29.27 139.05 367.50 16.52 19.15 24.23 36.72 60.54 104.67 143.67 179.89 255.33 324.37
13 16.12 29.39 140.52 360.87 16.31 19.00 24.21 37.04 61.42 106.13 145.11 180.88 254.24 320.19
14 15.04 29.69 142.40 357.15 16.26 19.02 24.37 37.55 62.53 107.89 146.98 182.51 254.45 318.21
15 15.04 30.07 144.48 355.74 16.29 19.12 24.61 38.13 63.70 109.76 149.07 184.58 255.64 317.96
16 15.06 30.43 146.40 355.33 16.34 19.23 24.84 38.67 64.76 111.45 151.01 186.47 257.04 318.37
17 15.08 30.72  147.97  355.13 16.38 19.32 25.03 39.12 65.63 11284 15259  188.07 25823  318.79
18 15.09 30.95 149.23  354.93 16.40 19.38 25.18 39.47 66.33 11395 153.86 189.33 259.14  319.09
R, percentile; SAT, subcutaneous adipose tissue; SD, standard deviation.

TABLE 2 | SAT-for-age (cm?) references for girls.

Age -28D -1SD 1SD 2sb P3 P5 P10 P25 P50 P75 P85 P90 P95 P97
(years)

6 15.01 18.77 34.93 56.73 15.38 16.18 17.55 20.38 24.64 30.84 35.44 39.33 46.70 52.96
7 13.94 21.32 61.34  121.92 14.62 16.11 18.81 24.79 34.69 50.41 62.75 73.41 93.97  111.47
8 18.75 33.82 118.62 231.60 20.09 23.06 28.58 41.20 62.52 96.01 121.48 142.78 181.99 213.50
9 19.40 37.72 14125  271.92 21.00 24.57 31.29 46.81 7312 114.04 14467  169.91 21557  251.54
10 20.97 41.60 158.17  303.46 22.77 26.78 34.34 51.86 81.57 12765 162.00 190.22 241.06 280.94
1 22.57 44.82 170.59 237.12 24.51 28.83 36.99 55.90 87.96 137.68 174.72 205.14 259.92 302.87
12 23.37 46.34  175.94  337.23 25.38 29.84 38.26 57.75 90.80  142.03 180.19 21154 267.98 312.23
13 23.59 46.67  176.64  338.17 25.61 30.10 38.56 58.14 91.30 14266  180.90 212.30 268.83 313.15
14 23.64 46.66  176.02  336.58 25.65 30.13 38.57 58.09 91.11 14222 180.26 211.48 267.68 311.72
15 23.60 46.53  175.01 334.14 25.61 30.07 38.48 57.89 90.72 14147  179.21 210.18  265.88  309.52
16 23.57 46.43 174.20 332.08 25.57 20.08 38.41 57.75 90.42 140.88 178.37 209.12 264.39 307.67
17 23.59 46.43  173.82  330.93 25.59 30.04 38.41 57.73 90.33 14064 177.98 208,59 263.60  306.65
18 23.63 46.47  173.69  330.31 25.63 30.08 38.46 57.77 90.35  140.57 177.84 208.37 263.22  306.12

B, percentile; SAT, subcutaneous adipose tissue; SD, standard deviation.

Currently, the importance of adequate nutritional status
during illness is strongly emphasized. Over the years a wide
variety of VAT metabolic activity was confirmed highlighting
the importance of the body composition assessment during
treatment (27-29). Volume and distribution of adipose tissues
determinate the type and intensity of malnutrition and therefore
enable adequate nutritional support (30, 31).

Appropriate assessment of VAT in the pediatric population is
considered to be a serious problem. Most of currently available
measurement methods have limitations as discussed in the
introduction (8, 9). In contrast, MRI enables direct, accurate,
quantitative assessment of all compartments of body fat and
is a radiation-free technique which allows safe and long-term
observation in body composition changes during growth when
compared to CT.

Our study plan was to use the safest method with high
efficiency in the quantitative assessment of VAT and SAT.
This can be done with MRI imaging which is a commonly
used technique in pediatric population during the routine
diagnostic process. The accuracy and reproducibility of the MRI
examination in the assessment of adipose tissue have already
been proved in both adult and pediatric patients (14, 32). The
semi-automatic methodology used in our study is consistent
with previous studies. In our study, SAT and VAT surface area
results obtained by both radiologists on slices at the level of
second lumbar vertebrae of randomly selected patients showed
high intra-observer reproducibility and inter-observer agreement
(Supplementary Figures 1-4). Both in SAT and VAT plots, the
mean difference between radiologists was insignificant up to 2.5
cm? indicating that one of them selected larger areas as adipose
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TABLE 3 | VAT-for-age (cm?) references for boys.

Age -28D -1SD 18D 2SDb P3 P5 P10 P25 P50 P75 P85 P90 P95 P97
(years)

6 13.00 19.35 31.61 37.60 18.77 15.28 17.58 21.38 25.54 29.65 31.38 33.31 35.48 36.89
7 12.38 20.06 43.99 61.09 13.16 14.82 17.64 23.13 30.46 39.22 44.55 48.42 54.58 58.85
8 13.60 21.46 53.64 84.95 14.36 15.99 18.87 24.91 33.91 46.20 54.55 61.05 7215 80.42
9 16.56 25.87 68.35  116.36 17.44 19.35 22.76 30.07 41.46 57.89 69.64 79.12 95.95  109.01
10 18.53 28.76 7750  136.57 19.50 21.58 25.33 33.42 46.23 65.17 79.04 90.41 11097  127.27
11 19.97 30.68 82.99  149.33 20.97 23.16 27.08 35.59 49.18 69.55 84.69 97.22  120.21 138.69
12 20.74 31.57 85.23 1656.52 21.76 23.96 27.93 36.55 50.37 71.29 86.99 100.10 124.36 144.08
13 21.29 32.16 86.46 1569.30 22.31 24.52 28.50 37.16 51.07 72.25 88.26 101.70 126.77 147.32
14 21.87 32.82 87.88  163.08 22.90 25.13 29.13 37.86 51.91 73.40 89.72  103.49  129.30 150.60
15 22.45 33.52 89.44 166.92 23.49 25.74 29.79 38.61 52.84 74.67 91.32 106.41 131.95 163.97
16 22.98 34.17 90.91 170.48 24.03 26.31 20.40 39.32 53.72 75.87 92.83 107.22  134.44  157.11
17 23.43 34.72 92.17  173.53 24.49 26.79 30.92 39.92 54.47 76.90 9412  108.77  136.56  159.79
18 23.80 35.18 93.21 176.05 24.87 27.19 31.35 40.42 55.08 77.75 95.18  110.04  138.30  162.01
R, percentile; SD, standard deviation; VAT, visceral adipose tissue.

TABLE 4 | VAT-for-age (cm?) references for girls.

Age -28D -1SD 1SD 2sb P3 P5 P10 P25 P50 P75 P85 P90 P95 P97
(years)

6 14.83 20.56 36.84 47.88 15.44 16.70 18.80 22.75 27.82 33.69 37.20 39.73 43.71 46.45
7 15.15 20.94 42.31 62.16 15.74 16.97 19.08 23.35 29.46 37.52 42.89 47.03 54.07 59.29
8 17.92 24.76 54.25 88.73 18.59 20.02 22.52 27.75 35.68 47.01 55.15 61.79 73.77 83.29
9 19.15 26.40 58.89 99.56 19.85 21.36 24.01 29.59 38.18 50.71 59.91 67.53 81.56 92.95
10 20.90 28.88 63.92  106.31 21.68 23.34 26.26 32.37 41.71 55.21 65.01 73.07 87.74 99.52
1 22.40 31.12 68.38 111.08 23.25 25.07 28.27 34.92 44.98 59.29 69.51 77.80 92.67 104.40
12 22.89 32.03 7012 111.84 23.79 25.70 29.05 35.99 46.39 60.98 71.25 79.49 94.09  105.44
13 22.81 32.13 70.24 110.56 23.73 25.68 29.09 36.15 46.65 61.21 71.35 79.42 93.58 104.47
14 22.73 32.19 70.38  109.79 23.67 25.65 29.11 36.26 46.85 61.41 71.48 79.44 93.31 103.89
15 22.77 32.38 70.81 109.79 23.72 25.73 29.26 36.50 47.21 61.85 71.91 79.83 93.57  104.00
16 22.87 32.63 71.38 110.18 23.83 25.88 29.46 36.81 47.64 62.38 72.48 80.40 94.09 104.44
17 22.98 32.88 71.93  110.66 23.96 26.04 29.66 37.11 48.05 62.90 73.03 80.97 94.64  104.95
18 23.08 33.09 72.42  111.09 24.07 26.17 29.84 37.37 48.41 63.35 73.52 81.47 95.13  105.42

B, percentile; SD, standard deviation; VAT, visceral adipose tissue.

tissue. In both intra- and inter-observer Bland-Altman plots,
greater differences between measurements were noted in VAT
groups. However, actual differences in measured adipose tissue
areas were up to 2.5 cm?, which makes this difference almost
negligible. The high correlation between observers obtained in
our study indicates the reliability of SAT and VAT measurements
suggesting that these findings can be used to build models of the
percentile charts.

Considering the purpose of our study and pediatric
population, we had to change the current MRI image
sequence approach which is commonly used for adipose
tissue quantification. To date, the majority of published studies
have used T1-weighted water-fat sequences (called Dixon
sequence). While these sequences have a short acquisition time,
the quality of acquired images are strongly dependent on the

ability to breath-hold during the examination. The sufficiently
long breath-hold is difficult for young children and impossible
in case of sedation. Thus, Dixon images of abdomen and pelvis
acquired in children are frequently burdened by movement
artifacts, making this impossible to evaluate the change in body
composition (33). To overcome this limitation, our study used
T2-weighted sequences. In the study of Pescatori et al. has
shown that the sensitivity and specificity of T1- and T2-weighted
sequences in the assessment of adipose tissue are comparable
but the results of T2-weighted sequences tended to be more
reproducible (32). Furthermore, T2-weighted sequences are
included in all standard examination protocols of the abdominal
and/or pelvis cavity. Thus, utilizing these sequences for the
assessment of SAT and VAT has no major impact on examination
and sedation time
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FIGURE 2 | SAT-for-age (cm?) percentile charts for boys aged from 6 to 18 years. SAT, subcutaneous adipose tissue.
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FIGURE 3 | SAT-for-age (cm?) percentile charts for girls aged from 6 to 18 years. SAT, subcutaneous adipose tissue.
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Proper assessment of obtained images requires the
involvement of highly qualified personnel. Although tools
for manual or semi-automatic SAT and VAT quantification
are widely available, segmentation throughout all slices at the
level of abdominal or pelvis cavities is time-consuming and
impractical (34). Therefore, the quantity of particular adipose
tissue depots is usually estimated based on a single cross-section
image (18-22, 35, 36). According to the current knowledge,
in children cross-sections at the height of L2 vertebrae are the
most accurate and correlate to the total amount of SAT and
VAT (35, 36). Although in the future artificial intelligence (AI)
algorithms may simplify the adipose tissue segmentation process,
the current utilization of the single-slice approach is the most
optimal solution.

In this context, in the present study by creating the SAT
and VAT percentile charts we provide a tool that can be widely
and easily implemented in clinical practice. The percentile charts
are costless, easy, quick to apply, and enable observation of the
growth tendencies over the longer term. The most used percentile
charts in pediatric populations are weight, height, and BMI charts
(37). However, BMI percentile curves are created by averaging
not only SAT and VAT, but also muscle and internal organs mass.
As a result, the BMI percentile charts cannot properly illustrate
changes in the adipose tissue during children’s growth (6, 38).
Regardless of gender, the BMI values presented a continuous
increase from 6 to 18 years of age both in data presented by WHO
(39), as well as in our study. However, only the value of VAT
showed a similar upward trend. The SAT surface area stabilized
around the age of 12 for both boys and girls. The distribution
of BMI standard deviations scores in our population was similar
to the regional reference values (40). However, flattening of the
BMI curves in the age range from 8 to 10 years in both sexes was
noticeable which may be related to the size of our study group.

It should be emphasized that in the same age range, in the
contrary to BMI, the SAT, and VAT percentile curves showed
a continuous increase. These findings may indicate that our
method is more sensitive and precise at reflecting the actual
changes in the amount and distribution of body fat.

In our study, data from children with known disorders
affecting growth were excluded. The presented standard
deviation scores and percentiles should be considered as
growth references (not growth standards according to the
WHO terminology) because we did not identify environmental
conditions “likely to favor the achievement of children’s full
genetic growth potential” (25). To better monitor, the growing
problem of overweight and obesity among children and
adolescents in the recommendations of the pediatric obesity
experts committee the cut-off values have been determined at
the level of 85th and 95th percentiles as the best equivalents of
adults’ 25th and 30th BMI values (41). Similarly, in our study for
the SAT and VAT percentile charts, we proposed the 85th and
95th percentile curves as warning points, above which attention
for overweight is required. Determining the exact percentile cut-
off for SAT and VAT overweight and obesity requires further
research on a larger population.

This study has several limitations. Firstly, the number
of participants was relatively small, as percentile charts are
usually created during population-based prospective studies. Our
study was conducted at a single-center, therefore our results
only refer to the Caucasian population. Additionally, semi-
automatic adipose tissue assessment is time-consuming and
further research on a larger study group would require the
implementation of fully automatic tools based on AI deep
learning algorithms. Further limitation of this study is the lack
of centile charts for children from birth to 5 years of age.
Since percentile charts for the youngest children are commonly
presented in monthly intervals, our study did not include a
sufficient number of healthy participants in these age groups to
obtain reliable results.

In conclusion, for the first time, we have shown reference
values of SAT and VAT in form of percentile charts for boys
and girls during childhood and adolescence. Frequent utilization
of MRI examinations in the pediatric population may enable
the implementation of our method in clinical practice for
body composition assessment and proper nutritional support.
In the view of the rapid development of AI deep learning
algorithms, there seems to be a high possibility of automatization
and incorporation of MRI-based adipose tissue assessment into
standard diagnostic protocols.
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1.1 Supplementary Figures

Supplementary Figure 1. Bland-Altman plot of the difference in interobserver SAT segmentation
(cm?) against the mean SAT segmentation (cm?). KM, first radiologist; MP, second radiologist; SAT,
subcutaneous adipose tissue; SD, standard deviation.
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Supplementary Figure 2. Bland-Altman plot of the difference in interobserver VAT segmentation
(cm?) against the mean VAT segmentation (cm?). KM, first radiologist; MP, second radiologist; SD,
standard deviation; VAT, visceral adipose tissue.
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Supplementary Figure 3. Bland-Altman plot of the difference in intraobserver SAT segmentation
(cm?) against the mean SAT segmentation (cm?). KMy, first radiologist, first measurement; KMy,
first radiologist, second measurement; SAT, subcutaneous adipose tissue; SD, standard deviation.
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Supplementary Figure 4. Bland-Altman plot of the difference in intraobserver VAT segmentation
(cm?) against the mean VAT segmentation (cm?). KMy, first radiologist, first measurement; KM,
first radiologist, second measurement; SD, standard deviation; VAT, visceral adipose tissue.
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Supplementary Figure 5. BMI-for-age (kg/m?) percentile charts for boys aged from 6 to 18 years.
BMI, Body Mass Index.
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Supplementary Figure 6. BMI-for-age (kg/m?) percentile charts for girls aged from 6 to 18 years.
BMI, Body Mass Index.
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Abstract

Background Sarcopenia, defined as loss of skeletal muscle mass, is a novel term associated with adverse outcomes in
children. Magnetic Resonance Imaging (MRI) is a safe and precise technique for measuring tissue compartments and is
commonly used in most routine paediatric imaging protocols. Currently, there is a lack of MRI-derived normative data
which can help in determining the level of sarcopenia. This study aimed to introduce reference values of total psoas
muscle area (tPMA), total paraspinal muscle area (tPSMA), and total macroscopic fat infiltrations of the PSMA (tMFI).
Methods In this retrospective study, the local database was searched for abdominal and pelvic region MRI studies of
children aged from 1 to 18 years (mean age (standard deviation (SD)) of 9.8 (5.5) years) performed in the years 2010
2021. Children with chronic diseases and a history of surgical interventions were excluded from the analysis. Finally, a
total of 465 healthy children (n = 233 girls, n = 232 boys) were enrolled in the study. The values of the tPMA, tPMSA,
and tMFI were measured in square centimetres (cm?) at the level of the L4/L5 intervertebral disc as the sum of the left
and right regions. Age-specific and sex-specific muscle, fat, and body mass index percentile charts were constructed
using the LMS method. Inter-observer agreement and intra-observer reproducibility were assessed using the Bland-
Altman plots.

Results Both tPMA and tPSMA showed continuous increases in size (in cm?) throughout all age groups. At the age of
18, the median tPMA areas reached 26.37 cm? in girls and 40.43 cm? in boys. Corresponding tPSMA values were
higher, reaching the level of 40.76 cm? in girls and 56.66 cm? in boys. The mean value of tMFI within the paraspinal
muscles was 5.0% (SD 3.65%) of their total area in girls and 3.5% (SD 2.25%) in boys with the actual difference be-
tween sexes up to 0.96 cm?. Excellent intra-observer reproducibility and inter-observer agreement were noted. Actual
mean differences for tPMA were at the level of 0.43 and 0.39 cm?, respectively. Mean bias for tPSMA was 0.1 cm? for
inter-observer and 0.05 cm? for intra-observer measurements.

Conclusions Our findings demonstrate novel and highly reproducible sex-specific MRI-derived reference values of
tPMS, tPSMA, and tMFI at the level of the 1L4/L5 intervertebral disc for children from 1 to 18 years old, which may
guide a clinician in the assessment of sarcopenia, a prognostic outcome marker in children.
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Introduction

Malnutrition is a well-known phenomenon during the treat-
ment of childhood cancer and multiple acute or chronic
diseases.’™ Loss of skeletal muscle mass and strength or exer-
cise capacity (physical performance) in the adult population is
called sarcopenia and has been described as a component of
malnutrition. In the literature, paediatric sarcopenia is a new
term associated with insufficient muscle mass at a given age
and is an independent risk factor for surgical complications
and neoplasm associated with severe adverse events.>>>™

There are many approaches for the initial assessment of
muscle mass and nutritional status. The most readily avail-
able are anthropometric measures [body mass index (BMI),
waist to height ratio (WtHR), mid-arm circumference, or
skinfold thickness] as well as biochemical markers. Although
anthropometric measurements are easy to use and less
costly, they assess muscle mass indirectly with a high
inter-observer variance which may limit sensitivity for detect-
ing changes in these methods.’®™** A good correlation of
muscle mass with biochemical markers has already been
proven in a healthy population. However, their values may
be imprecise due to disease-related complications such as or-
gan failure or dietary factors.****

The need for more precise measurements has resulted in
the use of other methods such as bioelectrical impedance ab-
sorptiometry (BIA) and dual-energy X-ray absorptiometry
(DXA). BIA is based on the assumption of the constant chem-
ical composition of a fat-free-body.*> DXA uses two different
energy spectra to differentiate bone and soft tissues based
on tissue X-ray absorption.*® However, changes in body com-
position caused by disease-related complications such as asci-
tes, organomegaly, organ failure, abnormalities in hydration
status, or post-surgery changes limit their reproducibility in
patients with chronic diseases.%*>7

Computed tomography (CT) overcomes these limitations
by direct quantification of body compartments. The utility
of CT in the assessment of sarcopenia based on a single slice
at the abdominal level was already proven both in the adult
and paediatric populations.>*¢%81% Recently Eberhard
et al. published normative values of psoas muscle area at
the L3/L4 and L4/L5 intervertebral lumbar levels.?° However,
due to radiation exposure, the CT examination of abdominal
and pelvic levels in children and adolescents is performed pri-
marily during an emergency. Diagnostic and control tests of
chronic diseases in these areas are performed using magnetic
resonance imagining (MRI). MRl is a radiation-free technique
and is considered the gold standard technique in soft tissues
segmentation. It enables the assessment of muscle area as
well as the measurement of intramuscular adipose tissue.
As a measurement of cross-selectional muscle area at the
L4/L5 intervertebral disc correlates with whole-body muscle
mass and MRI is increasingly available in clinical centres,
the evaluation of sarcopenic status can be included in the

routine diagnostic protocols of abdominal/pelvis cavity
examinations.®2%2! This study, therefore, was performed in
a healthy paediatric population to establish the
sex-dependent reference normative values of MRI-derived
psoas and paraspinal muscles area and display a normal
range of macroscopic fat infiltration into paraspinal muscles.

Material and methods
Patients

This retrospective, cross-sectional single-centre study was ap-
proved by the Institutional Ethics Committee (NKBBN/443/
2018). The sample population included MRI examinations of
the abdomen, pelvis, and lumbar spine in children and ado-
lescents aged O to 18 years.

The dedicated search engine MedStream Designer (MSD)
was used to search the local database for examinations per-
formed in the years 2010-2021 where 2175 records were
found. Exclusion criteria consisted of other body regions stud-
ies incorrectly found by MSD (n = 433), examinations without
T2-weighted sequences in the transverse plane (n = 27), T2-
weighted sequences distorted by artefacts (n = 6), children
with a history of the oncological or haematological disease,
ascites, glycogen storage diseases, muscular dystrophies, a
chronic inflammatory/connective tissue diseases (n = 637),
patients post nephrectomy or other surgical procedure
(n = 92), children with severe scoliosis, bone or spinal canal
disorders, and cerebral palsy (n = 47). Only the first MRI ex-
amination of changes with benign origin (e.g. liver
haemangioma) was included while the rest of the follow-up
studies were excluded from the analysis (n = 104). Initially
found records included 364 examinations of children in the
first year of life. Most of them were excluded due to malig-
nancy and vesicoureteral reflux (n = 328), and only 16 records
were considered healthy infants. Due to insufficient sample
size, all data of children during infancy was excluded from
further processing.

The final analysis included a total of 465 healthy children
and adolescents aged 1 to 18 years (n = 233 girls, n = 232
boys). The patients’ age, weight, and height at the time of
MRI examination were obtained from DICOM header tags.
Body mass index (BMI) was calculated for each subject by di-
viding weight in kilograms by the square of the height in me-
ters. The differentiation of the study cohort by sex and age is
available in the supplementary material (Supporting Informa-
tion, Figure S8).

Imaging method

For evaluation of psoas muscle, paraspinal muscle, and
paraspinal intramuscular fat areas, one slice at the level of
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the L4/L5 intervertebral disc was chosen from the standard
TSE T2-weighted sequence in the transverse plane. The im-
ages were obtained from different MRI systems: Philips
Achieva 3.0 TX (Philips Medical Systems Nederlands, Best,
the Netherlands) and two 1.5 T systems, Magnetom Aera
and Magnetom Sola (Siemens Healthineers, Erlangen,
Germany).

Muscle and fat tissue quantification

Images of all selected patients were retrieved from the local
picture archiving and communication system. The first fully
separated intervertebral space above the sacral bone was
considered the L5/S1 level. On sagittal and coronal sequence
images the L4/L5 intervertebral disc was identified and the
corresponding axial image was selected. If the intervertebral
disc was displayed on more than one cross-section, the image
closer to the L4 vertebrae body was selected.

The muscle tissue was segmented into psoas (PMA) and
paraspinal muscle (PSMA) compartments. The paraspinal
compartment included multifidus, iliocostalis lumborum,
and longissimus muscles. Both arms and other abdominal
muscles were excluded from muscle tissue quantification.
Macroscopic fat infiltrations into PSMA (MFI) were identified
and excluded from final muscle areas.

Parametric Magnetic Resonance Imaging v1.2.31-b (pMRI)
freeware available at the website www.parametricmri.com
was used for semi-automatic body composition analysis.

The T2-weighted sequence was loaded into the volumetric
region of interest (ROI) analysis module of pMRI software and
processed for segmentation and volumetric quantification of
selected tissues. Bilateral PMA and PSMA were delineated on
corresponding axial cross-sectional images by the use of the
free hand ROI mode. Signal intensity thresholds were manu-
ally set for the analysis of MFI. After corresponding free hand

and signal intensity-based segmentation, all data sets were
visually revised and misclassified tissues were corrected.

The total PMA (tPMA), PSMA (tPMSA), and MFI (tMFI) rep-
resent the sum of the right and left ROIs (in cm?). Total mus-
cle area (TMA) indicates the sum of tPMA and tPSMA muscles
(in cm?).

Three hundred fifteen sets were segmented by K. M. (3rd
year of specialization in radiology) and 150 sets by M. P. (radi-
ologist with 15 years of experience in MRI). Additionally, the
average time needed for analysis and correction of a single
data set was approximately between 5 and 8 min. The example
of the segmented cross-section is presented in Figure 1A,B.

Statistical analysis
Reproducibility of image segmentation

The inter-observer segmentation reproducibility between
two independent radiologists (K. M. and M. P.) was assessed
based on 40 sets of randomly selected MRI examinations. The
evaluation of intra-observer reproducibility was conducted by
re-segmentation (the time interval to first segmentation was
at least 2 weeks) of the same set of images by one of the ra-
diologists (K. M.) Based on these data, intra-observer and
inter-observer agreement of the segmentation was assessed,
using Bland—Altman plots with 95% agreement limits.?* Anal-
ysis was performed using R, version 4.1.0.

Statistical analysis of percentile charts

Sex-specific BMI-for-age, tPMA-for-age, tPSMA-for age, TMA-
for-age and tMFI-for-age z-scores and percentile curves were
analysed using the LMSChartMaker Light version 2.54
software.”®> The creation of growth centile standards was

Figure 1 A 17-year-old boy (BMI: 19.4 kg/mz). (A) Native MRI T2-weighted sequences in the transverse plane at the level of L4/L5 intervertebral disc.
(B) Example of tissue segmentation at the same level: Right PMA (red), left PMA (blue), right PSMA (purple), left PSMA (yellow) and tMFI (green). BMI,
body mass index; PMA, psoas muscle area; PSMA, paraspinal muscle area; tMFI, total macroscopic fat infiltrations into PSMA.
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Figure 2 (A) BMI-for-age (kg/mz) SD percentile charts for boys and girls aged from 1 to 16 years of actual study in comparison with national reference
standards (OLA/OLAF study).zs’27 BMI, body mass index; SD, standard deviation. (B) Weight-for-age (kg) percentile charts for boys and girls aged from 1
to 16 years in comparison with weight reference standards published by Eberhard et alt’ (C) MRI-derived total-psoas-for-age (sz) percentile charts
for boys and girls aged from 1 to 16 years in comparison with tPMA CT-derived reference standards published by Eberhard et al.”” tPMA, total psoas
muscle area.
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based on the lambda-mu-sigma method.?* The LMS parame-
ters consist of the median (M), the generalized coefficient of
variation (S), and the power in the Box-Cox transformation
(L). By the use of Box-Cox, power transformation measure-
ment for any given age can be brought closest to normality,
where age is used as a continuous variable. In the prepara-
tion stage, the z-score plot of each variable was inspected
for the identification of outliers. None of the outliers were
considered to be made due to mistakes in data recording or
transferring.

Following WHO guidelines,? derivation of percentiles was
enabled only within the interval of z-scores between —3.0
and 3.0. To prevent distortions of percentile charts due to
outliers, the data beyond the limits of observed values were
fixed at the distance of —2.5 standard deviation (SD) and
2.5 SD at each age correspondingly. Both in boys and girls
only two BMI values were fixed. All muscles and tMFI values
were within the range of set limits.

The age-dependent variation of three smooth curves repre-
senting L(t), M(t), and S(t) were created from the original data
by fitting natural cubic splines with knots at each distinct age t:

Ca(t) =M(t) x [1+4+L(t) x S(t) x Za]l/L(t)

where Zo. is the a-quantile of a standard normal distribution
and Ca(t) is a percentile corresponding to Za. Equivalent de-
grees of freedom (edf) L(t), M(t), and S(t) measure the com-
plexity of each fitted curve. In our data set, each model was
fitted with the loop option. As further fitting made no signifi-
cant improvements to our models, the standard edf of L3,
M5, and S3 was chosen.?
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Results

The image segmentation reproducibility analysis showed
good agreement for the measurements at the L4/L5 interver-
tebral level. For tPMA, the mean intra-observer and
inter-observer disagreements were at the level of 0.43 and
0.39 cm?, respectively. On the Bland—Altman intrarater plot,
4 outliners can be spotted, however, most measurements var-
ied up to 1.2 cm?. Between independent radiologists, almost
all of the actual differences were within the range of 1 cm?.
The variation and maximal differences of tPSMA actual mea-
surements were slightly higher than tPMA reaching 2 cm? for
inter-observer and to 1.75 cm? for the intra-observer differ-
ence. However, the bias of mean differences was lower with
corresponding values of 0.1 and 0.05 cm? The mean tMFI
intra-observer and inter-observer differences were at levels
of 0.77 and 0.91 cm?, respectively. On the Bland—Altman
plots, a few outliners can be spotted; however, most actual
disagreements were within the range of 1.2 cm? for
intra-observer and 1.9 cm? for inter-observer measurements.
The differences between observers in the form of Bland—Alt-
man plots are available in the supplementary material
(Figures S1-S6).

The BMI-for-age, tPMA-for-age, tPSMA-for-age, TMA-for-
age, and tMFI-for-age percentile charts were constructed
based on the 465 MRI examinations of children (233 girls
and 232 boys) aged 1 to 18 years (mean age (SD) of 9.8
(5.5) years). For male subjects mean age (SD) was 9.46
(5.31) years. For female subjects mean age (SD) was 10.11
(5.68) years.

The current charts of BMI increase in correlation with age,
including SD curves (-2SD, -1SD, median, +1SD, +2SD) and a

s =497

Percentile

tPMA (cm?)

1.2 3 4 5 6 7 8 9 10 11
Age (years)

12 13 14 15 16 17 18

Figure 3 Psoas-for-age (sz) percentile charts for (A) boys and (B) girls aged from 1 to 18 years. tPMA, total psoas muscle area.
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comparison with the largest BMI study of the Polish popula-
tion, “Ola/Olaf” are shown in Figure 2A.>®?” The present
study found that the BMI z-scores were higher compared
with the national Ola/Olaf reference values, especially in
the range of +2 SD and +1 SD, where the differences reached
2.7 units in girls and 1.46 units in boys. As the study popula-
tion of currently available CT-derived norms for total psoas
muscle area is defined by weight,®® the comparison of
weights with our results is presented in Figure 2B.

The tPMA and tPSMA reference values for boys and girls in
each age group are presented in Tables S1 and S2. Correspond-
ing data for TMA is included in Table S3. Based on the results,
percentile charts were created for each muscle compartment
(Figures 3A,B, 4A,B, and S7A,B). In all age groups, there was
a continuous increase in both tPMA and tPSMA. The sex per-
centiles values were similar in the first 8 years of life for tPMA
and the first 10 years of life for tPSMA, with a later predomi-
nance of boys in the following years. In girls, the most dynamic
increase in tPMA area was recorded between the ages of 9 and
14, reaching a median of 26.37 cm? at the age of 18. In boys, a
dynamic increase of tPMA was observed until the end of the
observed range. At this age, a median of 40.43 cm? was
reached. The sex distribution of tPSMA percentiles was differ-
ent in children 14 years of age and older. In boys, an increase
was noted within all age groups, while in girls, stability was
reached around the age of 15 years. The medians of tPSMA
surface at the end of the observed age reached values of
56.66 and 40.76 cm?, respectively.

No substantial differences between sexes were noted in the
surface area of tMFI from age 1 to 3 years old. In older chil-
dren, female predominance was observed, especially promi-
nent during adolescence (for medians, the difference of
0.34-0.96 cm?). The mean value of tMFI reached up to 5%
(SD 3.65%) in girls and 3.5% (SD 2.25%) in boys. The distribu-
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tion of percentile charts in our population showed a continu-
ous increase observed across all age groups with a steep in-
crease in girls from the age of 8 years onwards (Table S4,
Figure 5A,B).

Discussion

This study proposed sex-specific MRI-derived reference
values as percentile charts of the psoas muscle, paraspinal
muscles, and macroscopic fat infiltrations in paraspinal mus-
cles areas for children aged from 1 to 18 years. This is the first
study that demonstrates normative values of paraspinal mus-
cle and macroscopic fat infiltrations in paraspinal muscles in-
cluded in the whole single-slice muscle area. Until now, intra-
muscular fat of children’s paraspinal muscles was only
described as circular ROI fat fraction.?®

With skeletal muscle mass increasing during growth, many
pathological states such as malignancies, post-surgery, or in-
flammatory diseases may lead to inadequate muscle mass
for a given age."** This state, called sarcopenia, is associ-
ated with adverse health outcomes during treatment and a
decrease of life quality, mainly described in the adult
population.?**81%2% However, this phenomenon has been
described more and more recently in paediatric
populations.?>"°

Currently available methods of measuring sarcopenia are
often implicated in disease-related conditions and appear to
be inadequate to meet the demands of personalized medi-
cine that is easily incorporated into clinical practice.3°

Radiological direct measurements of cross-sectional mus-
cle area at the lumbar level are proven objective and feasible
methods to assess sarcopenia.>>® In a recently published
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Figure 4 Paraspinal muscle-for-age (cmz) percentile charts for (A) boys and (B) girls aged from 1 to 18 years. tPSMA, total paraspinal muscle area.
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Figure 5 tMFI-for-age (sz) percentile charts for (A) boys and (B) girls aged from 1 to 18 years. tMFI, total macroscopic fat infiltrations in paraspinal

muscles.

study, the reference values for total psoas muscle area were
established in a group of children 1-16 years old who re-
quired emergency abdominal CT examination after paediatric
trauma.2® However, most malnutrition abnormalities leading
to sarcopenia are diagnosed with MRI. Unlike CT, this imaging
method is a preferred part of many paediatric diagnostic pro-
tocols, free from ionizing radiation, with much better ‘soft tis-
sue contrast’ than CT.

The reproducibility of MRI examination of tPMA was al-
ready demonstrated in the literature.>®' Excellent
intra-observer and inter-observer agreements were observed
in our study (Figures S1-S4). The mean disagreement of
tPMA surface area at the level of the L4/L5 intervertebral disc
obtained by the use of a semi-automatic method was higher
than tPSMA by 0.33 cm? in intra-observer and by 0.34 cm? in
the inter-observer group. However, actual maximal differ-
ences were higher in the group of paraspinal muscles. It indi-
cates a greater variety of measurements with a similar spread
on both sides of the middle line. In both muscle groups, the
reader (M. P.) selected slightly larger muscle areas than the
second reader (K. M.), but the difference was insignificant.
The high inter-observer agreement obtained in our study in-
dicates the feasibility of tissue area percentile charts based
on our results.

Accurate and reproducible measurement of adipose and
muscle areas based on MRI examinations requires the in-
volvement of personnel experienced with this method. The
assessment of full muscle length is time-consuming and often
impossible due to the limitation of the area included in the
examination. Moreover, adding dedicated sequences to fully
appreciate selected muscles will increase the time of exami-
nation and cost, as well as sedation time in younger children.

Following previous studies, estimation of muscle mass
based on a single cross-section is highly accurate; therefore,

such an approach is currently the most cost and
time-efficient option.?*?93%33 |n the paediatric population,
the utility of manual measurement was already proven for
tPMA and tPSMA.>™*® Additionally, previous studies noted a
continuous increase of both tPMA and tPSMA during the first
20 years of life.>* In comparison, accurate quantification of
smaller muscles (e.g. abdominal oblique muscles) is possible
only when bordering tissues have different signal intensity
such as fat. The abdominal wall in the youngest and thinnest
children contains little adipose tissue, which limits the proper
identification of muscle margins.

In the published articles, few paediatric measurement sites
were proposed, with the level of the third lumbar vertebrae
being most frequently used.”*>®8 Recent studies introduced
the level of the L4/L5 intervertebral disc as a feasible cross-sec-
tion for single-slice measurements in children.®>?° Lurz et al.°
proved the interchangeability of L3/L4 and L4/L5 interverte-
bral disc levels for tPMA measurement in both sexes
(r = 0.95-0.98, P < 0.001-0.01). According to authors, the
tPMA differs depending on the measured level with the largest
area noted at the level of the upper L5 vertebrae endplate. In
comparison, the largest tPSMA was reported at the level of the
upper L3 vertebrae endplate, whereas the area was slightly
smaller at levels of L4 and L5 vertebrae, but not significant.*
In clinical settings, paediatric MRl examination of both pelvis
and abdominal region usually covers the L4/L5 level which al-
lows utilization of percentile charts in a greater variety of path-
ological conditions. Therefore, we had chosen this region as a
reference level in our study.

The results of BMI SD scores for children from 1 to 4 years
old present a similar configuration to WHO normative
values.?>3® The distribution of BMI percentile lines of older
children in comparison with national Ola/Olaf BMI standards
was similar, however, our results for the majority of the time
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were higher?®?” (Figure 2A). This was particularly observed

for girls from the fifth year of life onwards. The disagreement
may be related to our patient study population which in-
cluded only the Caucasian race. On the other hand, an in-
crease in mean weight and BMI was reported over the
years.>® The WHO and Ola/Olaf BMI data represent standards
from before the year 2010 which may create a slight bias in
comparison with the current weight distribution. Bodyweight
percentile lines also showed a noticeable difference com-
pared with the Canadian study, while the children included
in our study were heavier®® (Figure 2B).

A further interesting observation in our study is a notice-
able difference between sexes for both tPMA and tPSMA per-
centile lines. In the early years of life, the differences in mus-
cle areas between boys and girls are small; however, from the
age of 8 for tPMA and the age of 10 for tPSMA, a greater dif-
ference can be noticed in boys. At the end of observed age,
flattening of both muscle percentile curves in girls is notice-
able, which may be associated with an earlier end of growth
phase than in boys. At the end of the observed age range, the
slope of percentile lines of tPMA in our study is similar to pre-
viously published norms in CT?° (Figure 2C). When compared
with the Canadian study,?® our 75th, 90th, and 95th tPMA
percentile lines tend to have a little bit greater differences
in older children. It may be the result of an insufficient sam-
ple size and also a greater variance of results of enrolled chil-
dren. However, considering the difference in populations,
tPMA growth tendencies between both studies showed high
convergence overall.

Measurement of muscle area in the paediatric population
was already conducted by the use of both T1-weighted and
T2-weighted sequences,”>! while MFI was only evaluated in
T1-weighted water-fat sequences (called Dixon sequence).?®
T1-weighted Dixon sequence is characterized by short acqui-
sition time, however, is vulnerable to movement and breath-
ing artefacts, which occur much more often in children than
adults especially if children are sedated. Hence, for MFI eval-
uation, we decided to use regular T2-weighted sequences
which are part of standard abdominal and pelvis examination
and their sensitivity and specificity in the assessment of adi-
pose tissue are comparable with T1-weighted sequences.®’
During adolescence and early adulthood, greater quantities
of intramuscular fat were observed in girls than boys, which
is compatible with higher fat content in females. The mean
value of tMFI in our study (3.5% in boys and 5% in girls) is
consistent with available data.®® As body fat fraction in-
creases during chronic diseases, malignancies, and treatment
with specific drugs (e.g. steroids),®® area-for-age normative
values may be used to estimate the degree of fat infiltration.
In those cases, it is especially important to measure fat-free
muscle area as the inclusion of MFI may delay the diagnosis
of sarcopenia. Additionally, it was reported that the function-
ality of lower extremity muscles seems to be disturbed by fat
infiltrations.*® We suspect that similar changes occur in

paraspinal muscles, which alongside muscle loss in sarcope-
nia may further decrease physical performance. It indicates
that the assessment of MFI may become part of the initial
evaluation during hospitalization in the future.

This study also has several limitations. Firstly, our study
was performed at a single institution; therefore, our results
only refer to the Caucasian population. Secondly, there is a
lack of percentile charts for children in the first year of life.
It was caused by an insufficient number of healthy partici-
pants because most MRI examinations of the abdomen and
pelvis were performed for oncological reasons. Further, the
tPMA, tPSMA, and tMFI were not standardized by height,
which limits the consistency of measurements across the
range of growing deficits. However, height in children de-
pends on both constitutional and health-related variables.
Growth deficits and sarcopenia are often related to the same
underlying conditions. Height-standardization, may improve
the performance of charts but also introduce overcorrection,
especially in long-lasting diseases which are affecting the sub-
ject’s height. Currently, there is a lack of MRI-derived refer-
ence values in the paediatric population, and in CT-based per-
centile charts height correction was not performed.®
Additionally, the distribution of BMI charts in our group was
similar to the national growth charts which reflect the gen-
eral population of Poland®®?’ (Figure 2A). Therefore, no cor-
rection for height was performed, and we accepted the
methodology consistent with previous studies.?° Instead, we
rather recommend the clinical use of percentile charts taking
into account the broader clinical context. The last limitation
includes the inability to estimate confidence intervals for
each percentile line during the construction of charts and
the time necessary to perform semi-automatic segmentation
of tissues. Multicentre studies on larger populations may re-
quire the implementation of fully automatic tools such as cur-
rently rapidly developing deep learning algorithms.

In conclusion, our study is the first to define MRI-derived
reference values of tPMA and tPSMA in the form of percen-
tile charts for children aged from 1 to 18 years. Additionally,
tMFI was measured and first age-dependent norms for boys
and girls during childhood and adolescence were presented.
In the view of personalized medicine, early detection of sar-
copenia and macroscopic fat infiltrations into paraspinal mus-
cles seems to be one of the important directions in paediatric
medicine. Incorporation of our method into standard diag-
nostic protocols may enable a precise initial assessment of
sarcopenic status and appropriate nutritional support.

Conflict of interest

Kacper Marunowski, Dominik Swietor, Wiodzimierz Bzyl,
Matgorzata Grzywinska, Piotr Bandosz, Dmitry Khrichenko,
and Maciej Piskunowicz declare that they have no conflict
of interest.

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.13049



MRI-derived muscle and fat tissue reference values in children

Funding

This study received no specific grant from any funding agency
in the public, commercial, or not-for-profit sectors.

References

10.

11.

12.

Suzuki D, Kobayashi R, Sano H, Hori D,
Kobayashi K. Sarcopenia after induction
therapy in childhood acute lymphoblastic
leukemia: its clinical significance. Int J
Hematol 2018;107:486-489.

Lépez JJ, Cooper JN, Albert B, Adler B, King
D, Minneci PC. Sarcopenia in children with
perforated appendicitis. J Surg Res 2017,
220:1-5.

Lurz E, Patel H, Frimpong RG, Ricciuto A,
Kehar M, Wales PW, et al. Sarcopenia in
Children With End-Stage Liver Disease. J
Pediatr  Gastroenterol Nutr 2018;66:
222-226.

Mangus RS, Bush WJ, Miller C, Kubal CA.
Severe Sarcopenia and Increased Fat
Stores in Pediatric Patients With Liver, Kid-
ney, or Intestine Failure. J Pediatr
Gastroenterol Nutr 2017;65:579-583.
Dedhia PH, White Y, Dillman JR, Adler J,
Jarboe MD, Teitelbaum DH, et al. Reduced
paraspinous muscle area is associated with
post-colectomy complications in children
with ulcerative colitis. J Pediatr Surg 2018;
53:477-482.

Kawakubo N, Kinoshita Y, Souzaki R, Koga
Y, Oba U, Ohga S, et al. The Influence of
Sarcopenia on High-Risk Neuroblastoma. J
Surg Res 2019;236:101-105.

Rayar M, Webber CE, Nayiager T, Sala A,
Barr RD. Sarcopenia in Children With Acute
Lymphoblastic Leukemia. J Pediatr Hematol
Oncol 2013;35:98-102.

Ooi PH, Thompson-Hodgetts S, Pritchard-
Wiart L, Gilmour SM, Mager DR. Pediatric
Sarcopenia: A Paradigm in the Overall Def-
inition of Malnutrition in Children? J
Parenter Enteral Nutr 2020;44:407-418.
Ritz A, Froeba-Pohl A, Kolorz J, Vigodski V,
Hubertus J, Ley-Zaporozhan J, et al. Total
Psoas Muscle Area as a Marker for Sarco-
penia Is Related to Outcome in Children
With Neuroblastoma. Front Surg 2021;
8:718184.

Horan M, Gibney E, Molloy E, McAuliffe F.
Methodologies to assess paediatric adipos-
ity. Irish J Med Sci (1971) 2015;184:53-68.
Blijdorp K, van den Heuvel-Eibrink MM,
Pieters R, Boot AM, Delhanty PJD, van der
Lely A-J, et al. Obesity Is Underestimated
Using Body Mass Index and Waist-Hip
Ratio in Long-Term Adult Survivors of
Childhood Cancer. PLoS ONE 2012;7:
e43269.

Orgel E, Mueske NM, Sposto R, Gilsanz V,
Freyer DR, Mittelman SD. Limitations of
body mass index to assess body composi-
tion due to sarcopenic obesity during leu-
kemia therapy. Leuk Lymphoma 2018;59:
138-145.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Online supplementary material

Rubbieri G, Mossello E, Di Bari M. Tech-
niques for the diagnosis of sarcopenia. Clin
Cases Miner Bone Metab 2014;11:
181-184.

Ryan E, McNicholas D, Creavin B, Kelly
ME, Walsh T, Beddy D. Sarcopenia and In-
flammatory Bowel Disease: A Systematic
Review. Inflamm Bowel Dis 2019;25:
67-73.

Sizoo D, de Heide LIM, Emous M, van Zut-
phen T, Navis G, van Beek AP. Measuring
Muscle Mass and Strength in Obesity: a Re-
view of Various Methods. Obes Surg 2021;
31:384-393.

Pietrobelli A, Formica C, Wang Z,
Heymsfield SB. Dual-energy X-ray absorpti-
ometry body composition model: review of
physical concepts. Am J Physiol Metab
1996;271:E941-E951.

Buckinx F, Landi F, Cesari M, Fielding RA,
Visser M, Engelke K, et al. Pitfalls in the
measurement of muscle mass: a need for
a reference standard. J Cachexia Sarcope-
nia Muscle 2018;9:269-278.

Amini B, Boyle SP, Boutin RD, Lenchik L.
Approaches to Assessment of Muscle Mass
and Myosteatosis on Computed Tomogra-
phy: A Systematic Review. J Gerontol Ser
A 2019;74:1671-1678.

Jones KI, Doleman B, Scott S, Lund JN, Wil-
liams JP. Simple psoas cross-sectional area
measurement is a quick and easy method
to assess sarcopenia and predicts major
surgical complications. Colorectal Dis
2015;17:020-026.

Lurz E, Patel H, Lebovic G, Quammie C,
Woolfson JP, Perez M, et al. Paediatric ref-
erence values for total psoas muscle area.
J Cachexia Sarcopenia Muscle 2020;11:
405-414.

Lacoste Jeanson A, Dupej J, Villa C, Bruzek
J. Body composition estimation from se-
lected slices: equations computed from a
new semi-automatic thresholding method
developed on whole-body CT scans. Peer)
2017;5:e3302.

Bland JM, Altman DG. Measuring agree-
ment in method comparison studies. Stat
Methods Med Res 1999;8:135-160.
LMSchartmaker Light|Health for all
Children.

Cole TJ. The LMS method for constructing
normalized growth standards. Eur J Clin
Nutr 1990;44:45-60.

WHO. WHO Child Growth Standards:
Methods and  Development. ~ WHO
2014Available online at: https://www.
who.int/publications/i/item/924154693X
Kutaga Z, Grajda A, Gurzkowska B, Gézdz
M, Wojtyto M, Swiader A, et al

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Polish 2012 growth references for
preschool children. Eur J Pediatr 2013;
172:753-761.

Kulaga Z, Litwin M, Tkaczyk M, Rézdzynska
A, Barwicka K, Grajda A, et al. The height-,

weight-, and BMlI-for-age of Polish
school-aged children and adolescents
relative to international and local

growth references. BMC Public Health
2010;10:109.

Albakheet SS, Lee M-J, Yoon H, Shin HJ, Koh
H. Psoas muscle area and paraspinal mus-
cle fat in children and young adults with
or without obesity and fatty liver. PLoS
ONE 2021;16:€0259948.

Byun S-E, Kim S, Kim K-H, Ha Y-C. Psoas
cross-sectional area as a predictor of mor-
tality and a diagnostic tool for sarcopenia
in hip fracture patients. J Bone Miner
Metab 2019;37:871-879.

Harbaugh CM, Zhang P, Henderson B,
Derstine BA, Holcombe SA, Wang SC,
et al. Personalized medicine: Enhancing
our understanding of pediatric growth with
analytic morphomics. J Pediatr Surg 2017;
52:837-842.

Orsso CE, Mackenzie M, Alberga AS,
Sharma AM, Richer L, Rubin DA, et al.
The use of magnetic resonance imaging
to characterize abnormal body composi-
tion phenotypes in youth with Prader—
Willi  syndrome. Metabolism 2017;69:
67-75.

Locke JE, Carr JJ, Nair S, Terry JG, Reed RD,
Smith GD, et al. Abdominal lean muscle is
associated with lower mortality among kid-
ney waitlist candidates. Clin Transplant
2017;31:e12911.

Reid JG, Livingston LA, Pearsall DJ. The
geometry of the psoas muscle as
determined by magnetic resonance imag-
ing. Arch Phys Med Rehabil 1994;75:
703-708.

Been E, Shefi S, Kalichman L, Bailey JF,
Soudack M. Cross-sectional area of lumbar
spinal muscles and vertebral endplates: a
secondary analysis of 91 computed tomog-
raphy images of children aged 2-20. J Anat
2018;233:358-3609.

WHO. Executive Summary. WHO 2014
Available online at: https://www.who.int/
childgrowth/standards/velocity/
tr3summary.pdf

Kalka E, Pastuszak A, Busko K. Secular
trends in body height, body weight, BMI
and fat percentage in Polish university stu-
dents in a period of 50 years. PLoS ONE
2019;14:e0220514.

Pescatori LC, Savarino E, Mauri G, Silvestri
E, Cariati M, Sardanelli F, et al. Quantifica-

Journal of Cachexia, Sarcopenia and Muscle 2022
DOI: 10.1002/jcsm.13049


https://www.who.int/publications/i/item/924154693X
https://www.who.int/publications/i/item/924154693X
https://www.who.int/childgrowth/standards/velocity/tr3summary.pdf
https://www.who.int/childgrowth/standards/velocity/tr3summary.pdf
https://www.who.int/childgrowth/standards/velocity/tr3summary.pdf

10

K. Marunowski et al.

38.

tion of visceral adipose tissue by computed
tomography and magnetic resonance im-
aging: reproducibility and accuracy. Radiol
Bras 2019;52:1-6.

Ortega X, Araneda D, Asahi T, Corral G,
Rojas G, Suarez B, et al. Variability of mus-

39.

cle fat fraction quantification in MRI using
the Dixon technique. Rev Chil Radiol
2016;22:149-157.

Murphy AJ, White M, Elliott SA, Lockwood
L, Hallahan A, Davies PS. Body composition
of children with cancer during treatment

40.

and in survivorship. Am J Clin Nutr 2015;
102:891-896.

Rahemi H, Nigam N, Wakeling JM. The ef-
fect of intramuscular fat on skeletal muscle
mechanics: implications for the elderly and
obese. J R Soc Interface 2015;12:20150365.

Journal of Cachexia, Sarcopenia and Muscle 2022

DOI: 10.1002/jcsm.13049



Supplementary figure 1. Bland-Altman plot of the difference in interobserver tPMA segmentation
(cm?) against the mean tPMA segmentation (cm?). KM, first radiologist; MP, second radiologist;
tPMA, total Psoas Muscle Area; SD, standard deviation.
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Supplementary figure 2. Bland-Altman plot of the difference in interobserver tPSMA segmentation
(cm?) against the mean tPSMA segmentation (cm?). KM, first radiologist; MP, second radiologist;
tPSMA, total Paraspinal Muscle Area; SD, standard deviation.
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Supplementary figure 3. Bland-Altman plot of the difference in interobserver tMFI segmentation
(cm?) against the mean tMFI segmentation (cm?). KM, first radiologist; MP, second radiologist; tMFI,
total Macroscopic Fat Infiltrations of the paraspinal muscle area; SD, standard deviation.
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Supplementary figure 4. Bland-Altman plot of the difference in intraobserver tPMA segmentation
(cm?) against the mean tPMA segmentation (cm?). KMy, first radiologist, first measurement; KM,, first
radiologist, second measurement; tPMA, total Psoas Muscle Area; SD, standard deviation.
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Supplementary figure 5. Bland-Altman plot of the difference in intraobserver tPSMA segmentation
(cm?) against the mean tPSMA segmentation (cm?). KMy, first radiologist, first measurement; KM,,
first radiologist, second measurement; tPSMA, total Paraspinal Muscle Area; SD, standard deviation.

15- - o +1.96SD=1.45

° 8 - ° e mean=0.05

KM1-KM2 (cm?)

-1.09 -1.96SD=-1.34

20 40 60 80
(KM1+KM2)/2 (cm?)



Supplementary figure 6. Bland-Altman plot of the difference in intraobserver tMFI segmentation
(cm?) against the mean tMFI segmentation (cm?). KMy, first radiologist, first measurement; KM,, first
radiologist, second measurement; tMFI, total Macroscopic Fat Infiltrations of the paraspinal muscle
area; SD, standard deviation.
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Supplementary figure 7. Total muscle area-for-age (cm?) percentile charts for a. boys and b. girls
aged from 1 to 18 years. TMA, Total Muscle Area.
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Supplementary figure 8. Study cohort differentiated by sex and age.
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