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Abstract

Healthy hip abductor muscles are a good indicator of a healthy hip aactiam lifestyle as

they are greatly involved in human daily activities. Fatty infiltration and muscle atrophy are
associated with loss of strengthobility and hip disease. Howevehese variables have not
been widely studieth this muscle groupWe amed to characterise the hip abductor muscles

in a group of healthy individuals to establish reference values for volume, intramuscular fat
content and shape of this muscle group. To achieve this, we execatesissectional study
using Dixon MRI scans &1 healthy subjects. We used an automated segmentation method to
label GMAX, GMED, GMIN and TFL musclesind measuregormalizedvolume(NV) using

lean body massfat fraction (FF)and lean muscle volume (LMWMpr each subjectnd
computed nofparametric statistics for each varialgl®uped bysexand ageWe measured
thesevariables for each axial sliendcreatectcrosssectionabrea (CSA) and Féxial profiles

for each muscle. Finallywe generatedsex specific atlases with FF statisti@al images We
measured median (IQRV values of 12.6 (10-838), 6.3 (5.6i 6.7), 1.6 (1.41.7) and 0.8
(0.6-1.0) cn¥/Kg for GMAX, GMED, GMIN and TFL; and median (IQR) FF valuesl@t3
(10.2-15.9)%, 9.8 (8.6.1.2)%, 10.0 (9402.0)%and 10.2 (7.8.3.5)%respectivelyFF values

were significantly higherfor femalesfor the four muscles (p<0.01), but there were no
significant differences between two age groups. When comparing individual muscles, we
observed a significant higher FF in GMAX thantive other musclesThe repored novel
reference valueand axial profiésfor volume and=F of the hipabductors, together withate

and female atlases,are tools that could potentiallyelp to quantify and early detect the

deteriorating effects of hip disease or sarcopenia.



Introduction

Healthy hip abductor muscles are a good indicator of a healthy hip and an active lifestyle as
they ardundamental tchuman daily activities, such as standing, walking and rurirfirigatty
infiltration and muscle washg (atrophy are associated with loss of strength and mobility,

makingvolume and intramuscular fat (IMF) contémiportant markesfor muscle healtf 13,

Magnetic resonance imaging (MR$)the best imaging modality sssesthese variablelsoth
gualitative and quantitatively, in particularxon MRI that provides a fat fraction (FF) signal
that can be used to quantify IMF infiltratiom clinical practice, fatty atrophy is usually
classified with the Goutallier grading scattand muscle waste by visual inspection or
measuring crossectional areas (CSA¥P® However, the introduction of newautomated
methodsfor segmenting anthbelling the hip muscleBom MR images!”?! hasopenedhe
possibility of performing fullBD quantitativemuscleassessmeritom MRI scans without the

time-demanding aghimpractical manual labelling.

Characteing the hip abductor muscles in a group of healthy individuals can provide new
referencevalues of volume and fat infiltration foine healthy hip abductors, which could help

to quantify and early detect the deteriorating effects of hip disease or saacofmmever,
reference datéor the hip abductors in healthy individuagdimited and incompleteVolume

and fat fractiomeferencevaluesof healthy subjectsave been only reported fgiuteus medius
(GMED) and minimus (GMINY?2 Tensor fascia latae (TFL) and maximus (GMAX) also
contribute to hip abductigin addition to othemmportant functionsluring the gait cycleput
reference data have not been published for thidrase four muscldsavepreviouslystudied

in diseased hip¥23 in elderly people*?°and inpatients thatinderwentip arthroplasty?®,

but theyhave been mainly assesd$sdvisual inspection for fat infiltration and measuring CSAs

for muscle size.



In this work, we aimed to characterige tmain abductor musclé®m 51healthy individuals
that underwent Dixon MRMWe focus oifGMED, GMIN andTFL thatare essential to stabilize
and control the pelvis during the gait cycéend we also includ&MAX that assists in hip
abduction in addition to its main function of extending the?hifo do this, we not only report
reference values for volume abdF content analysing the effects of sex and alget also
provide shape measurements, axial profiles of CSAs and FF for each ,nmdaldingmale

andfemaleatlaseghat models the shape and fat confesrn our study sample



Materials and methods
Study Design

This was a crossectional studyooking at the effects of marathon running in the hip muscles
and joints (approved by the Institutional Research Ethics Committee [13823/00#&]study
wasconducted in LondoasingMRI scans fronb1 healthysubjectsThe inclusion criteria for

the paticipants of this study waghe absence of hip injury or hip surgery and no
contraindication to MRI. Of the 51 subjectsw&re nam runners (doing no more than 90
minutes of physical activity per week), 27 were in the first weeks of a training programme fo
their first marathon (running recreationally at least 2 times a week at the time of the scan) and
16 were experienced runners thatiun at least three marathons or uitnarathons in the
past Indistinctly of their level of physical activity, the tlergroups had similar mean (SD) BMI
values: 22.0 (2.6), 23.2 (2.1)kg/m? and 23.8 (3.0)kg/n? respectively The demographic
characteristics of the study samateshown inTable 1 All subjects provided written informed
consentAll procedures performed ithis work involving human participants were approved

by the local Institutional Review Board.

The MRI protocol consisted of standard clinical sequences for the hips and axialhitixan
field of view (FOV) that covered axially from the lesser trochattéhe top of the iliac crest
In this study, we only use theDixon imagesecauséheyprovide fat and water images which
can be used to estimate a quantitative FF sitfh®l The MRI scans were acquired on a 3T
scanner (Siemens Magneton Vida, Erlangen, Germany) using a bodyfllweiSiemens
commercialtwo-points TSE-Dixon sequenceé was used with the following parametestice
thickness 1.5 mm, spacing between slices 1.95 mm, repetition time (TR) 457@atsetme
(TE) 45 msec, number of excitations 1, number of echoes 14, flip angleTi#0%oxel size

was 0.47x0.47%x1.95 min



Volume, Fat Content and ShapeMeasurements

Volume,fat content andghape were estimatém 3D labels of GMAX, GMED, GMIN and

TFL muscles for each subjeethich were created usiran automated methdtatlabels left

and right hip abductor muscles in thephase Dixon imagd he automated segmentatia@ok
isaninhouse plugin for SimplewareE Scanl P (Ver
View, USA), which is based on a mu#ttlas segmentation method that employs a library with

15 manually segmented Dixon scahs'® The automated labels were vegdi by an
experienced user and manually corrected when necesdlahe measurements were assessed
globally, bysexand by ageFor the latter, we divided the study sample into two age groups,

18-39 and 39-60 yearswith N=38 (24 males 14 female3 and N=13 (7 males 6 female3

respectively.
Volume

The volume was estimated as the sum of the voxels in each Aebehuscle volume is
generally proportional to body mass, we also provide normaliakone (NV)valueswhere
the volume measuresgere dividedby the lean body mass (LBM) each subjectThe latter

was estimated using the Boer forméfa
bob &d8my ™ R pa@
060 uvag ™M X0 T@®
whereLBMwv andLBMw are the lean body mass in Kg foalesandfemalesrespectively W

is the weight in Kg an#l the height in cm for each subject.

In addition,crosssectionalareas (CSAjor eachaxial slice thatforms a label were computed

to obtainsizeprofiles for each muscl€€SAs were also normalized by LBM for the profiles.



Since the number of slices covered by each mustied foreachsubject, waesampledll

the profiles (withadifferent number of slices for each subjentp 50fixed slicesor sampling
points by applying a linear interpolatidn. the resampled profilethe firstand most superior
slice is theorigin of the muscle and slice number 5ahe insertiorand most inferior slice
The mean number of slic&s the original profiles (before resamplingere 107, 89, 60 and

71 for GMAX, GMED, GMIN and TFL respectively, resulting in mean resampled slices width

of 4.3, 3.5, 2.4 and 2.8 mm (from the original 1.95 mm).

We computedhe malian, the interquartile rage (IQR)and the central 90% intervedr each

sliceof the resampled CSAs profileehe5 axial sliceswith thehighestmeanCSAvalueswvere
identified for each muscle as this is useful information for studies using CSAs to assess muscle
33 To generate smoother profiles, a moving average filter with a window of three slices was

applied to each of them.
Fat Fraction Measurement

The muscles labels from theinase Dixon image were transferredhte FF image, which is

the ratio between the fat image and the sum of the water and fat ifhhgesean FF signal

in each label was computed as a measure of fageoint each muscle as described’inThis
metric quartifies IMF. The FF values were computed also for each axial slice following the
same slice resampling as for the CSAgeneratd-F profiles.Median, interquartile range

(IQR) and the central 90% interval values were estimated for each slice.
Lean Musclé/olume Measurement

The lean muscle volum@MV) was computed for each subjesing the previously computed

volume and FF metrics

b0bw w p OO



where LMVim is the lean muscle volume of muscatefor subjecti, andVim and FFim the
respective full volume and fat fraction valueMV values were also normalized by LBM and

normalizedLMV profiles were computed in the same fashion as volume and FF profiles.
MuscleShape

The previously described CSA profiles provide information about muscle shape alangthe
axis. In addition, we measured the shape factor for each muscle, which is defined as the ratio
between the mean CSA and the maximum CSA. Thisieneformsif the maximum CSA

multiplied by the muscle lengttan be useds a surrogate metric for muscle voluii&.

As a measure of muscle sleawe fittedanellipseto each 2D muscle label at the level of the
maximum CSA. Each ellipse hadlde same normalized second central momasitthe region
defined by each muscle label. The minor and major axes of each ,egpsecll as their
orientation (measured as the angle between the major axis and the x axis of theverage)
measured. Finallyg bounding box was computed for e@&hlabel toinform the profilesabout

themuscle extensioand proportiorin each diredbn: width ), depth §) and heightZ).
Atlas for Fat Fraction Distribution

We generatethaleandfemaleatlasgsof thepelvisto characterize thBMIF contentof the hip
abductormusclesemploying the 31 and 2@vailableDixon scans respectivelfgach Dixon
images were segmented into air, gfsue, mixed softissue/fat and fat/bone tissue as

described irf® and labels for GMAX, GMED, GMIN and TFL were added.

For thefemaleatlas, the Dixon MRI o& femalewith a BMI of 22.2 kg/m2, height of 1.67 m
and average muscle volumes (between left and right) of 58428 cn3, 76 cni and 52 cri
wasselectedas a referencél he femalesegmented images were registered to the reference
image with a Bspline nonrigid registration®” using SimpleElasti¥®3° A majority voting
algorithm was used to fuse the registered labels into the final atlas labels. Usamtnen
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rigid transform, the fat fraction images of each subject werpagatedhto the atlaspaceand
median and percentile (11, 25", 75" and 9¢") fat fractionimageswere estimated for each

muscle.The same process was repeated fonth&group.

In addition, we propose a processing chalescribed in Figur&, which uses thegender
specificatlasto detectregions of high IMF conterfor any MRI scanused as inputin this
processing scheme, the input Dixon MRIssgmented anthen registered to the atlas as
describedabovefor the atlas generation. Then thE image generated from the Dixanput,

is propagated into the atlas spacelcompare to the mediamnd percentilé&F images of the

atlas As a result, an image with the FF difference between the input and the median of the atlas
is obtained, together with masks for the regions wherenthet iFF was higher than the'75

and 90" percentile FF image of the atla§e applied this method to 5 scans.
Statistical Analyses

Volume NV, FF and LMVvalueswere testedior normality within each group using a Shapiro

Wil k test. For some of the groups, the null
normal distribution was rejected. For this reason, we reported parametric (mean + standard
deviation (SD)) and neparametric (median and interquartile range (IQR)) descriptive

statistics for thee variables

The effect of gendeand ageon muscle size and fat content was assessed using a kruskal
Wallis test for eacimuscle. For thee tests, thé\V values were usetlVeusedet a s g é@ar ed (
for KruskaFWallis as a measure of effect siZewith Coheri! reference values to defisenall

(% 0.01),2%=medd iOwm , (’cald)effeats. ge (

Outliers were defined as individual fat fraction or NV values that were more than three scaled
median absolute deviations (MAD) away from the medtarbjects with more than half of the

muscles with outlier values were identified.



Weusedh | evel of statistical significance
Results

Reference IQR intervals for volume, NV and FF are showhaible 2 We found that the
muscle volume of GMAX, GMED, GMIN and TRlerehigher inmalesthan infemales but
when the volume was normalized by LBM there was not any significant diffef@nGdMAX
andTFL between sex. FF was significgnhigher infemalesthanmalesfor all four muscles,
but there was no significant difference between the two age groupsn \&Wbmparing

individual muscles, we observed a significant higher FF in GMAX thameirother muscles

Volume

The median (IQR) muscle volumes were 650 (335) cn?, 332 (286406) cnt, 86 (7699)
cm? and 43 (3459) cn? for GMAX, GMED, GMIN and TFL respectively; while the median
(IQR) normalized volume values were 12.6 (20388) cni/Kg, 6.3 (5.66.7) cnt/Kg, 1.6 (1.4
1.7) cni/Kg and 0.8 (0.61.0) cni¥/Kg. Table 2containsthe full volume results, including

descriptive gatistics for eaclsex

Thevolumevaluesdid notfollow a normaldistributionfor any of themuscleqp=0.03, p=0.03,
p<0.01 and p<0.01 forGMAX, GMED, GMIN and TFL respectively while the same was
observed for th@ormalized volumesaluesonly for GMIN (p<0.01) and TFL (p<0.01)Yhe

NV distribution of the study sample can be seen in the supplementary mé&tiguiae (S.).

Volume was higher correlated to LBM (r6@, r=081, r=0.85and r=0.58 for GMAX, GMED

GMIN and TFL respectively) than to height (r80, r=0.67 r=0.75 and r=@9).

The NV valuesarepresentedn Figure 2with boxplotsfor sexand age group Maleshad a
statistically significant higheNV than femalesfor GMED (p<0.01 medium effect size,

d>=0.11), GMIN (p=0.02 s mal | &4004 ant TFE (pg0O] small effect size,

10
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d>=0.03, but nosignificant differences were found for GMAX (p=0.9Jhere were no
significant differences between the age groups for each muscletGpp8073, p=0.D and

p=020).

Three subjects had at ledaato muscles with outlier NV values, but none of them had more
thanfour muscles in the outlier region. Two of them had bilateral large TFL muscles and one

bilateral large GMIN muscles.
Fat Fraction

The median (IQRFFvalues were 2.3 (10.1-15.9)%, 9.8 (8.611.2)%, 10.0 (9.612.0)% and
10.2 (7.8-13.5) % for GMAX, GMED, GMIN and TFL andare shown inFigure 3 with

boxplots Table 2 show FF mean (SD) and median (IQR) vabyesex.The Shapirewilk test
for normality was rejected (p<0.01 for the four muscles). FRealues had a righdkewed

distributionthatcan be seen iRigure S.2n the supplementary material

FF was significantly higher idiemalesthan inmalesfor GMAX (p<0.01, large effect size
d>=0.17, GMED (p<0.0] medi um ¢&4008 GMIN Q&0DE large ceffect size,
d>=0.19 and TFL (p<0.01L | ar ge %0.29e @ntconsBaryztieererereno significant
differences between the two age grey(p=008, p=048, p=0.2 and p=0.05for GMAX,
GMED, GMIN and TFL respectively GMAX FF was significarlyy higher thann the other
muscles (KruskaWallis test p <0.01 medi um e?0f1@,cbut theré weee, no d

significant differences between GMED, GMIN and TFL.

Six subjectshad at least one muscle with outlier FF values. Only one subjgdtall their
muscle FF measurements in the outlier critémigh fat infiltration)and theywereidentified

asanoutlier.
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Lean Muscle Volume

The median (IQR) normalizedMV was 2.1 (9.9-13.1) cm?/Kg for GMAX, 6.0 (5.4-6.5)
cm’Kg for GMED, 1.5(1.4-1.6) cn?/Kg for GMIN and 0.8(0.6-0.9) cm®/Kg for TFL. The
normalizedLMV values were significantly differenbetweenmalesandfemalesfor GMED
(p<0.01), GMIN (p=0.01)and TFL (p9.01), buttheywerenot for GMAX (p=0.89). These
differences are a result of the higher FRamalesthan inmales There were no significant

differences between the two age groups (p£43=0.%, p=042 and p=049).
CrossSectional Areas and Fat Fraction Profiles

Axial profiles ofnormalizedCSA, FF anchormalizedean CSA are shown iRigure 4using
the median value and the IQR interval as error bar for each slice, starting at the origin of the
muscle (slicel) and ending in the insertion (slice 50). For GMAX and TFL, the profile ends in

the lesser trochanter, before the insertion of the mdseldothe FOV used.

In Figure S.3of the supplementary material, we have also included axial profiles with error
bars for the central 90% interval ranges instead of the lliRe FF profileshigher fat content

and variability across individuals is aysed for GMAX than for GMED and GMIN.

In the axial profilesthe regions withthe highest lean muscle CSAs were identified in red,
which show which sections echmusclearethe muscle bulk. These regions are shown for a

single subject ifrigure 5
Muscle Shape

Themean(SD) shape factors wei@64 (005), 052 (0.05), 0.3 (0.04) and 0.40 (0.05) for
GMAX, GMED, GMIN and TFL respectively. For the ellipses fitted at the slice of maximum
CSA, the mear(SD) major xislengthswere166 (14 mm,114(15) mm, 85 (11) mmand 39

(7) mm for GMAX, GMED, GMIN and TFL respectively; while the minor axes were 46 (6)
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mm, 47 (8) mm, 23 (4) mm and 18 (3) miong. The orientation angle of the ellipses had
mean (SD) values of 16° (5°), 54° (7°), 6B°)(and-44° (14)°. In Figure S.4 of the
supplementary materiall the fitted ellipses are plotted overlaid on the MRI image of a

single subject. The mean ellipses fieales andfemalesare also shown.

In terms of the extent of each muscle in the image coordinate sysiemverage bounding
box covering each muscle was (154, 91, 187, ¢a5, 114, 178) cfy (66, 86, 121) crhand
(49, 42, 115) crifor GMAX, GMED, GMIN and TFL. GMAX and TFL sizes inare cropped

at the lesser trochanter due to the FOV used for the EHRIss
Atlas for Fat Fraction Distribution

In Figure6, coronal and axial imagef the atlasare shown for the labels image (A) and the
medianFF image (B). The atlas also contains images for the24), 75" and 9¢' percentiles
of FF. The labels image and the median FF image forntlaée atlas are available in the
supplementary material (Figure 55. The full atlas is publicly availableat

http://doi.org/10.5281/zen0d0.4063698.

In Figure7, we show images with the FF difference between the input and the median of the
atlas for 5 cases that were obtained by applyingptbposedorocessing chainlThe images
show where the increased fat accumulation is spatially loctdedhe two cases witlthe

highest GMAX FF values in our study sample (subjects 9 and 33).
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Discussion

This is the first study to quantitatively measwa@ume andIMF contentof the main hip
abductor musclesimultaneously (GMAX, GMED, GMIN and TFlip healthy individualsin
addition, we analysed the spatial distribution of these varigptesiding unique and novel
information about muscle shape and IMF distributiithin each muscle. We report
normalized volume and H&as a measure of IMF contentjervals that an be ptentially used
as a reference in research and clinical prachitervals forthe different sexsare needed, as
we found that FF was significantly higher femalesthan males although we did notind
significant sex differences for normalized volumen GMED and GMIN In addition, axial
profiles of normalizedCSA and FF are presented for each muscle, which provides a better
understanding of how these variables change throughout the miselgeneratedeference
atlases fomalesandfemalesmodel tle average sha@ad fat content of each muscle, showing
the spatially heterogeneous distribution of IMFhealthy individuals. These datebgether
with automatd muscle labelling toolsnd the wider availability of MRI scandave the
potential to translate intmew clinical tools that can assist radiologmsith quantitative

measuementfrom MRI of the pelvis

Normative FFand volumevalues have been previously reportedy for gluteus medius and
minimus?2. Mean FF values of 8 and %0were found for these two musclespectivelyand
femalesubjectshad higher FF, but thaifferences between sexegre notsignificant In our
study, wemeasuredglightly higherFF values with mgéian values of 1411%, althoughwe did
find significant differences betweeratesandfemalesBoth studies included individuals with
healthyBMI values (nean BMI o0f22.9 and 23.4 kg/Afor malesandfemalesin our study,
while 22.8 and 21.&g/n? respectively irt?), althoughthe mean BMI was lower for female
subjects irf?, which could potentiallyexplainthe gender differences between the two studies

Ourmarginallyhigher FF aluescould have been the resaiftusing adifferent implementation
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of the Dixon sequenc®r dueto differences in the segmentatidn terms of volume values,
we normalized the volume values by ttBM of each subjeciwhile the squaredheight was
used in??) because @ considezd that LBM is a more representative metric lmddy size.
Neverthelessto draw a comparison wittf, we normalized our data biyie squared height of
each subject and we obtainsimilar resultsfor GMED and GMIN (101 and 28 c/fm?
respectively, compared to 105 and 3% in 2. We alsofound that GMAX had a higher
IMF content than GMED and GMINDifferences in IMF conteraf individual musclesvithin

a muscle group have also bageeviouslydetectedor the calves*2

Having reference intervals for IMF content and volume in healthy individuals in the hip
abductors is important singgonounced fatty infiltration in the gluteal musclesve been
correlatedwith the severity of OA“ andlinked to falls in the elderly*. We not only provide
reference values for each musblg also their spatial distribution with axial profilehape
metricsand atlasethat provide new ways and data to assess the hip abduldtestlasesan
be used to execute voxiehsed and regional analysis of the IMF contd@nd given sibject

relativeto our sample of healthy subjecss, it has been proposed in other applicatfén

The CSA profiles and shape metrics allow the comparison of our results with studies using
only 2D CSAs, as the reported shape factors are usually used to extrapolate volume from a
single CSA and single CSAs cde compared to their respective slice in theofiles.
Furthermore, w proposed the use of a fitted ellipse at the sti€anaximum CSA as a
simplified model for muscle shapehich captures the size and orientation of each muscle in

the standard MRI supine position.

The main limitation of this work is the small sample size of the study, which makes the
presentedeference values leascurateLarge sample sizn MR imaging studies awdfficult

to achieve, especiallfpr specific sequences that are not widely uskgcally. Despite the
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relatively low sample size, we got significantly different FF values between males and females,
with high effect sizes in three out of the four muscles under study. We also observed significant
FF differences between GMAX and théet muscles (both tests with p < 0.01), with medium
effect sizes. The medium and large effect sizes for FF, increase the likelihood that similar
results could be found for a larger sample. On contrary, we obtained low effect sizes when
comparing NV betweegroups.Therefore, dnigher sample size would be needed to clarify if
detectingvolume sex differences in only three of the four hip abductors was due to low
statistical power in our test addition, we included histograms with normalized volume and

FF distributions in the supplementary material that show that volume follows approximately a

normal distribution and FF follows a skewed distributibn

A secondlimitation of our study desigms that we only included subjects aged un@er
However, this allowed us teeport reference values fdrealthy subjects nb affected by
sarcopenig®. We divided the subjects into two age subgroaps we did not find any
significant difference between them, although the size of the gratyes divided by age and
sex were small to be conclusive. Similar finding where reported for GMED and GMIN

for a larger sample size.

A third limitation is thathe FOV ofour MRI protocolstarts athe level othe lesser trochanter
leaving out a small part of the GMAX and TFL mus@asd resulting ismaller volume values.
However,the use of the lesser trochanter to limit the FOV allows the standardization of the
measurements and avoids unnecdgdanger scans to cover the futisertionof GMAX and

TFL. In terms of FF, th&MAX and TFL profiles of Figurel show that the fat infiltration is

not increasing at the level of the lesser trochanter and therefore the cropping of a small part of

these miscles would not affect the reported FF values.
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Finally, we usad an automated method to label the musclelsich areless accurate tima
manualy delineaéd labels. Howevethe errorof the automated labelling low for this type
of crosssectional study’ and in addition, the labels were manually correatdxgn suboptimal
segmentations were observetiefuality of the segmentations can be observdelgnre S6

of thesupplementary aterial

To conclude, we report novel quantitative data of the hip abductors in healthy individuals from
Dixon MR, including reference interval values for normalized volume and FF; axial profiles
with reference interval values forormalizedCSA, FF and lean CSAncluding male and
femaleatlases with mediaandpercentile images. These datts can besedas a reference

for healthy abductorm clinical researctandto develop novel tools for a comprehensive and

automated assessment of this muscle group
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Tables

Table 1. Characteristics of the study subjects. The age values correspond to mean (standard deviation) [min
max] values, while mean (standard deviation) values are reported for the other variables.

Male Female
Subjects N=31 N =20
Age [years] 32.5(8.9) 33.4 (10.1)
[18-59] [20-58]
Weight [kg] 74.3 (8.2) 64.8 (8.8)
Height [m] 1.80 (0.08) 1.66 (0.07)
BMI [kg/nm?| 22.9 (2.4) 23.4 (2.9)
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Table 2. Mean + SD and Median (IQR) values for volume, normalized volume and fat fraction for GMAX,
GMED, GMIN and TFL.

Volume Normalized Volume* Fat Fraction
[cm?] [cm3/Kg] [%]

Mean Median Mean Median (IQR) Mean Median

(SD) (IQR) (SD) (SD) (IQR)

GMAX  Male 734 742 12.4 125 12.1 10.9
(153 (592- 839 (2.3 (10.61 138) (4.0) (9.27 137)

Female 577 585 124 12.8 16.6 152
(85) (537- 640) 1.9 (11.01 13.8 (6.2 (12.171 194)

All 672 650 12.4 12.6 13.9 123
(15) (555- 775) 2.1 (10.81 138) (5.4) (1017 15.9)

GMED Male 383 387 6.5 6.5 9.6 9.1
(68) (334- 430) 0.9 (5.81 7.0 (2.0 (8.37 10.3

Female 273 266 5.9 5.8 113 104
(42 (237- 300 (0.8 (5.31 6.4) 2.7 (9571 127)

All 340 332 6.2 6.3 10.3 9.8
(80 (280- 406) (0.9) (5.61 6.7) (2.5 (8.67 112)

GMIN Male 96 97 1.6 1.6 9.9 9.5
(18 (88-104) (0.2 (2.51 1.7) (2.1) (8.67 104)

Female 71 71 15 15 12.3 114
(11 (62-77) (0.3 (1.47 1.6) (2.7 (10.471 14.2)

All 86 86 1.6 1.6 109 10.0
(20 (70-99 (0.2) (1.471 1.7) (2.6) (9.01 12.0

TFL Male 53 55 0.9 0.9 9.2 9.0
(18) (39-63) (0.3) (0.71 1.3 2.7 (717 11.2)

Female 35 36 0.8 0.8 14.1 13.6
(8) (28- 42) (0.2) (0.61 0.9 (5.3 (104171 158)

All 46 43 0.8 0.8 11.1 102
a7) (34-59) (0.3) (0.67 1.0) (4.6) (7.87 135)

* Normalized volume = volumelean body mass
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Figures

New Scan

Pison M scant Fat Fraction Quantitative Comparison

New scan to Atlas
registered to Atlas

Segmented Image Fat Fraction Image

1) Difference between input and atlas median
image

Registered Atlas
labels and FF median FF

2) Detection of regions with FF levels higher than

in the atlas 75t and 90 percentile images
Atlas 75"
percentile

Registered ?' v §
labels and FF

Median FF

Atlas 90"
percentile

Figurel. Processing chain fatetection and localization of regions with high fat content in the hip abductors using

the proposed atlas. For a new Dixon MRI scan, thghimse image is segmented and the FF image is generated
(top left). The segmented image is registered to the labalge of the atlas (bottom left) and the same transform

is applied to the input FF image. The registered input (middle) is then superimposed to the FF images of the atlas
(bottom left) to obtain 1) the spatial difference between the input and the mediarafé of the atlas, 2) the

spatial regions where the FF in the input is higher than than8 9¢' percentile images of the atlas. The input

fat fraction images are shown for its full intensity rangd@0)%, while the FF in the atlas and in the quatitie

comparison are scaled to a§0)% range
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Figure2. Boxplots of NV values of GMAX (A), GMED (B), GMIN (C) and TFL (D) for each age group and sex.

On each box, the central mark is the mediha,edges of the box are the 25th and 75th percerfitesmean

value is also included and plotted with arThe outliers are plotted individually.
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Figure3. Boxplots of FF values of GMAX (A), GMED (B), GMIN (C) and TFL (Djrfeach age group and sex.

On each box, the central mark is the median, the edges of the bibve &8th and 75th percentiles. The mean
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Figure4. Axial profiles with median values and IQR error bars for normalized -s@s$onal areas, fat fraction

and normalized lean crosgctional areas for A) GMAX, B) GMED, C) GMIN and D) TFL. In yellow and using

the left y axis, the median normalized CS¥e plot from the origin (slicg, most superior slice) to the insertion

(slice 50, most inferior slice) of each muscle, where the error bars represent the CSA IQR in each slice for the
study sample. In blue and using the right y axis, the median FFtsvithspective IQR error bars are plot for the
same slices as for CSA. In green and using the left y axis, the profile of median and IQR error bars are plot for
the normalized lean CSA, which is generated from the CSA and FF profiles. Highlighted irered]ittes with

highest median lean CSA.
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Figure5. Example of the slices where the highest median normalized CSA values were identified for GMAX (A),

GMED (B), GMIN (C) and TFL (D) in this study.

A) Female Atlas Labels B) Female Atlas Median FF

15%

0%

LGMAX  LGMED LGMIN LTFL RGMAX  RGMED RGMIN RTFL  Soft Tissue Mixed Fat/Bone

Figure 6. Femaleatlas. A) Axial (top) and coronal (slices) of the atlas image with labels for each of the hip
abductors and tissue type from the Dixon image. The bottom cololdrtifies each label. B) Axial (top) and
coronal (slices) of the FF image of the atlas that show the median FF spatial distributionféondlegn our

study. The colorbar on the right quantifies FF.
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Figure7. Analysis of 5 ases using thiemaleatlas. Each columoonsists ofour axial slices at different levels
of the FOV, showing the FF deviation from thgasmedian values at a voxel level. The colorBhows the
deviation from the median for each voxel in percentage, while in each image a legend with the mean FF value for

each muscle is included. The legends correspiomeh top to bottomto GMAX, TFL, GMIN andGMED.
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