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Abstract 

Healthy hip abductor muscles are a good indicator of a healthy hip and an active lifestyle as 

they are greatly involved in human daily activities. Fatty infiltration and muscle atrophy are 

associated with loss of strength, mobility and hip disease. However, these variables have not 

been widely studied in this muscle group. We aimed 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 executed a cross-sectional study 

using Dixon MRI scans of 51 healthy subjects. We used an automated segmentation method to 

label GMAX, GMED, GMIN and TFL muscles, and measured normalized volume (NV) using 

lean body mass, fat fraction (FF) and lean muscle volume (LMV) for each subject and 

computed non-parametric statistics for each variable grouped by sex and age. We measured 

these variables for each axial slice and created cross-sectional area (CSA) and FF axial profiles 

for each muscle. Finally, we generated sex specific atlases with FF statistical images. We 

measured median (IQR) NV values of 12.6 (10.8-13.8), 6.3 (5.6 – 6.7), 1.6 (1.4-1.7) and 0.8 

(0.6-1.0) cm3/Kg for GMAX, GMED, GMIN and TFL; and median (IQR) FF values of 12.3 

(10.1-15.9)%, 9.8 (8.6-11.2)%, 10.0 (9.0-12.0)% and 10.2 (7.8-13.5)% respectively. FF values 

were significantly higher for females for 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 than in the other muscles. The reported novel 

reference values and axial profiles for volume and FF of the hip abductors, together with male 

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

deteriorating effects of hip disease or sarcopenia. 
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Introduction 

Healthy hip abductor muscles are a good indicator of a healthy hip and an active lifestyle as 

they are fundamental to  human daily activities, such as standing, walking and running 1,2. Fatty 

infiltration and muscle wasting (atrophy) are associated with loss of strength and mobility, 

making volume and intramuscular fat (IMF) content important markers for muscle health 3–13. 

Magnetic resonance imaging (MRI) is the best imaging modality to assess these variables both 

qualitative and quantitatively, in particular Dixon MRI that provides a fat fraction (FF) signal 

that can be used to quantify IMF infiltration. In clinical practice, fatty atrophy is usually 

classified with the Goutallier grading scale 14 and muscle waste by visual inspection or 

measuring cross-sectional areas (CSA) 15,16. However, the introduction of new automated 

methods for segmenting and labelling the hip muscles from MR images 17–21 has opened the 

possibility of performing full 3D quantitative muscle assessment from MRI scans without the 

time-demanding and impractical manual labelling. 

Characterising the hip abductor muscles in a group of healthy individuals can provide new 

reference values of volume and fat infiltration for the healthy hip abductors, which could help 

to quantify and early detect the deteriorating effects of hip disease or sarcopenia. However, 

reference data for the hip abductors in healthy individuals is limited and incomplete. Volume 

and fat fraction reference values of healthy subjects have been only reported for gluteus medius 

(GMED) and minimus (GMIN) 22. Tensor fascia latae (TFL) and maximus (GMAX) also 

contribute to hip abduction, in addition to other important functions during the gait cycle, but 

reference data have not been published for them. These four muscles have previously studied 

in diseased hips 14,23, in elderly people 24,25 and in patients that underwent hip arthroplasty 26, 

but they have been mainly assessed by visual inspection for fat infiltration and measuring CSAs 

for muscle size. 
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In this work, we aimed to characterise the main abductor muscles from 51 healthy individuals 

that underwent Dixon MRI. We focus on GMED, GMIN and TFL that are essential to stabilize 

and control the pelvis during the gait cycle, and we also include GMAX that assists in hip 

abduction in addition to its main function of extending the hip 2. To do this, we not only report 

reference values for volume and IMF content, analysing the effects of sex and age; but also 

provide shape measurements, axial profiles of CSAs and FF for each muscle, including male 

and female atlases that models the shape and fat content from our study sample.  
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Materials and methods 

Study Design  

This was a cross-sectional study looking at the effects of marathon running in the hip muscles 

and joints (approved by the Institutional Research Ethics Committee [13823/001]).  The study 

was conducted in London using MRI scans from 51 healthy subjects. The inclusion criteria for 

the participants of this study was the absence of hip injury or hip surgery and no 

contraindication to MRI. Of the 51 subjects, 8 were non runners (doing no more than 90 

minutes of physical activity per week), 27 were in the first weeks of a training programme for 

their first marathon (running recreationally at least 2 times a week at the time of the scan) and 

16 were experienced runners that had run at least three marathons or ultra-marathons in the 

past. Indistinctly of their level of physical activity, the three groups had similar mean (SD) BMI 

values: 22.0 (2.6), 23.2 (2.1) kg/m2 and 23.8 (3.0) kg/m2 respectively. The demographic 

characteristics of the study sample are shown in Table 1. All subjects provided written informed 

consent. All procedures performed in this work involving human participants were approved 

by the local Institutional Review Board. 

The MRI protocol consisted of standard clinical sequences for the hips and axial Dixon with a 

field of view (FOV) that covered axially from the lesser trochanter to the top of the iliac crest. 

In this study, we only use the Dixon images because they provide fat and water images which 

can be used to estimate a quantitative FF signal 27–30. The MRI scans were acquired on a 3T 

scanner (Siemens Magneton Vida, Erlangen, Germany) using a body coil. The Siemens 

commercial two-points TSE-Dixon sequence31 was used with the following parameters: slice 

thickness 1.5 mm, spacing between slices 1.95 mm, repetition time (TR) 4570 msec, echo time 

(TE) 45 msec, number of excitations 1, number of echoes 14, flip angle 120°. The voxel size 

was 0.47×0.47×1.95 mm3. 
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Volume, Fat Content and Shape Measurements 

Volume, fat content and shape were estimated from 3D labels of GMAX, GMED, GMIN and 

TFL muscles for each subject, which were created using an automated method that labels left 

and right hip abductor muscles in the in-phase Dixon image. The automated segmentation tool 

is an in-house plugin for Simpleware™ ScanIP (Version 2020.6; Synopsys, Inc., Mountain 

View, USA), which is based on a multi-atlas segmentation method that employs a library with 

15 manually segmented Dixon scans 17,18. The automated labels were verified by an 

experienced user and manually corrected when necessary. All the measurements were assessed 

globally, by sex and by age. For the latter, we divided the study sample into two age groups, 

18-39 and 39-60 years with N=38 (24 males, 14 females) and N=13 (7 males, 6 females) 

respectively. 

Volume 

The volume was estimated as the sum of the voxels in each label. As muscle volume is 

generally proportional to body mass, we also provide normalized volume (NV) values where 

the volume measures were divided by the lean body mass (LBM) of each subject. The latter 

was estimated using the Boer formula 32: 

𝐿𝐵𝑀𝑀 = −.407𝑊 + 0.267𝐻 − 19.2 

𝐿𝐵𝑀𝑊 = −.252𝑊 + 0.473𝐻 − 48.3 

where LBMM and LBMW are the lean body mass in Kg for males and females respectively, W 

is the weight in Kg and H the height in cm for each subject. 

In addition, cross-sectional areas (CSA) for each axial slice that forms a label were computed 

to obtain size profiles for each muscle. CSAs were also normalized by LBM for the profiles. 
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Since the number of slices covered by each muscle varied for each subject, we resampled all 

the profiles (with a different number of slices for each subject) into 50 fixed slices or sampling 

points by applying a linear interpolation. In the resampled profiles, the first and most superior 

slice is the origin of the muscle and slice number 50 is the insertion and most inferior slice. 

The mean number of slices in the original profiles (before resampling) were 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 computed the median, the interquartile range (IQR) and the central 90% interval for each 

slice of the resampled CSAs profiles. The 5 axial slices with the highest mean CSA values were 

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 the in-phase Dixon image were transferred to the FF image, which is 

the ratio between the fat image and the sum of the water and fat images. The mean FF signal 

in each label was computed as a measure of fat content in each muscle as described in 17. This 

metric quantifies IMF. The FF values were computed also for each axial slice following the 

same slice resampling as for the CSAs to generate FF profiles. Median, interquartile range 

(IQR) and the central 90% interval values were estimated for each slice. 

Lean Muscle Volume Measurement 

The lean muscle volume (LMV) was computed for each subject using the previously computed 

volume and FF metrics: 

𝐿𝑀𝑉𝑖𝑚 = 𝑉𝑖𝑚(1 − 𝐹𝐹𝑖𝑚) 
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where LMVim is the lean muscle volume of muscle m for subject i, and Vim and FFim the 

respective full volume and fat fraction values. LMV values were also normalized by LBM and 

normalized LMV profiles were computed in the same fashion as volume and FF profiles. 

Muscle Shape 

The previously described CSA profiles provide information about muscle shape along the axial 

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. This metric informs if the maximum CSA 

multiplied by the muscle length can be used as a surrogate metric for muscle volume 34,35. 

As a measure of muscle shape, we fitted an ellipse to each 2D muscle label at the level of the 

maximum CSA. Each ellipse had the same normalized second central moments as the region 

defined by each muscle label. The minor and major axes of each ellipse, as well as their 

orientation (measured as the angle between the major axis and the x axis of the image), were 

measured. Finally, a bounding box was computed for each 3D label to inform the profiles about 

the muscle extension and proportion in each direction: width (x), depth (y) and height (z).  

Atlas for Fat Fraction Distribution  

We generated male and female atlases of the pelvis to characterize the IMF content of the hip 

abductor muscles employing the 31 and 20 available Dixon scans respectively. Each Dixon 

images were segmented into air, soft-tissue, mixed soft-tissue/fat and fat/bone tissue as 

described in 36 and labels for GMAX, GMED, GMIN and TFL were added.  

For the female atlas, the Dixon MRI of a female with a BMI of 22.2 kg/m2, height of 1.67 m 

and average muscle volumes (between left and right) of 584 cm3, 281 cm3, 76 cm3 and 52 cm3 

was selected as a reference. The female segmented images were registered to the reference 

image with a B-spline non-rigid registration 37 using SimpleElastix 38,39. A majority voting 

algorithm was used to fuse the registered labels into the final atlas labels. Using the same non-
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rigid transform, the fat fraction images of each subject were propagated into the atlas space and 

median and percentile (10th, 25th, 75th and 90th) fat fraction images were estimated for each 

muscle. The same process was repeated for the male group. 

In addition, we propose a processing chain, described in Figure 1, which uses the gender-

specific atlas to detect regions of high IMF content for any MRI scan used as input. In this 

processing scheme, the input Dixon MRI is segmented and then registered to the atlas as 

described above for the atlas generation. Then the FF image, generated from the Dixon input, 

is propagated into the atlas space and compared to the median and percentile FF 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 where the input FF was higher than the 75th 

and 90th percentile FF image of the atlas. We applied this method to 5 scans. 

Statistical Analyses 

Volume, NV, FF and LMV values were tested for normality within each group using a Shapiro-

Wilk test. For some of the groups, the null hypothesis that the group’s samples followed a 

normal distribution was rejected. For this reason, we reported parametric (mean ± standard 

deviation (SD)) and non-parametric (median and interquartile range (IQR)) descriptive 

statistics for these variables. 

The effect of gender and age on muscle size and fat content was assessed using a Kruskal-

Wallis test for each muscle. For these tests, the NV values were used. We used eta squared (η2) 

for Kruskal-Wallis as a measure of effect sizes40, with Cohen41 reference values to define small 

(η2 = 0.01), medium (η2 = 0.06), and large (η2 = 0.14) effects. 

Outliers were defined as individual fat fraction or NV values that were more than three scaled 

median absolute deviations (MAD) away from the median. Subjects with more than half of the 

muscles with outlier values were identified. 
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We used a level of statistical significance (α) of 0.05 for all the tests. 

Results 

Reference IQR intervals for volume, NV and FF are shown in Table 2. We found that the 

muscle volume of GMAX, GMED, GMIN and TFL were higher in males than in females, but 

when the volume was normalized by LBM there was not any significant difference for GMAX 

and TFL between sex. FF was significantly higher in females than males for all four muscles, 

but there was no significant difference between the two age groups. When comparing 

individual muscles, we observed a significant higher FF in GMAX than in the other muscles. 

Volume 

The median (IQR) muscle volumes were 650 (555-775) cm3, 332 (280-406) cm3, 86 (70-99) 

cm3 and 43 (34-59) cm3 for GMAX, GMED, GMIN and TFL respectively; while the median 

(IQR) normalized volume values were 12.6 (10.8-13.8) cm3/Kg, 6.3 (5.6-6.7) cm3/Kg, 1.6 (1.4-

1.7) cm3/Kg and 0.8 (0.6-1.0) cm3/Kg. Table 2 contains the full volume results, including 

descriptive statistics for each sex. 

The volume values did not follow a normal distribution for any of the muscles (p=0.03, p=0.03, 

p<0.01 and p<0.01 for GMAX, GMED, GMIN and TFL respectively), while the same was 

observed for the normalized volume values only for GMIN (p<0.01) and TFL (p<0.01). The 

NV distribution of the study sample can be seen in the supplementary material (Figure S.1).  

Volume was higher correlated to LBM (r=0.62, r=0.81, r=0.85 and r=0.58 for GMAX, GMED, 

GMIN and TFL respectively) than to height (r=0.50, r=0.67, r=0.75 and r=0.39). 

The NV values are presented in Figure 2 with boxplots for  sex and age groups. Males had a 

statistically significant higher NV than females for GMED (p<0.01, medium effect size, 

η2=0.11), GMIN (p=0.02, small effect size, η2=0.04) and TFL (p<0.01, small effect size, 
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η2=0.03), but no significant differences were found for GMAX (p=0.9). There were no 

significant differences between the age groups for each muscle (p=0.46, p=0.73, p=0.10 and 

p=0.20). 

Three subjects had at least two muscles with outlier NV values, but none of them had more 

than four muscles in the outlier region. Two of them had bilateral large TFL muscles and one 

bilateral large GMIN muscles. 

Fat Fraction 

The median (IQR) FF values were 12.3 (10.1-15.9) %, 9.8 (8.6-11.2) %, 10.0 (9.0-12.0) % and 

10.2 (7.8-13.5) % for GMAX, GMED, GMIN and TFL and are shown in Figure 3 with 

boxplots. Table 2 show FF mean (SD) and median (IQR) values by sex. The Shapiro-Wilk test 

for normality was rejected (p<0.01 for the four muscles). The FF values had a right-skewed 

distribution that can be seen in Figure S.2 in the supplementary material.  

FF was significantly higher in females than in males for GMAX (p<0.01, large effect size, 

η2=0.17), GMED (p<0.01, medium effect size, η2=0.08), GMIN (p<0.01, large effect size, 

η2=0.19) and TFL (p<0.01, large effect size, η2=0.28).  On contrary, there were no significant 

differences between the two age groups (p=0.08, p=0.48, p=0.12 and p=0.05 for GMAX, 

GMED, GMIN and TFL respectively). GMAX FF was significantly higher than in the other 

muscles (Kruskal-Wallis test, p <0.01, medium effect size, η2=0.10), but there were no 

significant differences between GMED, GMIN and TFL. 

Six subjects had at least one muscle with outlier FF values. Only one subject had all their 

muscle FF measurements in the outlier criteria (high fat infiltration) and they were identified 

as an outlier.  
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Lean Muscle Volume 

The median (IQR) normalized LMV was 12.1 (9.9-13.1) cm3/Kg for GMAX, 6.0 (5.4-6.5) 

cm3/Kg for GMED, 1.5 (1.4-1.6) cm3/Kg for GMIN and 0.8 (0.6-0.9) cm3/Kg for TFL. The 

normalized LMV values were significantly different between males and females for GMED 

(p<0.01), GMIN (p=0.01) and TFL (p<0.01), but they were not for GMAX (p=0.89). These 

differences are a result of the higher FF in females than in males. There were no significant 

differences between the two age groups (p=0.54, p=0.95, p=0.42 and p=0.49). 

Cross-Sectional Areas and Fat Fraction Profiles 

Axial profiles of normalized CSA, FF and normalized lean CSA are shown in Figure 4 using 

the median value and the IQR interval as error bar for each slice, starting at the origin of the 

muscle (slice 1) and ending in the insertion (slice 50). For GMAX and TFL, the profile ends in 

the lesser trochanter, before the insertion of the muscle due to the FOV used. 

In Figure S.3 of the supplementary material, we have also included axial profiles with error 

bars for the central 90% interval ranges instead of the IQR. In the FF profiles, higher fat content 

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

In the axial profiles, the regions with the highest lean muscle CSAs were identified in red, 

which show which sections of each muscle are the muscle bulk. These regions are shown for a 

single subject in Figure 5.  

Muscle Shape 

The mean (SD) shape factors were 0.64 (0.05), 0.52 (0.05), 0.35 (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 mean (SD) major axis lengths were 166 (14) mm, 114 (15) mm, 85 (11) mm and 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) mm long. The orientation angle of the ellipses had 

mean (SD) values of 16° (5°), 54° (7°), 65° (8°) and -44° (14)°. In Figure S.4 of the 

supplementary material, all the fitted ellipses are plotted overlaid on the MRI image of a 

single subject. The mean ellipses for males  and females are also shown. 

In terms of the extent of each muscle in the image coordinate system, the average bounding 

box covering each muscle was (154, 91, 187) cm3, (95, 114, 178) cm3, (66, 86, 121) cm3 and 

(49, 42, 115) cm3 for GMAX, GMED, GMIN and TFL. GMAX and TFL sizes in z are cropped 

at the lesser trochanter due to the FOV used for the MRI scans. 

Atlas for Fat Fraction Distribution 

In Figure 6, coronal and axial images of the atlas are shown for the labels image (A) and the 

median FF image (B). The atlas also contains images for the 10th, 25th, 75th and 90th percentiles 

of FF. The labels image and the median FF image for the male atlas are available in the 

supplementary material (Figure S.5). The full atlas is publicly available at 

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

In Figure 7, we show images with the FF difference between the input and the median of the 

atlas for 5 cases that were obtained by applying the proposed processing chain. The images 

show where the increased fat accumulation is spatially located for the two cases with the 

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

This is the first study to quantitatively measure volume and IMF content of the main hip 

abductor muscles simultaneously (GMAX, GMED, GMIN and TFL) in healthy individuals. In 

addition, we analysed the spatial distribution of these variables, providing unique and novel 

information about muscle shape and IMF distribution within each muscle. We report 

normalized volume and FF (as a measure of IMF content) intervals that can be potentially used 

as a reference in research and clinical practice. Intervals for the different sexes are needed, as 

we found that FF was significantly higher in females than males, although we did not find 

significant sex differences for normalized volume in GMED and GMIN. In addition, axial 

profiles of normalized CSA and FF are presented for each muscle, which provides a better 

understanding of how these variables change throughout the muscle. The generated reference 

atlases for males and females model the average shape and fat content of each muscle, showing 

the spatially heterogeneous distribution of IMF in healthy individuals. These data, together 

with automated muscle labelling tools and the wider availability of MRI scans, have the 

potential to translate into new clinical tools that can assist radiologist with quantitative 

measurements from MRI of the pelvis.  

Normative FF and volume values have been previously reported only for gluteus medius and 

minimus 22. Mean FF values of 8 and 10% were found for these two muscles respectively and 

female subjects had higher FF, but the differences between sexes were not significant. In our 

study, we measured slightly higher FF values with median values of 10-11%, although we did 

find significant differences between males and females. Both studies included individuals with 

healthy BMI values (mean BMI of 22.9 and 23.4 kg/m2 for males and females in our study, 

while 22.8 and 21.6 kg/m2 respectively in 22), although the mean BMI was lower for female 

subjects in 22, which could potentially explain the gender differences between the two studies. 

Our marginally higher FF values could have been the result of using a different implementation 
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of the Dixon sequence or due to differences in the segmentation. In terms of volume values, 

we normalized the volume values by the LBM of each subject (while the squared height was 

used in 22) because we considered that LBM is a more representative metric of body size. 

Nevertheless, to draw a comparison with 22, we normalized our data by the squared height of 

each subject and we obtained similar results for GMED and GMIN (101 and 28 cm3/m2 

respectively, compared to 105 and 30 cm3/m2 in 22). We also found that GMAX had a higher 

IMF content than GMED and GMIN. Differences in IMF content of individual muscles within 

a muscle group have also been previously detected for the calves 5,13.  

Having reference intervals for IMF content and volume in healthy individuals in the hip 

abductors is important since pronounced fatty infiltration in the gluteal muscles have been 

correlated with the severity of OA 14 and linked to falls in the elderly 24. We not only provide 

reference values for each muscle but also their spatial distribution with axial profiles, shape 

metrics and atlases that provide new ways and data to assess the hip abductors. The atlases can 

be used to execute voxel-based and regional analysis of the IMF content of a given subject 

relative to our sample of healthy subjects, as it has been proposed in other applications 42.  

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 can be compared to their respective slice in the profiles. 

Furthermore, we proposed the use of a fitted ellipse at the slice of maximum CSA as a 

simplified model for muscle shape, which 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 

presented reference values less accurate. Large sample sizes in MR imaging studies are difficult 

to achieve, especially for specific sequences that are not widely used clinically. 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 the other 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 between groups. Therefore, a higher sample size would be needed to clarify if 

detecting volume sex differences in only three of the four hip abductors was due to low 

statistical power in our tests. In 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 distribution 43.   

A second limitation of our study design is that we only included subjects aged under 60. 

However, this allowed us to report reference values for healthy subjects not affected by 

sarcopenia 44. We divided the subjects into two age subgroups and we did not find any 

significant difference between them, although the size of the groups, when divided by age and 

sex, were small to be conclusive. Similar finding where reported in 22 for GMED and GMIN 

for a larger sample size. 

A third limitation is that the FOV of our MRI protocol starts at the level of the lesser trochanter, 

leaving out a small part of the GMAX and TFL muscles and resulting in smaller volume values. 

However, the use of the lesser trochanter to limit the FOV allows the standardization of the 

measurements and avoids unnecessarily longer scans to cover the full insertion of GMAX and 

TFL. In terms of FF, the GMAX and TFL profiles of Figure 4 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 muscles would not affect the reported FF values. 
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Finally, we used an automated method to label the muscles, which are less accurate than 

manually delineated labels. However, the error of the automated labelling is low for this type 

of cross-sectional study 17 and, in addition, the labels were manually corrected when suboptimal 

segmentations were observed. The quality of the segmentations can be observed in Figure S.6 

of the supplementary material. 

To conclude, we report novel quantitative data of the hip abductors in healthy individuals from 

Dixon MRI, including reference interval values for normalized volume and FF; axial profiles 

with reference interval values for normalized CSA, FF and lean CSA; including male and 

female atlases with median and percentile images. These data sets can be used as a reference 

for healthy abductors in clinical research and to 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) 

[18-59] 

33.4 (10.1) 

 [20-58] 

Weight [kg] 74.3 (8.2) 64.8 (8.8) 

Height [m] 1.80 (0.08) 1.66 (0.07) 

BMI [kg/m2] 22.9 (2.4) 23.4 (2.9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Table 2. Mean ± SD and Median (IQR) values for volume, normalized volume and fat fraction for GMAX, 

GMED, GMIN and TFL. 

  Volume 

[cm3] 

Normalized Volume* 

[cm3/Kg] 

Fat Fraction 

[%] 

  Mean  

(SD) 

Median  

(IQR) 

Mean  

(SD) 

Median (IQR) Mean 

(SD) 

Median  

(IQR) 

GMAX Male 734 

(153) 

 

742 

(592 - 834) 

 

12.4 

(2.3) 

 

12.5 

(10.6 – 13.8) 

 

12.1 

(4.0) 

10.9 

(9.2 – 13.7) 

Female 577 

(85) 

 

585 

(537 - 640) 

 

12.4 

(1.9) 

 

12.8 

(11.0 – 13.8) 

 

16.6 

(6.2) 

15.2 

(12.1 – 19.4) 

All 672 

(151) 

 

650 

(555 - 775) 

 

12.4 

(2.1) 

 

12.6 

(10.8 – 13.8) 

 

13.9 

(5.4) 

12.3 

(10.1 – 15.9) 

GMED Male 383 

(68) 

 

387 

(334 - 430) 

 

6.5 

(0.9) 

 

6.5 

(5.8 – 7.0) 

 

9.6 

(2.0) 

9.1 

(8.3 – 10.3) 

Female 273 

(42) 

 

266 

(237 - 300) 

 

5.9 

(0.8) 

 

5.8 

(5.3 – 6.4) 

 

11.3 

(2.7) 

10.4 

(9.5 – 12.7) 

All 340 

(80) 

 

332 

(280 - 406) 

 

6.2 

(0.9) 

 

6.3 

(5.6 – 6.7) 

 

10.3 

(2.5) 

9.8 

(8.6 – 11.2) 

GMIN Male 96 

(18) 

 

97 

(88 - 104) 

 

1.6 

(0.2) 

 

1.6 

(1.5 – 1.7) 

 

9.9 

(2.1) 

9.5 

(8.6 – 10.4) 

Female 71 

(11) 

 

71 

(62 - 77) 

 

1.5 

(0.1) 

 

1.5 

(1.4 – 1.6) 

 

12.3 

(2.7) 

11.4 

(10.4 – 14.2) 

All 86 

(20) 

 

86 

(70 - 99) 

 

1.6 

(0.2) 

 

1.6 

(1.4 – 1.7) 

 

10.9 

(2.6) 

10.0 

(9.0 – 12.0) 

TFL Male 53 

(18) 

 

55 

(39 - 63) 

 

0.9 

(0.3) 

 

0.9 

(0.7 – 1.1) 

 

9.2 

(2.7) 

9.0 

(7.1 – 11.2) 

Female 35 

(8) 

 

36 

(28 - 42) 

 

0.8 

(0.2) 

 

0.8 

(0.6 – 0.9) 

 

14.1 

(5.3) 

13.6 

(10.4 – 15.8) 

All 46 

(17) 

 

43 

(34 - 59) 

 

0.8 

(0.3) 

 

0.8 

(0.6 – 1.0) 

 

11.1 

(4.6) 

10.2 

(7.8 – 13.5) 

* Normalized volume = volume \ lean body mass 
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Figures 

 

Figure 1. Processing chain for detection and localization of regions with high fat content in the hip abductors using 

the proposed atlas. For a new Dixon MRI scan, the in-phase image is segmented and the FF image is generated 

(top left). The segmented image is registered to the labels image 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 median FF image of the atlas, 2) the 

spatial regions where the FF in the input is higher than in 75th and 90th percentile images of the atlas. The input 

fat fraction images are shown for its full intensity range (0-100)%, while the FF in the atlas and in the quantitative 

comparison are scaled to a (0-50)% range 
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Figure 2. 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 median, the edges of the box are the 25th and 75th percentiles. The mean 

value is also included and plotted with an *. The outliers are plotted individually. 
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Figure 3. Boxplots of FF 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 median, the edges of the box are the 25th and 75th percentiles. The mean 

value is also included and plotted with an *. The outliers are plotted individually. 
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Figure 4. Axial profiles with median values and IQR error bars for normalized cross-sectional areas, fat fraction 

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

the left y axis, the median normalized CSAs are plot from the origin (slice 1, 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 FF with its respective 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 in red, the 5 slices with 

highest median lean CSA. 
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Figure 5. 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.  

 

Figure 6. Female atlas. 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 colorbar identifies each label. B) Axial (top) and 

coronal (slices) of the FF image of the atlas that show the median FF spatial distribution for the female in our 

study. The colorbar on the right quantifies FF. 
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Figure 7. Analysis of 5 cases using the female atlas. Each column consists of four axial slices at different levels 

of the FOV, showing the FF deviation from the atlas median values at a voxel level. The colorbar shows 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 correspond, from top to bottom, to GMAX, TFL, GMIN and GMED. 


