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ABSTRACT

Quantitative MRI (qMRI) has been shown to be crucial for assessing organ dysfunction in the body. Usually,
in qMRI approaches, a few metrics are extracted to distinguish normal and abnormal tissues. In this study, we
coupled four MRI protocols (mDIXON T1, T1 and T2 mapping and DTI) to obtain 34 complementary metrics
including 20 shape metrics, 2 texture metrics and 12 water diffusivity metrics for thigh muscle analysis. These
metrics were calculated on both thighs to detect a pathological difference between a pair of right and left muscles.
The method is based on a dimension reduction method and a projection of shape and diffusivity metrics into a
three-dimensional linear latent space, along with two texture metrics. 5 healthy individuals (10 thighs, each thigh
7 muscles, i.e., 4 flexors and 3 extensors) were scanned to provide the reference scores. The developed pipeline
was used to analyse the pair thighs of 4 patients in order to suggest a specific muscle therapy before total knee
arthroplasty (TKA) individually for each of the 7 muscles. Preliminary results from the analysis of thigh muscle
texture, shape and diffusivity showed that this qMRI protocol can help to suggest a targeted, patient-specific
exercise plan to improve muscle recovery after TKA surgery. More healthy and pathological subjects are needed
to confirm these encouraging results.
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1. INTRODUCTION

Several tools have been developed and used to extract clinical parameters to assess and monitor muscle disease1

such as, Ultrasonography,2 anthropometric assessment3 and bioelectrical impedance analysis.4 Nevertheless,
most of such tools are employed to analyse the thigh muscles globally and not individually. Besides, Magnetic
Resonance Imaging (MRI) is a non-invasive tool to estimate thigh muscle volume, fat proportion and several other
metrics, individually, as the most reliable technique.5 Thus, MRI has been used as a crucial tool to either diagnose
or follow up the muscle disorders. This technique is able to extract several metrics to differentiate characteristic of
normal and fatty infiltration of muscles.6 There are numerous studies investigating the correlation between such
metrics (extracted from muscle’s MRI) and muscle diseases such as muscular dystrophy,7 Congenital myopathies,8

myasthenia gravis and Graves’ orbitopathy.9

In quantitative MRI (qMRI) of muscle disorder studies, usually one or more protocols can be used to extract
the metrics. For example, Dixon, T1 and T2-weighted sequences allowed establishment of the pattern, texture
and anatomical distribution of muscular degeneration while DTI is employed to provide information about
diffusivity of water in muscle tissues (see Fig. 1). MRI protocols are chosen respect to the physical/chemical
properties of the scanned tissues to detect abnormalities. Therefore, for each protocol, the extracted parameters
may differ and interpret individually.
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(a) T1 (b) T2 (c) DIXON (d) DTI

Figure 1. A cross-section of four MRI protocols for thigh muscle analysis. a) is T1, b) T2, c) DIXON protocol (out of
phase) and d) DTI or diffusion Tensor model using weighted least squares which takes into account the noise characteristics
of the MRI images to weight the DWI samples based on their intensity magnitude. Several metrics can be extracted from
the Tensor model.

Several studies have been investigating such protocols as Sproule et al.10 which used T1-weighted protocol
to estimate the volume of muscle as a metric for spinal muscle atrophy analysis. Another example is a study
in which they used Dixon protocol to extract fat fraction as a metric.11 As an example of multi-MRI protocols
usage on thigh muscles analysis, we refer to T1-T2-Dixon by Fischmann et al.12 in which they examined 8
patients diagnosed by Oculopharyngeal muscular dystrophy and 5 healthy subjects to compare the MRI metrics.
As another multi-protocol analysis, i.e., T1-DTI, Charles et al.13 provided an architecture data set of 20 lower
limb muscles from 10 healthy adults. They found that maximum isometric force and muscle fiber lengths were
found not to scale with subject anthropometry, suggesting that these factors may be difficult to predict using
scaling or optimization algorithms. Last but not least, we refer to a T2-DTI-Dixon analysis by Monte et al.14

in which they examined 5 DTI metrics, i.e., three eigen values, mean diffusivity and fractional anisotropy. Their
analysis showed good repeatability of all DTI parameters except fractional anisotropy which might be susceptible
to signal to noise ratio.

On the other hand, in qMRI approaches using a protocol, several metrics can be extracted from the same
protocol. For instance, in T1-weighted protocol, in addition to T1 value, volume metric, Fat fraction can also
be provided. More specifically in DTI protocol, over than 13 metrics15 can be extracted such as Fractional
Anisotropy, Apparent Diffusivity Coefficient, Parallel diffusivity, perpendicular diffusivity, eigen values, mode,
etc. For the most of the reviewed studies, only a few metrics were analysed while the most of them were not
extracted or eliminated from the results.

Usually, the recommendation for Total knee arthroplasty (TKA) is based on a patient’s pain and disability,
but not specifically on their age though TKA patients are normally between 50 to 80 years old.16 While for young
patients under TKA the rehabilitation may be fast, for middle-aged or older adults it may takes a while even a
year. Thus, a post and/or pre-surgical training programme may also be used to improve patients’ post-surgical
functional status.17 In order to define an effective patient specific training programme, probably targeting the
reinforcement of weaker muscles may boost the rehab. But to do this, an accurate assessment pipeline using
qMRI is required to deeply detect abnormalities of such muscles.

For those TKA patients that only one knee goes under surgery, it might be possible to detect abnormal
muscle according to compare right-left thigh muscle MRI metrics and the thigh which includes in surgery. In
our best knowledge, this is the first study where we used a T1-T2-Dixon-DTI protocols to extract 34 metrics in
three groups of Texture, shape and diffusivity analysis of thigh muscles for a control group. Then using principal
component analysis, we provided the mean components (by different weights) as reference scores. Later these
scores are used to detect abnormal thigh muscle for TKA patient. According to the abnormal muscles, a patient-
specific exercise programme can be suggested to improve the rehabilitation.

Sec. 2 describes the overall extracting metrics of four MRI protocols for thigh muscles as well as providing
reference scores for the metric. Sec. 3 is dedicated to the experiments on 70 normal muscles from 10 healthy
thighs and 56 muscles from four TKA patients and results. A discussion and a conclusion complete this paper
in Sec. 4 and Sec. 5, respectively.

Proc. of SPIE Vol. 12088  120880G-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 25 Sep 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



(a) FOV for DIXON (b) FOV for T1,T2 & DTI

Figure 2. Field of view of the selected part of the thigh muscles acquisitions for a) DIXON protocol , and b) T1, T2 and
DTI protocols, in coronal view. The resolution for each protocol is different according to its extracting metric methods.

2. METHOD

2.1 Subjects and qMRI protocols

According to the Declaration of Helsinki with ethical approval protocol (n° 2019-A01703-54), 10 entire thighs
from 5 healthy volunteers with an average age of 48 years (±10) were scanned. In addition, 4 patients under
TKA were included in three steps: before exercise, before surgery and after surgery (each step at one month
intervals). Both acquisitions (healthy and patient subjects) were performed using a 3.0 Tesla scanner Philips,
Elition X (Best, Netherlands) with modified Dixon three-dimensional (3D) T1-weighted (T1W) gradient echo
technique (mDixon-3D-GRE), allowing fat (F)–water(W) separation and a voxel resolution of 0.5×0.5×1.0 mm3

(see Fig. 2 (a)). For T1 map we used Modified Look-Locker inversion recovery (MOLLI) protocol with flip angle
= 20° in 8 echos (Time Inversion in ms) as: 116, 350, 1116, 1350, 2116, 2350, 3116 and 4116. For T2 map
we used T2 Turbo Spine Echo protocol, with flip angles = 90°, 4.9 ms interval with 9 echo times. For DTI we
used smart shim protocol with 16 directions plus the B0. The field of view (FOV) of T1-T2 mapping and DTI
scanning can be seen in Fig. 2 (b) with a voxel resolution of 1.5× 1.5× 5.0 mm3. Two groups of thigh muscles
were selected to evaluate the pipeline: the quadriceps Femoris muscles (Rectus Femoris (RF), Vastus Lateralis
(VL), Vastus Intermedius (VI), Vastus Medialis (VM)), and the Hamstrings muscles (Biceps Short Head (BSH),
Semitendinosus (ST), Semimembranosus (SM)).

We used the 3D Slicer software15 to entirely label seven thigh muscles (see Fig. 2).

2.2 Metrics extraction

2.2.1 Shape metrics

For the control group, using Dixon image (Out of Phase) and the label map of the muscles, we were able
to compare each of the right thigh muscles to the left ones. Therefore, we have to mirror the left muscles
(e.g., RFL for the left rectus femoris) and register to the corresponding muscle in the right side (i.e., RFR).
We used a rigid approach (6 degrees of freedom) for this aim. Later, we extracted 20 shape metrics: Dice
Coefficient (DICE), Jaccard Coefficient (JACRD), Area under ROC Curve (AUC), Cohen Kappa (KAPPA),
Rand Index (RNDIND), Adjusted Rand Index (ADJRIND), Interclass Correlation (ICCORR), Volumetric Sim-
ilarity Coefficient (VOLSMTY), Hausdorff distance (HDRFDST), average distance (AVGDIST),Mahanabolis
Distance (MAHLNBS), Variation of Information (VARINFO), Global Consistency Error (GCOERR), Proba-
bilistic Distance (PROBDST), Sensitivity or Recall true positive rate (SNSVTY), Specificity or true negative
rate (SPCFTY), Precision (PRCISON), F-Measure (FMEASR), Accuracy (ACURCY), Absolute Volume Dif-
ference (AVD)18,19 by each pair muscles. These metrics indicate the similarity between left and right thigh
muscles.

2.2.2 Texture metrics

In order to extract two texture metrics using T1-T2 mapping, firstly we corrected the bias field effect. Later,
we extracted a mean intensity of each thigh muscle (in the labeled region) for each echo. Both first echos of
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T1-mapping and T2-mapping were removed and left the 6 mean values as y1 for T1 and 7 as y2 for T2, we fit
an exponential function to estimate the T1 and T2 values for each muscle, respectively, as following:

y1 = A−B e(−
TI
T1 ), (1)

where TI is the Time Inversion (ms) and

y2 = C e(−
ET
T2 ) + D, (2)

where ET is the Echo Time (ms). Therefore, for each muscle (the region of labeled muscle), the average of T1
value is called as a texture metric as well as T2 value.

2.2.3 Water diffusivity metrics

Using DTI protocol and the label of each muscle, we extract 12 water diffusivity metrics: Fractional Anisotropy,
Trace, Determinant, Relative Anisotropy, Mode, Linear Measure, Planar Measure, Spherical Measure, Parallel
Diffusivity, Perpendicular Diffusivity, Apparent Diffusivity Coefficient, and Maximum eigen value of control
group. Each metric considers one aspect of water diffusivity inside the muscles (e.g., see Fig. 3). In order to
normalize all metrics, we scaled them to an interval [0, 1].

(a) (b) (c)

Figure 3. Three different directions for water diffusivity inside the muscle which can be estimated using DTI protocol. a)
top-bottom b) right-left, c) back-front. However, it is possible to extract over than 30 directions water diffusivity for only
one voxel.

2.3 Reference scores

We want to provide healthy scores for non pathologic thigh muscle using Shape-Texture-Diffusivity metrics.
Firstly, for both Shape and Diffusivity metrics, we decrease the dimension using a principal component analysis
(PCA). Then, we introduce four reference scores for thigh muscle evaluation in three families as follows.

2.3.1 Shape reference scores

Since we provided 20 shape metrics for each m thigh muscle, we suggested to use PCA to reduce the redundancy.
The PCA analysis gives the mean vector (C̄m = [c̄1, c̄2, c̄3, c̄4], we removed the last component which had a weight
< 0.1%), the feature eigenvector components FV Cm and the associated eigenvalues (weighted or Wm) for each
muscle m. For example, for the Vastus Intermedius muscle (m =VI), 20 shape metrics are provided using 5
control subjects called Shape metric vectors VI1 to VI5 (Fig. 4). For each muscle m, to obtain its components
vector in the 3D latent space, (Ci

m = [ci1, c
i
2, c

i
3], i = 1, . . . , 5) we used:

Ci
m = mi × FV Cm = [ci1, c

i
2, c

i
3], (3)

where mi is the shape metrics vector for the m muscle of subject i, and FV Cm is the feature vector coefficients.
In order to define a reference score (the maximum distance allowed from C̄m to say that the muscle m is normal
with no controlateral difference), we measured the weighted distance between C̄m and Ci

m (the component vector
of each healthy subject) as:

dim(Ci
m, C̄) = [(ci1 − c̄1)2 (ci2 − c̄2)2 (ci3 − c̄3)2]

w1

w2

w3

 , i = 1, . . . , 5 (4)
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Figure 4. An example of Principal Component Analysis. VI1 to VI5 are the Vastus Intermedius muscle of 5 control
subjects with similarity metrics between right and left VIs. C̄= mean of components, W=weights or explained.

where wi is the weight (explained) of component i in the PCA decomposition. Therefore, the maximum weighted
distance is introduced as a Shape reference score (Shaperef) to detect unbalance (abnormal) muscle. Thus, for
the Vastus Intermedius, m =VI, the Shape reference is estimated as following:

Shaperef(VI) = max
i

diVI, i = 1, . . . , 5 (5)

This process was repeated for the other thigh muscles to provide all references for the shape metrics.

2.3.2 DTI Reference scores

We do the same process as for the shape metrics on the 12 DTI metrics to extract the mean components and the
diffusivity reference scores (DTIref) for all muscles individually. For example, a reference score of the muscle VI
is the maximum distance among healthy subject from C̄ extracted from PCA analysis on diffusivity metrics as:

DTIref(VI) = max
i

diVI, i = 1, . . . , 5 (6)

where diVI is defined by eq.4 and Ci
m as the DTI metric components vector.

2.3.3 Texture reference scores

In order to define a texture reference score on five healthy subjects and for each muscle (e.g. VI), we average
the corresponding T1 value and T2 value to extract their mean as T1 and T2, respectively. Then, the maximum
distance to these means is defined as texture reference scores as following:

T1ref(VI) = max
i
‖T1i − T1‖, i = 1, . . . , 5 (7)

T2ref(VI) = max
i
‖T2i − T2‖, i = 1, . . . , 5 (8)

where ‖.‖ represents the euclidean distance between two vectors (or absolute value of two numbers).

2.4 Abnormality detection

In order to assess patient’s thigh muscles, all four protocols were used to provide the MR images. Then the
suggested pipeline was used to extract the metrics and also decreased them to the components. Later, a weighted
distance between the components of the patient metrics and C̄ of control group is calculated. If this weighted
distance of a muscle component is lower than the reference scores (Shaperef , DTIref , T1ref and T2ref ), it is
considered as normal, and if not, we assume that this muscle is abnormal with respect to that metric.

Consequently, the whole process from image acquisition to abnormality detection can be also seen in Fig. 5.
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Figure 5. The pipeline process for a thigh muscle analysis: combined qMRI protocols, quantitative analysis and metrics
extraction, principal component analysis and comparison to healthy subjects to detect abnormal muscles.

Figure 6. Using PCA on shape metrics for each thigh muscle (VI, VM, VL, SM, ST, BSH and RF), three components
were extracted on five control subjects. For each muscle m, a sphere of normality is designed with a center (blue square)
as the components mean C̄m, and a radius as the reference score for shape (eq.5). 5 colorful stars are presenting the
healthy subject components.

Table 1. Calculated reference scores for abnormality detection of thigh muscles using multi-protocol Texture-Shape-
Diffusivity metric analysis on 5 normal subjects.

Protocols Reference scores VM VI VL RF SM ST BSH
DIXON Shaperef 0.91 3.53 1.57 0.15 0.38 0.83 9.84

DTI DTIref 0.38 1.33 1.13 1.77 0.36 0.55 0.13
T2 mapping T2ref 1.83 0.84 1.63 2.66 1.56 0.77 2.22
T1 mapping T1ref 1.83 1.12 0.64 2.41 2.64 0.84 1.02

3. RESULTS

3.1 PCA component of control group

Using the 3D slicer software, 7 muscles of 10 thighs were segmented from top to bottom on the control group.
Also, 20 metrics were extracted from comparing (registering) left to right muscles. For each muscle, three PCA
components were extracted as seen in Fig. 6 for the shape metric. For the control group, we estimated the
thresholds for the shape, texture and diffusivity using Eq. 3 to 8 and the results can be seen in Tab. 1.

3.2 Abnormality detection using thresholds

As a trial, a patient under TKA was included in the proposed pipeline. We acquired 4 images using the MRI
protocols. The muscles were segmented and all metrics for texture-shape-diffusivity were extracted. Then we
used the PCA analysis to project the shape and diffusivity metrics in the 3D-latent space and we calculated the
weighted distance. The results along with reference scores are presented in Tab. 2, for the patient p = 1. All
correspondent weighted distance higher than the reference scores are considered as abnormal which can be seen
in Tab. 3 on 4 TKA patients. In Tab. 3, Patient 1 in the third acquisition (P13) could not stay in the MRI
system to complete all acquisitions, and only Dixon was successfully acquired.
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Table 2. Results of abnormality detection using the reference scores (Shaperef, DTIref, T2ref and T1ref) and a TKA patient
scores (Shapep, DTIp, T2p and T1p), p = 1.

Protocols Scores VM VI VL RF SM ST BSH

DIXON
Shaperef 0.91 3.53 1.57 0.15 0.38 0.83 9.84
Shape1 3.86 3.83 0.65 1.12 1.94 6.55 3.97

abnormality results* A A N A A A N

DTI
DTIref 0.38 1.33 1.13 1.77 0.36 0.55 0.13
DTI1 0.09 0.67 0.07 0.12 0.94 0.20 0.16

abnormality results* N N N N A N A

T2 mapping
T2ref 1.83 0.84 1.63 2.66 1.56 0.77 2.22
T21 9.33 0.17 1.82 7.32 6.12 9.83 2.66

abnormality results* A N A A A A A

T1 mapping
T1ref 1.83 1.12 0.64 2.41 2.64 0.84 1.02
T11 2.12 3.47 2.58 2.26 3.62 0.82 4.04

abnormality results* A A A N A N A

* If Shape1 < Shaperef then result is N=normal, else result is A=abnormal, as well as for other results.

4. DISCUSSION

qMRI studies have proven the difference between MRI metrics of normal and abnormal muscle tissues.10–14 In
this study we used 4 MRI protocols to extract 34 quantitative metrics, and then we defined reference scores using
PCA analysis on the metrics. Later, for TKA patients thigh muscle analysis, the same metrics were extracted
and abnormal muscles were detected using the distance between the patient metrics and the reference scores. To
the best of our knowledge, it is the first study where we combined several qMRI (Dixon, T1, T2 and DTI) and
different metrics aiming to introduce reference scores and abnormality detection.

Since we decreased the dimension of the metrics using PCA into 3 components, we expected the use of the
mean of the components to be a reliable reference for distinguishing abnormal muscles. As you can see in Fig. 6,
all components (except for BSH) are around the mean (radii are less than 0.1), showing the level of confidence
of the reference scores. Besides, increasing the number of healthy subjects should improve the reliability of the
reference scores.

It should be mentioned that some metrics may be less robust than others in distinguishing normal from
abnormal muscles. For this purpose, we used PCA as it gives lower weights to these metrics in order to decrease
their effects on the results. In addition, we used PCA component weights (wis in equation 4) to decrease the
influence of these uninformative metrics. Therefore, the mean components (as centres) and the largest distance
(as radius) from these means constitute the normality space (no controlateral difference). Therefore, abnormal
muscles were labelled only when their components were outside the normality sphere.

We indicated the abnormal muscles with respect to each metric between right and left side and using the
reference scores. Still, one may ask which side (left or right) is abnormal. For this aim we refer to12,14,20 which
claimed that T1 and T2 values for abnormal muscles are higher than normal ones as well as DTI metrics. From
the shape analysis, we could also consider that smaller volume muscle might be weaker with respect to the bigger
one. According to these definitions, the first acquisition (one month before surgery) of the patients showed more
abnormality for the knee under surgery. The next step in this study will be to identify which side of the body has
the weakest muscles in order to provide targeted muscle therapy and to help answer the question: is it possible
to pre-train these muscles in order to boost post-surgical rehabilitation?

However, the link between volume and weakness is not straightforward. In Tab. 3, apparently, some conflicts
may be seen in detecting abnormal muscles using different MRI protocols. For example, the shape analysis may
detect an abnormality for a muscle while DTI represent a normal status for that muscle. Besides, if a muscle
is bigger, it might have more fatty tissues. Therefore, shape analysis detect that muscle as normal while DTI
analysis detect it as abnormal. In fact, each of the texture, shape and diffusivity protocols separately analyses
a specific functionality of muscle tissue, which may explain these conflicts.
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Therefore, it is possible to find out the possible correlation between them after increasing the number of
inclusions as the next step of this study. Since TKA surgery was not in priority in the recent pandemic situation
(Covid-19), all the treatments postponed. Since then, the process of new inclusions is very slow but continuing.
In total, 48 patients will be included in this project.

One limitation of qMRI approaches is the artifacts which take place in images such as signal to noise ratio
(SNR), bias B0 field effect, motion effect, etc. Although there are several techniques to restore information in
the image, still strong artifacts may decline the correlation between MRI metrics and abnormality detection.
In most of the qMRI studies that we reviewed for thigh muscles, usually moderate correlation had been found
according to each MRI protocol’s artifact. In our study, to conclude which metric is more reliable to detect
abnormalities, more pathology subjects are needed.

There are several other metrics family such as shape based (2D and 3D), statistics, grey level cooccurence
matrix, and so on which can be extracted using available tools such as PyRadiomics,21 Matlab. Usually, such
metrics are considered as Content-based image retrieval (CBIR) which normally are used in artificial neural
network classifiers.22 A big limitation of using CBIR techniques and ANN classifiers is the number of subjects
to obtain an acceptance accuracy. In our study, which the number of individuals will not exceed 50, using such
approaches result in bias and may not be accepted in scientific community.

5. CONCLUSION

In this study, we introduced a texture-shape-diffusivity analysis to detect abnormal thigh muscle in the clinical
workflow of TKA to introduce more effective exercise programme. Firstly, we introduced a reference score of
normality for 7 thigh muscles, using 5 healthy subjects, 34 metrics and four MRI protocols, i.e., T1 and T2
mapping, Dixon and DTI. The protocols are combined through a PCA analysis of the metrics. For four patients
under TKA, our suggestion pipeline clustered normal/abnormal muscles with respect to each protocol. Once the
proposed pipeline is evaluated on a larger number of pathological data, it will be possible to extend it to other
rehabilitation schemes.
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Table 3. Results of abnormality detection using Texture-Shape-Diffusivity metrics and reference scores for 4 patients.
Patients are defined as Pij , where i=number of patient and j=number of acquisition, A=abnormal, N=normal, /= not
acquired

Subjects Protocol VM VI VL RF SM ST BSH

P11

DIXON A A N A A A N
DTI N N N N A N A

T2 mapping A N A A A A A
T1 mapping A A A N A N A

P12

DIXON A N N A A A N
DTI N N N A N N N

T2 mapping A N A A A A N
T1 mapping A A N N A A A

P13

DIXON A A A A A A N
DTI / / / / / / /

T2 mapping / / / / / / /
T1 mapping / / / / / / /

P21

DIXON A A N A A A N
DTI N N A N N N A

T2 mapping A N A N A A N
T1 mapping A N A N A A N

P22

DIXON A A A A N N N
DTI N A A N A A A

T2 mapping A N A A A A N
T1 mapping N N A N A A N

P23

DIXON A A A A A N N
DTI A N N N A N N

T2 mapping A A A A A A N
T1 mapping A A A A A A N

P31

DIXON N N N A N N N
DTI A N N N N N A

T2 mapping N N N A N N A
T1 mapping A N N A A N N

P32

DIXON A N N A A N N
DTI N N N N N N A

T2 mapping N N N N A N A
T1 mapping A A N A N A A

P33

DIXON A A A A N A N
DTI N N N N A N A

T2 mapping N N N N N N A
T1 mapping A A N A A N N

P41

DIXON A A A A N A N
DTI N N N N A N N

T2 mapping A A N A A A N
T1 mapping A A A A A N A

P42

DIXON A A N A A A N
DTI N N N A N N A

T2 mapping A A N A A A A
T1 mapping N N N A A N A

P43

DIXON A A A A A A N
DTI A A N A A A N

T2 mapping A A N A A A N
T1 mapping A A A A A A A
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