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Abstract
Background  Emerging evidence suggests that there are morphological and physiological changes to the vastus 
lateralis after an anterior cruciate ligament (ACL) tear. However, it is unclear whether these alterations are limited to 
just the vastus lateralis or are more representative of widespread changes across the thigh musculature and/or if 
these changes precede reconstruction. The purpose of this study was to determine T1ρ relaxation time, a measure 
of extracellular matrix organization in muscle, and physiological cross-sectional area (PCSA) for muscles of the 
quadriceps and hamstrings of the ACL-deficient and contralateral limbs soon after ACL injury.

Methods  T1ρ and diffusion tensor magnetic resonance imaging were performed on both limbs of 10 participants 
after primary ACL tear (< 10 weeks). T1ρ relaxation time and PCSA were calculated for all muscles of the quadriceps 
and hamstrings. Shapiro-Wilks tests were performed to assess normality. Outcomes were compared between limbs 
for each muscle of interest with paired t-tests or Wilcoxon signed-rank tests with the alpha level set to 0.05.

Results  T1ρ relaxation times were significantly longer for the vastus lateralis (7.0%), rectus femoris (15.4%), and vastus 
intermedius (9.4%) of ACL-deficient limb; whereas, relaxation times were similar between limbs for all hamstring 
muscles. PCSA was smaller for the vastus lateralis (-19.6%), vastus intermedius (-20.9%), vastus medialis (-26.0%), and 
semitendinosus (-15.0%) of the ACL-deficient limb compared to the contralateral limb.

Conclusions  These results provide evidence that morphological and physiological alterations occur within multiple 
muscles of quadriceps but not the hamstrings prior to ACL reconstruction. Establishing these differences between 
the quadriceps and hamstrings suggests there is a differential response within the thigh musculature to an ACL injury, 
providing a framework for more targeted interventions.
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Background
Muscle strength loss following an anterior cruciate liga-
ment (ACL) injury is ubiquitous and prolonged. Under-
standing the factors that result in protracted muscle 
weakness is critical in order to improve patient outcomes, 
facilitate return to sport, and mitigate the risk of post-
traumatic osteoarthritis [1–4]. Based on evidence from 
a recent, comprehensive meta-analysis, knee extensor 
strength deficits are still decidedly prevalent (~ 10%) at 1 
year post ACL reconstruction and then do not improve 
meaningfully long term; whereas, knee flexor strength 
deficits at 1 year are smaller (5–7%) and do normalize 
by 5 years post ACL reconstruction [5]. The difference 
in strength deficits suggest the quadriceps might be dif-
ferentially affected following ACL injury and reconstruc-
tion. Emerging research suggests underlying changes to 
muscle morphology and physiology may be contributing 
to protracted quadriceps strength loss after ACL injury 
[6, 7].

Morphologically, decreases in muscle size, and physio-
logically, skeletal muscle fibrosis, impact overall strength 
following ACL injury [6, 8, 9]. To date though, these 
insights have been limited to the vastus lateralis muscle 
of the quadriceps muscle group, and only after recon-
struction surgery. These limitations make it impossible 
to determine if observed changes are occurring in just 
the vastus lateralis after surgery or if these alterations are 
more representative of a larger phenomenon occurring 
in all muscles of the thigh prior to reconstruction. There-
fore, a more detailed assessment of muscle quality for 
both the quadriceps and hamstrings muscles after injury 
but before reconstruction surgery is warranted.

Quantitative magnetic resonance imaging (MRI) 
techniques, such as T1ρ mapping and diffusion tensor 
imaging (DTI), provide the unique opportunity to nonin-
vasively (1) evaluate skeletal muscle extracellular matrix 
(ECM) organization and (2) characterize muscle atrophy 
via physiological cross-sectional area across all muscles 
of the thigh. Recently, a significant association between 
T1ρ relaxation times and collagen abundance and orga-
nization within the extracellular matrix following an ACL 
injury was validated within the vastus lateralis muscle 
[10], lending utility to employ this technique across all 
muscles of the thigh. In other diseases tissues, such as 
cartilage and liver, longer T1ρ relaxation times are sug-
gested to be a result of increased extracellular water [11, 
12], indicative of alterations in ECM abundance and orga-
nization. After ACL injury, the ECM becomes dysregu-
lated, which results in changes in the accessible free water 
[13] and thus longer T1ρ relaxation times [10]. Addition-
ally, diffusion tensor imaging can be leveraged to charac-
terize important parameters of muscle force production 
through the ability to derive fiber tract length and penna-
tion angle to calculate physiological cross-sectional area 

(PCSA) [14]. PCSA, which is the cross-sectional area of 
the muscle perpendicular to the orientation of the muscle 
fibers, is often considered a more representative metric 
for the force generating capacity of a muscle than ana-
tomical cross-sectional area [15], as it takes into account 
the angle at which the fibers are acting.

Investigating the underlying morphologic and physi-
ologic differences between the quadriceps and ham-
strings after ACL injury can provide a framework for 
more precise treatments targeting muscle dysfunction. 
Quantitative MRI provides the opportunity to evaluate 
these differences in all muscles of the quadriceps and 
hamstrings. Thus, the purpose of this study was to char-
acterize T1ρ relaxation time and PCSA for all muscles of 
the thigh of the ACL-deficient and contralateral limbs of 
individuals with recent ACL tear. We hypothesized that 
the quadriceps muscles of the ACL-deficient limb would 
have longer T1ρ relaxation times and smaller PCSA com-
pared to the contralateral limb, whereas there would be 
no between limb differences for the hamstring muscles.

Methods
Participants
This study is a retrospective cohort study, level of evi-
dence 3, including an analysis of a subset of participants 
enrolled in a larger clinical trial (NCT03364647) [16] and 
was conducted in accordance with the ethical standards 
laid forth in the 1964 Declaration of Helsinki. This study 
was approved by the University of Kentucky Institutional 
Board Review, and all participants completed informed 
consent or parental consent and participant assent prior 
to completing any study related activities. Inclusion cri-
teria consisted of a primary ACL tear within 10 weeks 
of enrollment, age between 14 and 40 years, and a mini-
mum activity level of 5/10 on the Tegner Activity Scale 
[16]. Exclusion criteria included previous ACL injury or 
reconstruction or a complete knee dislocation at the time 
of initial knee injury. ACL tears were diagnosed by a sin-
gle orthopaedic surgeon, based on clinical evaluation and 
clinical MRI, prior to study enrollment. All participants 
were scheduled to receive a surgical repair of their torn 
ACL after completing study activities.

Imaging
Magnetic resonance imaging of both limbs was per-
formed on a 3T MAGNETOM Prisma scanner (Siemens 
Healthineers AG, Erlangen, Germany). All MR imaging 
was performed prior to randomization for the clinical 
trial, and prior to surgical reconstruction. Participants 
had not completed any pre-operative rehabilitation or 
strengthening programs prior to MR imaging. Partici-
pants were positioned supine and feet-first. The ACL-
deficient limb was centered on the table and a flexible, 
18-element, phased array body coil was secured around 
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the thigh. Following standard localizer scanning, partici-
pants underwent T1ρ imaging, diffusion tensor imaging 
(DTI), and turbo spin echo imaging for muscle volume 
calculations. This same process was then repeated for the 
contralateral limb.

T1ρ imaging
Recent work validated T1ρ imaging to assess extracel-
lular matrix dysregulation in skeletal muscle [10, 17], 
with longer T1ρ relaxation times associated with greater 
degrees of ECM dysregulation. T1ρ imaging was com-
pleted using a research sequence as previously reported 
[10, 18]. Briefly, images were obtained using a spin 
lock amplitude of 300  Hz and ten spin lock hold times 
(0/10/20/30/40/50/60/70/80/90 ms) using a four shot, 
segmented, gradient echo acquisition (repetition time 
of 5.8 ms, echo time of 2.5 ms, receiver bandwidth of 
560  Hz/pixel, 2 excitations) and a shot repetition time 
of 1000 ms. The field of view was set to 192 × 192 mm2, 
with a matrix size of 96 × 96 yielding a spatial resolution 
of 2 × 2 mm2. A single axial slice of 10 mm thickness was 
obtained at the center of the vastus lateralis, determined 
by measuring the distance from the greater trochanter 
to lateral femoral condyle from the scout scan. Spin lock 
preparation included a B1 and B0 compensated spin lock 
preparation pulse followed by a chemical shift selective 
saturation pulse. Centric phase encoding was used to 
provide exclusive T1ρ weighting. For analysis, each pixel 
of the image was fit to a mono exponential decay curve of 
signal vs. spin-lock time using custom code (MATLAB, 
Natick, MA), which has been previously described [10]. 
T1ρ values were calculated pixel by pixel and averaged 
over each muscle of interest, including the vastus group 
(vastus lateralis, vastus medialis, vastus intermedius), 
rectus femoris, semitendinosus, semimembranosus, and 
biceps femoris long head. Muscle boundaries were seg-
mented manually using region-of-interest tools within 
MATLAB by trained raters.

Imaging for PCSA calculation
PCSA was calculated using the equation PCSA = (Vol/
FL)*cos(θPA) from Kan et al. [19], where Vol is the total 
muscle volume, FL is the fiber length calculated from 
tractography, and θPA is the pennation angle calculated 
from tractography. Diffusion tensor imaging for trac-
tography was conducted following previously published 
methods [20]. Summarized, a research sequence com-
bining a stimulated echo diffusion preparation with 
an echoplanar readout module (STEAM) was used to 
acquire 21 axial slices (slice thickness = 6  mm) with no 
interslice gap. DTI sequence parameters included 24 
diffusion-encoding directions at a high diffusion weight-
ing (b-) value of 500  s/mm2, repetition time (TR)/echo 
time (TE) of 7600/40.0 ms, three excitations, a mixing 

time of 173.0 milliseconds, gradient separation and dura-
tion of 185.0 ms and 5.4 ms, respectively, and. A nomi-
nal diffusion weighting b-value of 45  s/mm2 was used. 
A GRAPPA factor of two was used to reduce image fil-
tering from signal decay and also to reduce image dis-
tortion from susceptibility-induced inhomogeneities of 
the magnetic field. Signal to noise ratio reduction due 
to the applied parallel imaging was partially compen-
sated by the accompanying shorter echo time. The field 
of view (FOV) was set to 192 × 192 mm2 with an acqui-
sition matrix of 96 × 96, producing image voxels with a 
dimension of 2 × 2 × 6 mm3. Fat suppression was achieved 
by applying an adiabatic SPAIR suppression pulse prior 
to beginning the DTI acquisition and alternating the 
polarity of the slice select gradients during excitation 
and store/restore RF-pulses so that fat excited in the first 
pulse was not fully refocused by subsequent pulses in the 
STEAM acquisition. Eddy-current induced distortions in 
the diffusion weighted images were corrected by regis-
tering all diffusion weighted images to the b = 45 s/mm2 
images during data post-processing. Diffusion tensor 
and fractional anisotropy calculations and fiber tracking 
were performed using custom code (MATLAB, Natick, 
MA). Fiber length and pennation angle were determined 
from the initial fiber tracking [20, 21]. Fiber tracking 
was performed within each muscle of interest, excluding 
the rectus femoris due to its bipennate characteristics, 
by defining muscle boundaries using region-of-inter-
est tools. All other quadricep muscles were assessed. A 
representative visual of the muscle fiber tracking for the 
biceps femoris long head is shown in an additional file 
(see Additional file 1).

To determine muscle volume, two consecutive stacks 
of 33 slices (thickness = 6 mm) with a single overlapping 
slice were captured using T1-weighted turbo spin echo 
(TSE) imaging. Sequence parameters included TR = 4400 
ms, TE = 10 ms, and bandwith = 195  Hz/pixel. The FOV 
was 192 × 192 mm2 with a matrix size of 256 × 256 result-
ing in voxel dimensions of 0.75 × 0.75 × 6 mm3. The image 
stacks were concatenated and muscle cross-sectional area 
for each muscle of interest was defined for each slice for 
the total length of the muscle (MIPAV, NIH, Bethesda, 
MD). Total muscle volume was determined as the sum of 
each slice volume (cross-sectional area x slice thickness).

Statistical analysis
Data sets included in the analysis were selected after 
screening MR images to ensure all muscles of interest 
were within the field of view and had clearly discernable 
borders. Included data sets were selected prior to image 
processing and analysis. Primary outcomes for the study 
included T1ρ relaxation time and PCSA for each muscle. 
Values for component parts of PCSA (muscle volume, 
pennation angle, and fiber length) are included in the 
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supplemental data for reference. Normality of between 
limb difference was assessed using Shapiro-Wilk tests. 
T1ρ relaxation time and PCSA were compared between 
limbs for each muscle of interest were analyzed sepa-
rately using paired t-tests if normally distributed or Wil-
coxon signed rank tests if not. As an exploratory analysis, 
we compared potential relationships between T1ρ relax-
ation time and PCSA using linear regressions and report 
the hypothesis test for Pearson’s correlation. Significance 
was determined for p-values less than 0.05.

Results
10 participants (9 female) had MR images meeting the 
selection criteria, screened from a cohort of 35 partici-
pants. Included participants were 20.9 ± 4.8 years of age, 
1.66 ± 0.06 m in height, 65.3 ± 10.2 kg in mass, and were 
imaged 17.8 ± 10.5 days from the initial injury. All vari-
ables were normally distributed except for between limb 
difference in T1ρ relaxation time for the vastus inter-
medius and semimembranosus. Effect sizes are listed 
(Cohen’s d if normally distributed or r if not) and percent 
difference is reported as ACL-deficient limb in reference 
to the contralateral limb (i.e. a positive percent difference 
indicates a higher value for the ACL-deficient limb).

T1ρ relaxation time was significantly longer for the 
vastus, rectus femoris, and vastus intermedius of the 
ACL-deficient limb (Table  1). There were no significant 
differences for the vastus medialis or for any muscles of 
the hamstrings.

Table 2 lists the means, standard deviations, p-values, 
effect sizes, and percent differences for PCSA of each 
muscle. PCSA was significantly smaller for the vas-
tus lateralis, vastus intermedius, vastus medialis, and 
semitendinosus of the ACL-deficient limb. There were 
no significant differences for the biceps femoris or the 
semimembranosus. Values for component parts used in 
PCSA calculation (muscle volume, fiber length, and pen-
nation angle) and graphs displaying all raw data points 
are included as additional files (see Additional file 2 and 
Additional file 3).

We also sought to explore potential relationships 
between PCSA and T1rho relaxation time and observed 
a negative relationship in the VM (R2 = 0.54 and p = 0.02) 
and VI (R2 = 0.49; p = 0.02) but not the VL (R2 = 0.28; 
p = 0.12).

Table 1  Mean T1ρ relaxation time (in milliseconds) for each isolated muscle
Muscle Group ACL-D Contralateral p Effect Size [CI]a % Diff
VL 30.0 (3.2) 27.9 (1.3) 0.02 0.90 [0.14, 1.62] 7.0 (7.7)
RF 30.8 (2.9) 26.4 (2.8) 0.01 0.99 [0.21, 1.74] 15.4 (15.2)
VI 29.9 (2.9) 27.1 (1.7) < 0.01# -0.81# 9.4 (6.9)
VM 29.7 (4.4) 26.9 (2.8) 0.06 0.66 [-0.04, 1.34] 9.4 (15.3)
BF 29.1 (1.7) 29.0 (1.5) 0.81 0.08 [-0.55, 0.70] 0.5 (7.0)
ST 28.0 (2.3) 28.6 (1.9) 0.61 -0.17 [-0.79, 0.46] -2.2 (12.9)
SM 29.3 (3.3) 29.1 (1.9) 0.64# 0.16# 0.4 (13.3)
VL = vastus lateralis; RF = rectus femoris; VI = vastus intermedius; VM = vastus medialis; BF = bicep femoris; ST = semitendinosus; SM = semimembranosus; 
CI = confidence interval

Reported as Mean (Standard Deviation)

Bolded p-values denote statistical significance
aCohen’s d; #nonparametric analysis (effect size as r)

Table 2  PCSA (in cm2) for each isolated muscle. Data for rectus femoris is excluded as fiber tracking was not performed for this muscle
Muscle Group ACL-D Contralateral p Effect Size [CI]a % Diff
VL 47.8 (10.1) 57.9 (11.3) < 0.01 -1.7 [-2.67 -0.69] -19.6 (11.6)
RF - - - - -
VI 43.0 (9.8) 52.9 (11.3) < 0.01 -1.17 [-1.96 -0.33] -20.9 (14.2)
VM 57.8 (16.5) 74.4 (16.5) < 0.01 -1.7 [-2.67 -0.69] -26.0 (16.3)
BF 29.1 (7.4) 26.1 (5.2) 0.11 0.57 [-0.16 1.23] 9.7 (18.7)
ST 29.6 (10.8) 34.8 (12.6) 0.03 -0.81 [-1.52 -0.07] -15.0 (17.8)
SM 39.4 (9.5) 40.0 (7.0) 0.74 -0.11 [-0.73 0.52] -2.7 (17.1)
VL = vastus lateralis; RF = rectus femoris; VI = vastus intermedius; VM = vastus medialis; BF = bicep femoris; ST = semitendinosus; SM = semimembranosus; 
CI = confidence interval

Reported as Mean (Standard Deviation)

Bolded p-values denote statistical significance
aCohen’s d
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Discussion
Using T1ρ and diffusion tensor imaging, we show that 
the quadricep muscles experience greater morphologic 
and physiologic changes following an anterior cruciate 
ligament tear than the muscles of the hamstrings. Com-
paring the ACL-injured limb to the contralateral limb 
within participants soon after initial injury, we found 
elevated T1ρ relaxation times and decreased PCSA in all 
muscles of the quadriceps. Similar differences were not 
present for the muscles of the hamstrings indicating the 
muscles of the quadriceps respond uniquely to the initial 
ACL-injury.

Three out of the four quadricep muscles had statis-
tically significantly longer T1ρ relaxation times in the 
ACL-deficient limb, whereas T1ρ relaxation time was 
similar between limbs for all hamstring muscles. While 
there is there is limited prior work in healthy thigh 
muscles, the relaxation times for the contralateral limbs 
in this study were within the range of those of the calf 
muscles of young, healthy individuals determined using 
a mono-exponential fitting model [22]. Longer relax-
ation times in the quadriceps of the ACL-injured limb 
indicate greater amount of collagen and unfolding in 
these muscles [10], and because the ECM plays a critical 
role in muscle maintenance and force transmission [23], 
the quadricep muscles may not be able to recover from 
muscle strength loss as readily as the hamstring muscles. 
Previously, we have shown, through histology, immuno-
histochemistry and imaging, that extracellular matrix 
dysregulation occurs in the vastus lateralis after ACL 
injury [6, 10, 20]. The results of this work expand upon 
these previous studies and provide evidence of greater 
increase in T1ρ relaxation time for the remaining mus-
cles of the quadriceps.

We extend prior work to show that not only is PSCA of 
the vastus lateralis smaller but that PCSA for the other 
heads of the quadriceps is also smaller [20]. While all 
quadriceps evaluated had significantly smaller PCSA for 
the ACL-deficient limb, the same was true for only one of 
the three hamstring muscles assessed. Further, the biceps 
femoris actually had larger PCSA of the ACL-deficient 
limb; perhaps because the biceps femoris is a biarticular 
muscle that may be activated more as a compensatory 
mechanism after ACL injury. Values for PCSA deter-
mined in this study were larger than previously reported 
for human thigh muscles [24]; however, this previous 
work was done on cadavers with an average age above 
80 years. Consequently, we expect larger values for this 
study cohort as it is composed of young, active individu-
als. Assessment of PCSA may be more valuable than 
standard cross-sectional area or volume measures as it is 
a stronger predictor of absolute muscle strength [15].

The lack of change in T1ρ and the overall smaller 
between limb differences in PCSA for the hamstrings 

could be a sign of a localized response to ACL injury. 
Hamstrings coactivation is an important limiter of ante-
rior translation of the tibia in the absence of the ACL, 
which typically provides critical sagittal plane stabi-
lization [25–28]. Perhaps, underlying pathways, such 
as upregulated myostatin, which has been previously 
related to increased fibroblast activity, decreased muscle 
strength, and muscle atrophy [6, 7, 9], lead to targeted 
strength loss within the quadriceps to further limit exces-
sive anterior tibial translation. Further, while the PCSA of 
the semitendinosus of the ACL-deficient limb was signifi-
cantly smaller, it was no different for the semimembrano-
sus and larger for the biceps femoris, and none of these 
muscles showed the same degree of fibrotic changes, as 
measured with T1ρ relaxation time, as the quadriceps. 
We also observed negative relationships between PCSA 
and T1rho relaxation time in the VM and VI that offer 
intriguing evidence in support of a dysregulated ECM 
that contributes to changes in force production and 
muscle atrophy. While we did not observe a similar rela-
tionship in the VL, we have shown across various injury 
and chronic illness populations a negative relationship 
between greater muscle fibrosis (collagen content) and 
quadriceps strength [29–31]. There is growing recog-
nition of the central role the ECM plays in modulating 
muscle function and adaptation making the development 
of clinical biomarkers all the more urgent. While only 
representing 5–10% of total muscle mass, the ECM plays 
a central role in muscle function, controlling growth, 
repair, as well as force transmission [23, 32, 33].

Because we performed this investigation soon after 
injury and prior to any reconstruction surgery, the 
between limb difference in both T1ρ relaxation time and 
PCSA are occurring in the quadriceps before any surgi-
cal intervention and are likely related to the initial injury. 
When considering the rehabilitation implications of these 
pre-surgical difference, perhaps a pre-surgical focus on 
quadriceps strengthening may be beneficial to ameliorate 
the difference found. Additionally, the changes in skeletal 
muscle ECM indicated by T1ρ relaxation require further 
investigation of potential strategies to intervene before 
surgery. Other factors may also contribute to isolated 
changes and strength loss for the quadriceps commonly 
seen after ACL injury. Arthrogenic muscle inhibition 
(AMI) and other neurological changes are also hypoth-
esized to be a reason atrophy and strength loss are lim-
ited to just the quadriceps. Pre-reconstruction, AMI is 
believed to be a protective mechanism to prevent quad-
riceps activity and increased tibial translation resulting 
from the reduced anterior stabilization [34]. Additionally, 
reductions in protein synthesis have recently shown to be 
another physiological mechanism behind muscle atrophy 
after ACL injury [35]. Further work is needed to under-
stand the complex interaction of these various pathways.
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Limitations
There are several limitations that must be considered 
with the results of this study. The data included in this 
study were from a subset of individuals that had images 
meeting all selection criteria (clearly discernable muscle 
borders, all muscles of interest were fully within the field-
of-view), which resulted in a sample size of n = 10. None-
theless, effect sizes were large (> 0.8) for all significant 
differences for both T1ρ relaxation time and PCSA. This 
image screening resulted in a female-biased cohort (90% 
female). Skeletal muscle response to injury and recovery 
have been hypothesized to be different between males 
and females [36], so having a female-biased cohort for 
this study could influence the overall results and inter-
pretation. However, removal of the male subject did not 
alter any results or conclusions. Calculation of PCSA for 
the rectus femoris was not completed due to bipennate 
structure and current limitations with our DTI process-
ing methods, which do not account for bipennate track-
ing. However, we were able to calculate muscle volume 
for the rectus femoris and found no differences between 
limbs (values provided in the Supplemental Digital Con-
tent). Perhaps the biarticular nature of the rectus femo-
ris helps better protect from muscle atrophy that affects 
the other uniarticulate quadricep muscles. Owing to the 
cross-sectional nature of the study, we only have infor-
mation regarding the instantaneous state of the mus-
cle at the time of imaging. The contralateral limb was 
assumed to be representative of pre-injury status. While 
we are unable to know for sure if the contralateral limb 
is truly representative of pre-injury status, the contralat-
eral limb provides the best biological control for muscle 
related measures. Pre-operative strength has been shown 
to be crucial for improved post-operative knee function, 
strength, and return-to-sport [37–40], indicating the 
importance of identifying muscular changes affecting 
strength early after injury, and thus, justifying the early 
pre-operative time point selected for this study. The par-
ticipants in this study were between 5 and 35 days post-
injury; however, all comparisons were intra-participant 
and thus the effect of time since injury is participant 
specific and systematic across all muscles. Additionally, 
while time since injury is a consideration for AMI, our 
data still shows greater between limb difference in both 
T1ρ and PCSA for the quadriceps and smaller between 
limb differences for the hamstrings. Future work inves-
tigating the effect of time since injury on the measures 
would be of interests. Additionally, long-term studies are 
needed to assess how the muscle changes throughout 
recovery.

Conclusions
Understanding the morphological and physiological dif-
ferences between the quadriceps and hamstrings that 
are present following and ACL injury provides a frame-
work to develop more targeted treatments and rehabili-
tation programming. Future work should seek to build 
upon these initial results to evaluate long term effects of 
ACL-injury as well as the effects of ACL-reconstruction 
and rehabilitation on T1ρ and PCSA of all muscles of the 
thigh.
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