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Abstract
Quantitative MRI and MRS are increasingly important as non-invasive outcome
measures in therapy development for Duchenne muscular dystrophy (DMD). Many
studies have focussed on individual measures such as fat fraction and metabolite
levels in relation to age and functionality, but much less attention has been given
to how these indices relate to each other. Here, we assessed spatially-resolved
   ǡ Ƥ  
to the degree of fat replacement compared to healthy controls. Quantitative MRI
ȋ͛ǦǦ ǦƤȌ
and 2D-CSI 31P MRS scans were obtained from eighteen DMD patients and twelve
healthy controls using a 3T and a 7T MR scanner. Metabolite levels, T2 values and
       Ƥ    Ǥ    
extensive fat replacement, phosphodiester over ATP (PDE/ATP) inorganic phosphate
over phosphocreatine (Pi/PCr), intracellular tissue pH and T2  Ƥ 
increased compared to healthy controls. In contrast, in muscles without extensive
fat replacement, only PDE/ATP and T2   Ƥ  Ǥ ǡ
our results show that PDE levels and T2 values increase prior to the occurrence of fat
replacement and remain elevated in later stages of the disease. This suggests that
these individual measures could not only function as early markers for muscle damage
ƪ  Ǥ
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Introduction
Duchenne Muscular Dystrophy (DMD) is an X-linked disease caused by a mutation in
the DMD-gene, affecting approximately 1 in 3500 male new-borns. 1 The absence of a
functional dystrophin protein in the muscle cells of DMD patients manifests itself in
progressive muscle weakness, functional loss, and cardiac and respiratory failure. 2
Within muscle tissue different pathophysiological events, such as changes in energy
metabolism, fat infiltration, oedema and fibrosis, take place simultaneously. 3 The
time course of these various processes is not fully understood but it appears that
initial inflammation, and changes in energy metabolism, are eventually followed by
the replacement of muscle tissue by fat and fibrotic tissue. It is generally thought
that fat replacement of muscle tissue is irreversible while other processes may be at
least partially reversible.
Both MRI and MRS have been used to non-invasively map these individual
pathophysiological processes in DMD. 4-7 Muscle replacement by fat is commonly
determined by chemical shift based methods such as Dixon. This replacement
correlates well with age, disease progression and functional measures. 8-11 Another
MR parameter which is frequently used in DMD is the T2, which reflects both fat
replacement and inflammation/edema. If used without correcting for the presence
of fat, these relaxation times are referred to as global T2 values and display the same
progressive course as the fat fraction. 12-14 In addition, it is possible to assess the
individual T2 relaxation times of fat and water. The water T2 is thought to represent
the inflammation component, and is elevated compared to healthy controls. 4,
15-17
In contrast to global T2 values, water T2 values decrease with age and disease
progression, most likely inversely related to the increase of fibrotic tissue. 18 Finally,
metabolic changes in the muscles of DMD patients can be detected by using
phosphorous spectroscopy (31P-MRS). Reduced phosphocreatine (PCr) levels which
have been associated with loss of metabolic activity, elevated phosphodiester levels
(PDE) which might be directed related to membrane anomalies and a more alkaline
pH associated with leaky myocytes have been detected in DMD patients compared
to healthy controls. 6, 19-22 Furthermore, the PCr over inorganic phosphate (Pi) ratio
has been shown to decline with age while the PDE/ATP ratio increased with age. 22, 23
Until now most MR studies have focussed on individual MR parameters, and little
attention has been given to how these indices relate to each other. In particular, the
temporal relation between changes in metabolic parameters, obtained from 31P MRS,
and changes in fat fraction and water T2 assessed with quantitative MRI is unclear.
In Becker Muscular Dystrophy (BMD) structural changes such as the replacement
of muscle tissue by fat and fibrosis are predominantly present in later stages of
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the disease, while metabolic changes occur earlier. 24 This suggests that metabolic
changes precede fat replacement. In contrast, work in facioscapulohumeral
dystrophy (FSHD) patients showed that metabolic changes were only present
in muscles with extensive fat replacement, which suggests that in this muscular
dystrophy, metabolic changes and fat replacement occur simultaneously. 25 Finally,
recent work in the arm muscles of DMD patients indicated a linear relation between
fat fraction and disease progression, while metabolic changes most likely show
non-linear behaviour. 26 Taken together, this body of work highlights the fact that
it is important to assess more than just one aspect of muscle damage in DMD for a
better understanding of the time course of the pathophysiology. In order to do this,
it is essential that different measures be spatially co-localized in order to compare
the results. However, 31P MRS in DMD is commonly performed using surface coil
localization, which makes it difficult to combine the results from spatially-resolved
proton imaging and non-spatially-resolved MRS. The availability of higher field
strength magnets creates the possibility to obtain high quality and muscle specific
31
P MRS data within reasonable measuring times.
In this work, we present combined quantitative MRI and spatially-resolved (2D-CSI)
31
P MRS data of the leg muscles in DMD patients to determine metabolic changes
and inflammation in muscles with and without fat infiltration to assess if metabolic
changes and inflammation vary in different stages of the disease process.

Methods
Study population
Eighteen DMD patients (Age: 9.2± 3.7 yrs.; range: 5-16 yrs) and twelve age matched
healthy control subjects (Age: 9.7± 2.9 yrs.; range: 5-14 yrs) participated in this
study. All healthy subjects were recruited from local schools and sport clubs, while
all patients were recruited from the Dutch Dystrophinopathy Database. 27 All
DMD diagnoses were confirmed by genetic testing. Fourteen DMD patients were
ambulant, and four patients were wheelchair-bound. All patients used corticosteroids
with intermittent dosing regimens, which varied between 8-10 days on/off. The local
medical ethical committee approved the study and all subjects and/or their parents
signed informed consent.

MR Examination
All 31P datasets were acquired on a Philips 7T Achieva MR system (Philips Healthcare,
The Netherlands) with a custom-built double-tuned birdcage coil. Patients were
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positioned in a supine position, feet first in the scanner. The coil was positioned
around the left lower leg, at the thickest part of the calf directly distal to the patella.
The imaging protocol contained a gradient echo FISP sequence for anatomical
imaging (15 slices; slice thickness 7mm; interslice gap 0.5 mm; repetition time (TR)
͙͘Ǣ ȋȌ͛Ǥ͘Ǣȋ Ȍ͛͘λǢ ͙͚͘͘͘͠Ȍǡ͘Ǧ
 ȋ͙͜  Ǣ     ͠ ǡ    ǢȀ ͛͘Ȁ͛Ǥ͙͙Ǣ  ͚͘λǢ
FOV 160x180 mm) and a 2D phosphorous MRS Chemical Shift Imaging (CSI) dataset
to assess skeletal muscle energy metabolism (FOV 200x200/150x150 mm; matrix
͙͙͘͘Ǣ͚͘͘͘Ǣ͚͘͜͠Ǣ ͜͝λǢ  
12 signal averages at the central k-lines). No slice selection was applied. 31P data
were measured over the entire length of the coil which covered 12 cm of the leg in
the feet/head direction. Second order shimming was applied with an image based
shimming routine. The 2D-CSI positioning was guided by the anatomical images.
As the diameter of the lower leg and the boundaries between the different muscle
groups change along the length of the leg, the 2D-CSI sequence was planned in
such a way that within the volume of the coil a specific voxel was located within one
individual lower-leg muscle. 24
On the same day, quantitative imaging datasets were acquired at 3 Tesla. A 3-point
gradient echo Dixon sequence was acquired of the same leg on a Philips 3T Ingenia
MR system for fat quantification in the lower leg (23 slices; slice thickness 10 mm;
 ͝ǢȀȀȟ͚͙͘Ȁ͜Ǥ͙͜Ȁ͘Ǥ͟͞Ǣ͚Ǣ ͠λǢ ͙͙͘͘͠͠ȌǤ
In addition, a multi turbo spin echo sequence (MSE) was acquired to determine the
͚ȋ͙͟ ǢȀȀȟ͛͘͘͘Ȁ͠Ȁ͠Ǣ ȋ͠Ǧ͙͛͞ȌǢ͙Ǥ͙͜Ǥ͙͘͠
mm; gap 20 mm; slice thickness 10 mm; 5 slices, no fat suppression, refocussing
pulse shape: central part of a sinc function , CPMG condition). The middle of the slice
stack was positioned on the thickest part of the calf directly distal to the patella, to
ensure accurate co-localisation with the 31P data set.

Data-analysis
All phosphorous data sets were visualized with the 3D Chemical shift imaging
package (3DiCSI). Individual spectra were identified in 5 lower leg muscles; the
lateral (GL) and medial (GM) head of the gastrocnemius muscle, the soleus muscle
(SOL), tibial anterior muscle (TA) and peroneus (PER) muscle with a grid overlay
on the anatomical image. Voxels were carefully positioned to avoid overlap with
adjoining muscles. All individual free induction decays were exported and processed
with AMARES in jMRUI software package (version 5, http://sermn02.uab.es/mrui/).
28
ǡǡɀǦǡȽǦȾǦ Ǥ
        ɀǦ Ǥ   

71

4

Chapter 4

corrected for partial saturation using literature values. 29 In addition, prior knowledge
ǡ ǡȾǦǤ24 To calculate
intracellular tissue pH, the shift in resonance between the Pi peak and PCr peak was
used: pH=6.75 + log((3.27-S)/(S-5.69)). 30 As the disease progression in DMD patients
is characterized by replacement of muscle tissue with fat, spectra of several patients
suffered from a low signal-to-noise ratio (SNR) due to the low amount of muscle
tissue in the voxel. To ensure spectral quality, SNR values were determined for each
spectrum. Noise was defined as the standard deviation of the residual signal after
the fitting procedure. Only spectra with SNR greater than 10 for the PCr peak in
combination with the ability to properly fit all other metabolites were accepted.
Quantitative fat fractions were generated from 3-point Dixon images using (SI) fat/
(SI fat+ SI proton))*100 according to a multi peak model containing six peaks. 31
As the sequence was optimized with respect to TR and FA for minimization of T1
relaxation effects, no correction for different T1 values was needed.32 The sequence
was not corrected for T2* relaxation. 33, 34
T2 values were calculated from the MSE images according a tri-exponential fitting
routine written in Matlab (Mathworks, Natick, MA, USA) based on a previously
described method. 35 The assumed T2 fat values part of the tri-exponential fitting
model were individually determined for each of the datasets. No B1+ sorting was
applied, as B1+ maps were analysed and almost all voxels fell within the general
rejection criteria set for T2 quantification (B1+ lies in the range of 80-130% of the
nominal B1+ set by the scanner) Regions of interest (ROI) were drawn for the five
individual lower leg muscles on all the slices within the coverage of the 2D-CSI
using Medical Image Processing Analysis and Visualization (MIPAV) software (http://
mipav.cit.nih.gov). T2 and fat fraction are presented as a mean value of all pixels
within a ROI over multiple slices. All muscles of DMD patients were classified into
two groups according to their fat fractions: Non-fat-infiltrated (NFI) DMD patients
and fat-infiltrated DMD patients (FI DMD). Cut-off levels were determined for each
muscle individually, using the mean fat fraction + 2* SD of that specific muscle in
HC subjects.

Statistical analysis
A general linear model was used to compare Pi, PCr, PDE, ATP and pH and T2 levels
between groups for the five lower leg muscles. Age was entered as a covariate.
Statistical analyses were performed in SPSS version 20 for Windows (SPSS Inc.,
Chicago) and the level of statistical significance was corrected for multiple testing
and set at (p<0.002). After which a post-hoc analysis was used to assess which groups
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(HC subjects, NFI and FI DMD patients) were different. Fischer’s Least Significant
Difference (LSD) model was used to correct for multiple comparisons during posthoc analysis, significance level was set at (p<0.05).

Results
Reconstructed T2 maps and corresponding fit of one of the voxel of the three
analysed slices are visualized in Figure 1. Examples of 3T images and 31P spectra of a
non-fat infiltrated DMD patient, a fat infiltrated DMD patient and a healthy control
subject are depicted in Figure 2. For the healthy controls, all the spectra reached
the quality control criteria. For the DMD patients, 16 out of 90 spectra had to be
excluded due to lack of sufficient quality (GL=6/18; GM 4/18; SOL= 1/18; TA=3/22;
PER=2/18).

Figure 1. Ǧ           Ǧ Ƥ   
showing the 1st echo (TE: 8ms) of the three inner slices (a,d,g); the reconstructed T2 map of those
 ȋǡǡȌǢ Ƥ  
 ȋ ǡǡȌǤ  Ƥ
ǤƤ ȋȌƤƪ 
stimulated echoes. TE = echo timo (ms) and a.u. are arbitrary units.
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Figure 2. Axial images of the right lower leg of a FI DMD patient (a-c), NFI DMD patient (d-f) and a HC
 ȋǦȌǣȋǡǡȌǢȋȌ Ƥ
lower leg muscles - medial and lateral head of gastrocnemius (GM, GL), soleus (SOL), anterior tibialis
(TA) and the peroneus (PER) muscles. (b, e, h); the 7th echo of a multi-spin-echo image (TE: 56 ms);(c,
f, i) a representative 31P spectrum for a FI DMD patient [c] NFI DMD patient [f] and a healthy control
subject [i]. Note the reduction in SNR in the phosphorous spectrum of the DMD patient.

Metabolite ratios classified according to fat fraction
For the analysed muscles the NFI/FI DMD subgroups were divided as follows; GL NFI
n=5/ FI n=7 (cut-off fat fraction 11.37%), GM NFI n=6/ FI n=8 (cut-off 10.05%), PER
NFI n=4/ FI n=12 (cut-off 12.62%), SOL NFI n=7/ FI n=11 (cut-off 9.64%), TA NFI n=7/
FI n=8 (cut-off 10.81%). Metabolite ratios, T2 values and fat fractions for the healthy
controls and NFI and FI DMD patients are shown in the supplemental data (Table.1).
Compared to healthy controls, PDE/ATP levels were significantly increased in the
NFI and FI DMD group for all lower leg muscles (p<0.05), except for the PER muscle
in the NFI DMD group (p=0.19)(Figure 3a). T2 values were significantly increased in
both the NFI and FI group in all muscles compared to healthy controls, except for
the TA muscle in the NFI group (Figure 3b). In addition, intracellular tissue pH was
significantly increased in the FI DMD group compared to healthy controls for all
muscles (p<0.01), while in the NFI group the PER and TA muscle showed significantly
increased pH levels. (Figure 4b) Pi/PCR was significantly elevated in the GL, SOL
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Figure 3. Mean values ±SD for PDE/ATP (a) and T2 ȋȌ    ȋ Ȍ Ǧ Ƥ
  ȋ Ȍ   Ƥ   ȋ Ȍ     Ǥ
Ƥ ơ   ȋȗȌ
Ƥ  ơ              ȋ͗ȌǤ
(PDE = phosphodiester, ATP=adenosine triphosphate, GL/GM= lateral and medial head gastrocnemius,
PER= peroneus, SOL=soleus, TA=anterior tibialis)

Figure 4.ήȀǦȀȋȌ ȋȌ ȋ ȌǦƤ
ȋȌƤȋȌ ǤƤ 
ơ   ȋȗȌƤ 
ơ   ȋ͗ȌǤȋγ 
phosphate, PCr = phosphocreatine, GL/GM= lateral and medial head gastrocnemius, PER= peroneus,
SOL=soleus, TA=anterior tibialis)

Figure 5. ΰȀȋȌȀȋȌ ȋ ȌǦƤ
  ȋ Ȍ   Ƥ   ȋ Ȍ     Ǥ
Ƥ ơ   ȋȗȌ
Ƥ  ơ              ȋ͗ȌǤ
(Pi = inorganic phosphate, PCr = phosphocreatine, ATP=adenosine triphosphate, GL/GM= lateral and
medial head gastrocnemius, PER= peroneus, SOL=soleus, TA=anterior tibialis)
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and PER muscle in the FI DMD group and in the SOL muscle in the NFI DMD group
compared to healthy controls (Figure 4a). Pi/ATP was elevated in the SOL muscle
for the FI group compared to healthy controls (Figure 5a). PCr/ATP was reduced in
both the NFI and FI DMD group for the TA muscle compared to healthy controls. No
changes were found for the other muscles (Figure 5b).
In the comparison of the FI groups versus the NFI group, only PDE/ATP was
significantly elevated in all muscles, with exception of the SOL muscle. (p<0.05)
In addition, T2 values tended to be higher in NFI group compared to the FI group,
   Ǥ ȋι͘Ǥ͘͟͜Ȍ      
NFI and FI DMD group for the other metabolites.

Discussion
In this study we used a combination of quantitative proton MRI and localized 31P MR
spectroscopy to evaluate high-energy phosphate levels and T2 in DMD patients in
muscles with and without fat replacement. By assessing 31P metabolites at 7 tesla,
we were able to localize the metabolic changes within individual muscles. Since in
DMD (and many other muscular dystrophies muscles) tissue is replaced with fat at
different rates and at different time points, the muscle specific multi parametric
datasets obtained allows the evaluation of these pathophysiological processes in
different disease stages.

Metabolic changes in the absence of fat
In DMD, it is thought that persistent inflammation due to muscle damage eventually
results in replacement of muscle tissue with fat and fibrosis. 36 Consequently, indices
which are sensitive to changes before fat replacement occurs are very valuable.
Our results showed that PDE levels and T2 values are already elevated compared to
controls in muscles without increased fat levels. PDE levels have been hypothesized
to reflect phospholipid membrane degradation products which in some situations
proved to be reversible, while elevated T2 values are attributed to changes in the
extracellular and vascular spaces and are generally thought to reflect inflammation.
18, 37-39
Together these results suggest that these individual measures can reflect
muscle damage prior to the more apparent structural changes. This is in accordance
with previous work in DMD and BMD patients where elevated PDE levels were
detected prior to structural changes. 17, 24 In addition, higher PDE/ATP levels were
observed for all muscles in the FI DMD group compared to the NFI DMD group, with
exception of the SOL muscle. This suggests that it might reflect the progressive
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behaviour of the disease. This is in agreement with previous work which compared
metabolic changes between patient groups and showed even higher PDE levels
in DMD patients compared to BMD patients and DMD carriers. 19, 40 Interestingly,
PDE showed to be one of the most responsive 31P indices to AVV exon skipping
treatment in the forelimb of GRMD dogs, changing towards more healthy values.
41
Subsequently, the elevated T2 values in the absence of fat detected here are in
agreement with previous work in DMD patients, showing increased water T2 levels
in combination with low fat fractions in the Vastus Lateralis and Soleus muscle. 42 To
monitor potential therapeutic effects, the ability to distinguish between affected
and less affected muscle tissue in combination with the ability to revert back to
normal values are important features of a surrogate biomarker.
In addition to the metabolic changes, T2 values were lower in all muscles with
fat infiltration compared to the muscles without fat infiltration, although not
significantly. This phenomenon is often mentioned in the MR literature and has
mainly been attributed to the increase in fibrotic tissue in later stages of the disease.
17, 43
   Ƥ   Ƥ Ƥ
which gradually start to increase after the age of 6. 44 Interestingly, T2 values have
been shown to decrease in response to three months of corticosteroid therapy in DMD
patients.15 In combination with the natural course of T2 in DMD this indicates that T2
as potential outcome measure is primarily valuable in the early phases of the disease.

Metabolic changes in the presence of fat
       Ƥǡ      Ǣ
in addition to PDE/ATP and T2 values, both Pi/PCr and intracellular tissue pH were
Ƥ    Ǥ  
for the often-reported more alkaline intracellular tissue pH in muscular dystrophies
is unclear. Two processes have been suggested to be involved; i.e. an altered proton
 ƫ  + and increased
mitogenesis due to continuous muscle regeneration in DMD. The increase in Pi/
PCr most likely is linked to elevated ADP concentrations due to poor coupling of
the oxidative phosphorylation in resting muscle. 19, 22, 40 Interestingly, no consistent
changes were found for Pi/ATP and PCr/ATP compared to controls. Up to now, all
Ƥ  Ȁ ȀǤ
This contrast could be related to the studied DMD study populations. Most previous
MR data have been obtained in older non-steroid treated DMD populations by using
   ǡơ  ǡ
was obtained relatively early in the disease course. 6, 17, 21, 22, 26, 40
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Almost no differences were detected between NFI and FI DMD group for Pi/PCr, Pi/
ATP, PCr/ATP and pH which suggest non-progressive behaviour of these metabolic
changes. This finding is partly in agreement with recently published longitudinal
31
P MRS data in the arm muscles of DMD patients which showed that none of the
metabolic indices changed linearly with age. 26 The fact that Pi, PCr and intracellular
tissue pH are predominantly changed in the presence of fat points out that these
various processes might occur simultaneously. Fat fraction reflects loss of muscle
tissue whereas metabolic changes, as they are solely detected in muscle tissue, are
thought to reflect the quality of the remaining muscle tissue. These simultaneous
processes yield complementary information and stress the importance of assessing
multiple aspects of muscle damage in both early and later stages of the disease.
Taken combined, our results provide more insight in the time relation between the
various pathophysiological processes which take place in muscle; as PDE/ATP and T2
are elevated in the absence of fat, these might be the first signs of damage detectable
with MR. Thereafter, apparently intracellular tissue pH and Pi/PCr become altered,
as they are predominantly found in muscles with fat infiltration. Simultaneously with
these metabolic changes, muscle tissue is replaced by fat and fibrotic tissue which
is reflected by increased fat levels compared to controls and an apparent decrease
in T2 values. Finally, we showed only minor changes in muscle Pi/ATP and PCr/ATP.
Suggesting that these metabolites remain relatively well preserved in the early
disease stages. Based on previous work it seems that in later disease stages, muscle
energy metabolism becomes increasingly misbalanced after which Pi/ATP and PCr/
ATP also show changes. 6, 19, 22, 26 It is highly probable that this imbalance in energy
metabolism will increase until all muscle tissue is replaced by fat and fibrotic tissue.

Limitations
Some limitations of the study should be acknowledged. First of all, a large number
of spectra (16 out of 90) had to be discarded due to insufficient quality as a result of a
low SNR in muscles with extensive fat replacement. This could have resulted in some
bias in regards to the less severely affected muscles. However, as metabolic changes
which were present in muscles without fat replacement were even more pronounced
in muscles with fat replacement, we do not think that any changes that were present
went undetected. Secondly, the identification of voxel solely in an individual muscle
is somewhat complicated using a 2D-CSI sequence as the diameters of the muscle
change along the length of the leg. To circumvent this problem, the anatomical
images used to plan the 2D-CSI sequence were carefully checked to ensure that one
voxel was located within one individual muscle over the full length of the coil prior to
starting the scan. Thirdly, no B1+ correction was used for the tri-exponential T2 fitting
78
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method applied here, which could have resulted in some bias in the determination
of the T2 values in areas with low B1+. However, this seems to be particularly the case
for the upper leg, 45 whereas due to the smaller dimensions the problem seems to
be less pronounced in the lower leg. 46 Lastly, quantitative imaging datasets were
acquired at 3T, while MRS data were acquired at 7T. To minimize localization errors
as much as possible, the FISP sequence used for carefully positioning the 2D-CSI at
the 7T was also assessed to select the corresponding slices on the 3-Point Gradient
Echo Dixon and T2 MSE acquired at the 3T system.

Conclusion
In conclusion, our results show that with the combination of quantitative proton MRI
and localized 31P MR spectroscopy we were able to distinguish between early and late
pathophysiological changes in DMD patients. Both PDE levels and T2 values are not
only already changed prior to the presence of fat infiltration, but remain elevated
in more severely affected muscles. This suggest that these measures could not only
function as early markers for muscle damage, but could also reflect a potentially
reversible pathology in more advanced stages of the disease. Future work will aim
to assess spatially localized longitudinal multimodal MR measures in DMD to be able
to evaluate these processes over time.
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Supplementary data
Controls

NFI DMD

n=12

n= 5

n= 7

0.35±0.05

0.4±0.04

0.44±0.04

Pi/PCr

0.1±0.01

0.12±0.02

0.16±0.01*$

PCr/ATP

3.35±0.17

3.5±0.2

2.9±0.2

PDE/ATP

0.05±0.02

0.1±0.03*

0.19±0.03*$

pH

7.03±0.01

7.05±0.02

7.09±0.013*

T2 (ms)

35.5±0.9

42.1±1.2*

39.3±0.9*

Fat fraction(%)

8.4±1.5

11.7±1.7

46.8±19.7

n=12

n= 6

n= 8

Pi/ATP

0.396±0.047

0.53±0.05

0.47±0.04

Pi/PCr

0.12±0.009

0.16±0.02

0.15±0.012

GL
Pi/ATP

GM

FI DMD

PCr/ATP

3.47±0.13

3.29±0.2

3.19±0.15

PDE/ATP

0.06±0.02

0.13±0.03*

0.2±0.02*$

pH

7.03±0.01

7.05±0.02

7.08±0.01*

T2 (ms)

34.9±1.02

40.2±1.3*

38.6±1*

7.6±1.2

9.7±1.1

50.1 ±21.8

Fat fraction(%)

n= 12

n= 4

n= 12

Pi/ATP

0.37±0.05

0.4±0.05

0.45±0.03

Pi/PCr

0.1±0.01

0.13±0.01

0.14±0.01*

PER

PCr/ATP

3.6±0.11

3.1±0.17

3.2±0.12

PDE/ATP

0.06±0.02

0.09±0.02

0.18±0.02*$
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table continued
pH

7.01±0.01

7.05±0.01*

7.07±0.01*

T2 (ms)

34.2±0.7

36.9±0.97*

37.4±0.7*

Fat fraction(%)

10.2±1.2

12.2±0.6

38.7±21.2

n= 12

n= 7

n= 11

0.35±0.02

0.41±0.03

0.48±0.02*

Pi/PCr

0.1±0.01

0.13±0.01*

0.15±0.01*

PCr/ATP

3.34±0.12

3.13±0.16

3.3±0.12

PDE/ATP

0.06±0.02

0.16±0.04*

0.22±0.03*

pH

7.03±0.01

7.04±0.01

7.09±0.01*$

T2 (ms)

35.3±0.9

41.2±1.2*

38.6±0.9*

Fat fraction(%)

7.8±1.9

10.7±1.5

43.5±16.3

n= 12

n= 7

n= 8

Pi/ATP

0.28±0.04

0.33±0.03

0.45±0.02

Pi/PCr

0.12±0.01

0.15±0.04

0.12±0.03

PCr/ATP

3.59±0.10

2.9±0.16*

3.02±0.12*

PDE/ATP

0.07±0.01

0.11±0.02*

0.16±0.02*$

pH

7.01±0.01

7.04±0.01*

7.06±0.01*

T2 (ms)

34.1±0.7

36.4±0.9

37.9±0.7*

Fat fraction(%)

8.2±1.3

8.9±1.2

30.1±8.9

SOL
Pi/ATP

TA

4

Table 1. ΰơǡ͚ά ǡ
Ƥȋ ȌƤȋ ȌǤƤ ơ 
 ȋȗȌǤƤ ơ   
patients are marked with a dollar sign ($). (Pi = inorganic phosphate, PDE = phosphodiester, PCr =
phosphocreatine, ATP=adenosine triphosphate GL/GM= lateral and medial head gastrocnemius, PER=
peroneus, SOL=soleus, TA=anterior tibialis)
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