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 Purpose: To analyze T2 maps of pelvic and thigh muscles in Du-
chenne muscular dystrophy (DMD), to identify the most 
severely affected muscle, and to correlate the T2 of mus-
cle with the grade of fatty infi ltration at nonquantitative 
magnetic resonance (MR) imaging and results of clinical 
assessment  .

 Materials and 
Methods: 

This prospective study was HIPAA compliant and was ap-
proved by the institutional review board; written consent 
was obtained from all participants’ parents or guardians. 
Thirty-four boys with DMD (mean age, 8.4 years) were 
evaluated clinically (age, clinical function score, timed 
Gower score, time to run 30 feet, and serum creatine 
kinase [CK] level) and with nonquantitative MR imaging 
and axial T2 mapping from the iliac crest to the mid thigh. 
The T2 maps and mean T2 of 18 muscles in the pelvis 
and thighs were analyzed to identify the most severely 
involved muscle. The amount of fatty infi ltration was as-
signed a grade of zero to four for all pelvic and thigh 
muscles by using T1-weighted nonquantitative MR images. 
The Spearman correlation coeffi cients model was used to 
correlate the mean T2, nonquantitative MR imaging score 
and clinical assessments.

 Results: The gluteus maximus muscle had the highest T2. The 
mean T2 for this muscle showed a signifi cant correlation 
with the nonquantitative MR imaging score for fatty infi l-
tration ( P   ,  .001) and with all clinical assessments except 
CK level.

 Conclusion: Gluteus maximus muscles are most severely affected in 
patients with DMD. The T2 of the gluteus maximus mus-
cle can be used as a quantitative and objective measure of 
disease severity.
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to be signifi cantly increased compared 
with that of control subjects ( P   ,  .05). 
The increased T2 in patients with DMD 
is thought to result from fatty infi ltration 
of the muscles because T2 is longer in fat 
than in muscle ( 17,18 ). Researchers in 
another study ( 19 ) in which T2 mapping 
of the muscles of the lower extremities 
was used in patients with dermatomyo-
sitis, another muscle disorder, showed 
an increased T2, which was thought to 
refl ect infl ammation. Therefore, T2 map-
ping may be an objective, quantitative 
method to monitor disease activity. 

 Although the disease process in 
DMD begins in the pelvic girdle and 
progresses distally, to our knowledge, T2 
mapping has not yet been used to docu-
ment disease distribution of the pelvic 
girdle. There also have been no studies 
to assess the correlation between T2 and 
clinical assessment of disease activity. 

 Therefore, the purpose of our study 
was to analyze T2 maps of individual 
pelvic and thigh muscles to try to defi ne 
a characteristic disease distribution in 
DMD and to identify the most severely 
involved muscles. We also aimed to 
evaluate the T2 as a means of objec-
tively measuring DMD disease activity 
by comparing the T2 map of the most 
severely affected muscle with subjective 
grading of fatty infi ltration at nonquan-
titative MR imaging and with fi ndings at 
clinical assessment. 

( 10 ), has limitations—particularly in 
an uncooperative child. In addition, 
the CFS does not evaluate individual 
muscles ( 11,12 ). The level of serum 
creatine kinase (CK), a biochemical 
marker frequently obtained in these pa-
tients, also is not a reliable determinant 
of disease activity ( 13 ). Muscle biopsy 
has been used to establish the diagnosis 
of DMD and to evaluate the histologic 
changes in the muscle after treatment. 
Information obtained from muscle bi-
opsy is limited to the site of sampling, 
not the entire muscle, and repeated 
muscle biopsy is impractical, especially 
in children. Therefore, it is important 
to have a noninvasive way to quantify 
the disease state so that the disease 
status and response to treatment can 
be monitored. 

 Nonquantitative magnetic resonance 
(MR) imaging has been used to char-
acterize the pattern of fatty infi ltration 
in DMD ( 14–16 ). With use of nonquan-
titative MR imaging, a relative selec-
tive sparing of fatty infi ltration of the 
gracilis, sartorius, and semitendinosus 
muscles has been noted. Compositional 
analysis of muscles in boys with DMD 
showed that fatty infi ltration was most 
prominent in the gluteus and adductor 
magnus muscles, whereas the quad-
riceps, adductor, and biceps femoris 
muscles were the muscles most affected 
by inflammation or edema ( 14–16 ). 
A correlation between the fatty infi ltra-
tion grade at MR imaging and clinical 
assessments has also been demon-
strated ( 15 ). However, evaluation of 
nonquantitative MR imaging fi ndings 
of the fatty infi ltration on T1-weighted 
images is a subjective method to assess 
disease severity. 

 T2 mapping has been previously per-
formed at the level of the calf (hereafter 
called the lower leg) in patients with 
DMD. The T2 in those patients was found 

             Duchenne muscular dystrophy 
(DMD) is one of the most com-
mon neuromuscular disorders in 

children ( 1 ). It is a fatal X-linked reces-
sive muscular dystrophy with an overall 
incidence of one in 3500 boys ( 1 ). DMD 
is characterized by mutation or absence 
of dystrophin, which normally forms a 
membrane-bound glycoprotein complex 
in muscle tissue that helps maintain 
plasma membrane integrity ( 2 ). The 
absence of dystrophin in the muscle 
causes instability of plasma membranes 
and makes the muscle fragile and sus-
ceptible to injury during concentric 
contraction ( 3 ). Muscle injury, repair, 
and infl ammatory changes are seen 
very early in the disease process and 
are then followed by fatty infi ltration, 
which is irreversible ( 3,4 ). 

 DMD is characterized clinically by 
progressive muscle weakness, which 
starts in the proximal pelvic girdle and 
progresses distally into the extremities. 
Disease progression ultimately results 
in death, often during the 3rd decade 
( 1 ). Early corticosteroid therapy can 
slow the progression of the muscle 
weakness by ameliorating the infl am-
matory process, but it cannot cure the 
disease ( 5 ). Furthermore, long-term 
treatment with high-dose corticoster-
oids is limited owing to the side effects, 
which include loss of bone mineraliza-
tion and cataract formation ( 6 ). Gene 
therapy and myoblast transfer therapy 
are being evaluated as more specifi c 
ways of treating the pathologic process 
in DMD ( 7–9 ). 

 A clinical functional score (CFS) 
system, although developed to assess 
muscle strength in patients with DMD 

 Implication for Patient Care 

 Objective evaluation of disease  n

severity can be determined non-
invasively with MR imaging by 
using T2 mapping, and T2 map-
ping correlates with functional 
status in children with DMD. 

 Advances in Knowledge 

 The gluteus maximus muscle is  n

the most severely affected muscle 
of the pelvis and thighs in boys 
with Duchenne muscular dystro-
phy (DMD). 

 The degree of disease involve- n

ment of the muscle, which can 
be objectively determined by 
using T2 mapping, refl ects the 
disease severity determined by 
clinical assessments. 
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of the femoral diaphysis) were selected 
in each patient ( Fig 1,  B  ). Eighteen 
muscles in the right side of the pelvic 
girdle and right thigh were evaluated. 
The ROI was obtained by the primary 
author (H.K.K.) by manually tracing 
the outline of the individual muscle. 
The size of the ROI was determined by 
using the individual muscle size on the 
axial images. Placement of the ROI of 
each pelvic and thigh muscle on the T2 
map generated a mean T2 and histo-
gram of T2 distribution for each muscle 
( Fig 1,  C  ). 

 Because a given patient can have 
different muscle volumes for each mus-
cle, the histogram was normalized ac-
cording to each ROI. 

 Nonquantitative MR imaging.—  To 
minimize learning bias, patient data 
were removed from the images. Non-
quantitative MR images were presented 
sequentially and interpreted by two 
radiologists (T.L., with pediatric radi-
ology fellowship training and 18 years 
of experience, and H.K.K., with pe-
diatric and musculoskeletal radiol-
ogy fellowship training and 3 years of 
experience) in consensus. To mini-
mize memory bias, the time between 
T2 mapping and nonquantitative MR 
imaging interpretation was at least 
3 months. The muscle with the highest 
T2 in each patient was then identifi ed 
on nonquantitative MR images. When 
the radiologists reviewed the images, 
they did not know the numeric value of 
the mean T2. 

 With use of the axial T1-weighted 
images, fatty infi ltration of the pelvic 
and thigh musculature was subjectively 
graded by using a modifi ed version of 
the scale described by Mercuri et al 
( 24 ), as follows: grade 0, homogeneous 
muscle signal intensity without fatty in-
fi ltration; grade 1 (minimal), predom-
inantly homogeneous muscle signal 
intensity with minimal scattered fatty 
infi ltration (often seen in gluteus maxi-
mus muscles); grade 2 (mild), mild fatty 
infi ltration with additional patchy areas 
of intramuscular high T1 signal inten-
sity involving less than 30% of the mus-
cle bulk; grade 3 (moderate), moderate 
fatty infi ltration involving 30%–60% of 
the muscle bulk, but with preserved 

been shown to be reproducible among 
institutions and magnets with varying 
fi eld strengths ( 21–23 ). The acquisition 
time for each T2 map was approximately 
3.5 minutes. 

 Nonquantitative MR imaging.—  
 Each nonquantitative MR imaging study 
included a water-sensitive sequence 
in the coronal or axial plane; this was 
either a fat-suppressed fast spin-echo 
T2-weighted sequence (2500–5000/
64–85; echo train length, six to eight; 
matrix, 256  3  192; section thickness, 
6–8 mm; section gap, 1 mm) or a fast 
spin-echo inversion recovery–weighted 
sequence (repetition time msec/echo 
time msec/inversion time msec, 4500/
35/155; echo train length, eight; matrix, 
256  3  192; section thickness, 3–5 mm; 
section gap, 1–2 mm). Axial and coro-
nal conventional T1-weighted images 
were obtained without fat suppression 
(500–600/14–23; matrix, 256  3  192; 
section thickness, 6–8 mm; section gap, 
1 mm). The fi eld of view ranged from 
20 to 28 cm and was determined by the 
patient’s size to fully include the gluteal 
muscles. 

 Image Interpretation 
 T2 mapping.—  T2 maps were calculated 
on a pixel-by-pixel basis for the muscles 
in the transverse plane by using a linear 
least-squares curve-fi tting algorithm. 
Data were analyzed sequentially by one 
author (H.K.K.) by using the Cincinnati 
Children’s Hospital Imaging Process-
ing Software written in a programming 
language (Interactive Data Language; 
ISS, Boulder, Colo). Signal intensity as 
a function of echo time was fi t to a mo-
noexponential function for each pixel. 
Axial T2 maps from the pelvic girdle to 
the mid thigh were generated from the 
slope of the best fi t. The T2 map was 
color coded pixel by pixel with colors 
corresponding to a range of T2 values 
( Fig 1,  A   ). For the placement of the 
region of interest (ROI), three section 
levels were chosen because they con-
tained the largest area of visible muscle 
with good differentiation of the differ-
ent muscle compartments. These three 
sections (at the level of the sciatic fora-
men, the greater trochanter-ischial tu-
berosity, and the very proximal portion 

 Materials and Methods 

 This prospective study was approved by 
the institutional review board, and writ-
ten consent was obtained from all par-
ticipants’ parents or guardians before 
enrollment. This study was compliant 
with the Health Insurance Portability 
and Accountability Act. 

 Patients with DMD who presented 
for MR imaging at Cincinnati Children’s 
Hospital Medical Center (Cincinnati, 
Ohio) were recruited. Thirty-four boys 
ranging in age from 4 to 17 years (mean 
age, 8.5 years) were enrolled. All pa-
tients had DMD that was confi rmed by 
means of genetic analysis and/or mus-
cle biopsy. All clinical assessments were 
performed within 3 months of the MR 
imaging assessments. 

 Imaging Assessments 
 Imaging assessments including non-
quantitative MR imaging and T2 map-
ping were performed from the iliac crest 
to the mid-thigh by using a 1.5-T imag-
ing system (12 3  HD Excite; GE Medi-
cal Systems, Milwaukee, Wis) with an 
eight-channel receive-only phased-array 
cardiac coil (USA Instruments, Aurora, 
Ohio). No intravenous contrast medium 
or sedation was used. Because T2 can 
be affected by exercise or activity ( 20 ), 
patients were requested to restrain 
from excessive ambulation or exercise. 
Restrictions included running, hiking, 
or long-distance walking for 12 hours 
before the MR imaging evaluations. The 
total imaging time for both the nonquan-
titative MR imaging and T2 mapping 
sequences ranged from 45 to 60 minutes. 

 T2 mapping.—  Axial T2 maps with-
out fat saturation were obtained by using 
a T2-weighted multisection multiecho 
sequence to quantify the spatial distri-
bution of T2. An echo train length of 
11 was used with the following param-
eters: repetition time msec/echo time 
msec, 1500/ 9, 18, 27, 36, 45, 54, 63, 
72, 81, 90, and 99; matrix, 256  3  160; 
section thickness, 10 mm; section gap, 
20 mm; and fi eld of view, 20–28 cm. 
The T2 values calculated with this 
method have been used previously to 
evaluate articular cartilage and have 
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grade 2, slight inter- and intrafascicular 
segmental or global edema; and grade 3, 
moderate inter- and intrafascicular seg-
mental or global edema. 

 Clinical Assessments 
 All enrolled children underwent clinical 
assessments by a pediatric neurologist 
(B.W., with pediatric neurology fellow-
ship training and 12 years of experi-
ence) who was blinded to the MR im-
aging fi ndings. The clinical assessments 
included the patient’s age, CFS, timed 
Gower score (in seconds), time to run 

on both inversion-recovery and fat-
suppressed fast spin-echo T2-weighted 
images and was compared with that on 
T1-weighted images obtained in the 
same location. Grading of infl ammation 
on fast spin-echo inversion-recovery and 
T2-weighted images was limited to ar-
eas that did not show fat with the corre-
sponding T1-weighted sequence. Edema 
was graded on a subjective scale from 
grades 0 to 3 by using a modifi ed ver-
sion of the scale used by Carlo et al ( 26 ), 
as follows: grade 0, absence of edema; 
grade 1, slight interfascicular edema; 

differentiation between muscle and sub-
cutaneous fat; and grade 4 (severe), 
severe fatty infi ltration involving more 
than 60% of the muscle bulk with loss of 
demarcation between muscle and sub-
cutaneous fat ( Fig 2  ). 

 On fast spin-echo inversion-recovery 
images, the signal intensity of normal 
muscle is higher than the signal intensity 
on fat-suppressed fast spin-echo T2-
weighted images. This normal increased 
signal intensity can make it diffi cult to de-
tect subtle infl ammation ( 16,25 ). There-
fore, muscle infl ammation was evaluated 

 Figure 1 

  

  Figure 1:  Images in an 8-year-old boy with DMD.  A,    Color-coded axial T2 
maps (in milliseconds) used to identify the muscles with the highest and lowest 
T2.  B,  Gray-scale axial T2 maps used for placement of the ROI. Eighteen 
muscles were identifi ed on three sections (from top to bottom: at the level of 
sciatic foramen, the greater trochanter-ischial tuberosity, and the very proximal 
portion of the femoral diaphysis).  C,  Histogram of T2 for three muscles in thigh, 
pelvis, and subcutaneous fat.   
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of 79.9 msec  6  19.7 (standard devia-
tion) ( Fig 3  ). The mean T2 of the glu-
teus maximus muscle was signifi cantly 
longer than that of the other 17 muscles 
by using a false discovery rate of 0.05. 
The shortest T2 was documented in the 
gracilis muscle, with a mean of 46.94 
msec  6  8.7 ( Fig 3 ). The mean T2 of the 
gracilis muscle was signifi cantly shorter 
than that of the other 16 muscles, with 
the exception of the slightly longer T2 
of the sartorius muscle. Again, a false 
discovery rate of .05 was used to deter-
mine signifi cance. 

 T2 and Nonquantitative MR Imaging 
 The gluteus maximus muscle showed 
the greatest cumulative score for fatty 
infi ltration, and the gracilis muscle 
showed the lowest cumulative score 
( Fig 4  ). Grade 4 infi ltration was most 
commonly seen in the gluteus maximus 

evaluated and considered signifi cant if 
the  P  value was less than .05. Logistic 
regression was used to examine the re-
lationship between T2 and the ordinal 
nonquantitative MR imaging scores for 
fatty infi ltration and infl ammation. A 
two-way analysis of variance was used 
to look at the T2 responses for the vari-
ous muscles. The factors were muscle 
and subject. To adjust for multiple com-
parisons in this case, a false discovery 
rate was used with a level of 0.05. All 
statistical analyses were performed by 
using statistical software (SAS, version 
9.1; SAS Institute, Cary, NC). 

 Results 

 Disease Distribution on T2 Maps 
 Overall, the muscle with the longest T2 
was the gluteus maximus, with a mean 

30 feet (in seconds), and serum CK 
level. The CFS was assessed by using the 
Medical Research Council scale with 
grades 1 (normal) to 8 (severe dysfunc-
tion) ( 10 ). The timed Gower score was 
the time the patient needed to rise from 
a sitting position on the fl oor to stand-
ing. The timed Gower score and time to 
run 30 feet were only able to be mea-
sured in cooperative patients with mild 
dysfunction (CFS grade 1–3) and were 
obtained in 30 of 34 patients. Serum 
CK levels were obtained in 31 patients. 

 Statistical Analysis 
 The Spearman correlation coeffi cients 
model was used to evaluate the correla-
tion between mean T2 and nonquanti-
tative MR imaging and clinical assess-
ments (age, CFS, timed Gower score, 
time to run 30 feet, and serum CK level). 
Positive and negative correlations were 

 Figure 2 

  
  Figure 2:  Nonquantitative T1-weighted MR images (400–550/14) from four patients show examples of the grading system 
used to evaluate fatty infi ltration of the pelvic muscles.  (a)  No infi ltration (grade 0). Homogeneous muscle signal intensity with-
out fatty infi ltration, as shown in the right iliacus muscle (arrow), was observed. Grade 1: Predominantly homogeneous muscle 
signal intensity with minimal scattered fatty infi ltration of the gluteus maximus muscle.  (b)  Mild infi ltration (grade 2). Mild fatty 
infi ltration with patchy areas of intramuscular high T1 signal intensity involving less than 30% of the muscle bulk was observed. 
 (c)  Moderate infi ltration (grade 3). Moderate fatty infi ltration involving 30%–60% of the muscle bulk, but with preserved differ-
entiation between muscle and subcutaneous fat, was observed.  (d)  Severe infi ltration (grade 4). Severe fatty infi ltration involving 
more than 60% of the muscle bulk, with loss of demarcation between muscle and subcutaneous fat, was observed.   
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muscle, whereas grade 0 infi ltration was 
most commonly seen in the gracilis 
muscle ( Fig 5  ). The infi ltration grades of 
the gluteus maximus muscles were as 
follows: grade 0, no patients; grade 1, 16 
patients; grade 2, 12 patients; grade 3, 
four patients; and grade 4, two patients. 

 With the water-sensitive  sequences, 
only two patients had high signal in-
tensity, suggestive of inflammation, in 
the gluteus maximus muscle; in both 
patients, this finding was classified as 
grade 1. In the other 32 patients, the 
grade was 0. 

 There was a signifi cant odds ratio 
(OR) for the T2 of the gluteus maximus 
muscle and the ordinal nonquantitative 
MR imaging score of fatty infi ltration 
( P   ,  .001). The OR was 1.19, meaning 
that for each 1-msec increase in T2, the 
OR of being in one category higher in 
the nonquantitative MR imaging score 
of fatty infi ltration increased by 19% 
(95% confi dence interval for OR: 1.09, 
1.30) ( Fig 6  ). There was no signifi cant 
OR for the T2 of the gluteus maximus 
muscle and the nonquantitative MR im-
aging score of infl ammation. 

 T2 and Clinical Assessments 
 There was a signifi cant positive cor-
relation between the T2 of the gluteus 
maximus muscle and the patient’s age 
( n  = 34 patients) ( P   ,  .05), CFS (34 
patients) ( P   ,  .001) ( Fig 7  ), timed Gower 
score (30 patients) ( P   ,  .05) ( Fig 8  ), 
and time to run 30 feet (31 patients) 
( P   ,  .05) ( Fig 9  ). There was no statisti-
cally signifi cant correlation between the 
T2 of the gluteus maximus muscle and 
serum CK level (determined in 31 of 
34 patients) ( P  = .35). 

 There was a signifi cant OR for the 
T2 of the gluteus maximus muscle and 
the ordinal CFS ( P   ,  .001). The OR 
was 1.11, so that for each 1-msec in-
crease in T2 response the OR of being 
in one category higher CFS increased 
by 11% (95% confi dence interval for 
OR: 1.05, 1.17) ( Fig 7 ). 

 Discussion 

 DMD is an X-linked recessive disorder 
caused by a genetic defect of the X chro-
mosome at Xp21 that results in partial 

 Figure 3 

  
  Figure 3:  Bar chart shows mean T2 ( 6  standard deviation) of 18 pelvic and thigh muscles in 34 patients. 
The gluteus maximus muscle has the highest mean T2 and the gracilis muscle has the lowest.   

 Figure 4 

  
  Figure 4:  Bar chart shows the cumulative total score of all grades of fatty infi ltration for each pelvic and 
thigh muscle on T1-weighted images. The greatest score was seen in the gluteus maximus muscle, and the 
lowest score was seen in the gracilis muscle.   
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Conversely, measurement of the T2 of 
the gluteus maximus muscle is quantita-
tive and objective and can therefore be 
used during follow-up to assess treat-
ment response, thus avoiding repetitive 
invasive muscle biopsies. In the future, 
the mean T2 of the gluteus maximus 
muscle could be evaluated in a larger 
number of patients with DMD to es-
tablish a means for providing an early 
diagnosis of DMD. 

 A previous study in which nonquan-
titative MR imaging was used for the 
grading of fatty infi ltration showed a 
positive correlation between the non-
quantitative MR imaging score and clin-
ical assessments, including the patient’s 
age and CFS, and a negative correla-
tion between nonquantitative MR imag-
ing score and serum CK level ( 15 ). Our 
study also showed a positive correlation 
between T2 and clinical assessments, 
including the patient’s age, CFS, timed 
Gower score, and time to run 30 feet. 

 The absence of correlation between 
T2 and serum CK level was not surpris-
ing. In patients with DMD, the serum 
CK level is markedly elevated during 
the early stages of the disease, and then 
it decreases with increasing age as mus-
cle producing the serum CK is lost ( 31 ). 
However, the serum CK level can be 
affected by many other factors; it can 
be increased by activity ( 32 ) and de-
creased by pharmacologic agents used 

 A previous study ( 18 ) with a small 
number of patients with muscular dys-
trophy showed that T2 mapping of the 
calf muscles is an objective, quantitative 
method of differentiating muscle from 
fat. This same study ( 18 ) showed that 
fatty infi ltration within the dystrophic 
muscle will increase the overall T2. Given 
these variations of T2, it is important to 
identify which specifi c muscle is most 
consistently involved in the disease pro-
cess. In our study, the gluteus maximus 
muscle consistently had the highest T2, 
and greatest cumulative score for fatty 
infi ltration, and therefore was shown to 
be the one most consistently involved 
in the disease and the one that would 
provide the most accurate indication of 
disease activity. We suggest that pelvic 
girdle muscles, especially the gluteus 
maximus, should be included in MR 
imaging studies to determine disease 
severity in DMD. 

 In our study, there was a signifi cant 
correlation between T2 and the non-
quantitative MR imaging score of fatty 
infi ltration, suggesting that T2 mapping 
is a quantitative and objective method 
to measure fatty infi ltration within the 
muscle. Because the grading of fatty 
infi ltration on nonquantitative MR im-
ages in DMD is subjective, it can be 
underestimated or overestimated and 
can change with the experience of the 
radiologist and interobserver variance. 

to complete absence of dystrophin ( 2 ). 
Dystrophin-defi cient muscles have struc-
tural weakness of the sarcolemma and 
are susceptible to contraction-induced 
injury ( 3 ). Muscle injury is followed by 
muscle repair and infl ammation, which 
occur early in DMD ( 4 ) and ultimately 
progress to myofi brotic necrosis and re-
placement of myofi bers by fat ( 27 ). 

 DMD has been shown to have a 
characteristic distribution of fatty infi l-
tration in thigh muscles at nonquanti-
tative MR imaging, with sparing of the 
gracilis, sartorius, and semitendinosus 
muscles ( 15,17 ). Our results documented 
the same muscle-sparing pattern with 
T2 results; the gracilis muscle had the 
lowest T2, followed by the sartorius 
muscle. 

 The T2 of the muscles varies among 
the different compartments and within 
each compartment owing to the differ-
ent water content and the interaction 
of water with different macromolecules 
( 28 ). Each motor unit of the muscle has 
a different T2 because the water con-
tent depends on the nonuniform acti-
vation in muscle at muscle contraction 
( 20,28,29 ). Loss of muscle protein and 
replacement with a different macromol-
ecule such as fat can affect the restricted 
motion of the water molecule, which 
contributes to phase dispersion and sig-
nal decay. These processes can increase 
the T2 of muscle water ( 17,30 ). 

 Figure 5 

  
  Figure 5:  Bar chart shows cumulative total score for each grade of fatty infi ltration for each pelvic and thigh muscle. Grade 4 infi ltration was 
most commonly seen in the gluteus maximus muscle, and grade 0 infi ltration was most commonly seen in the gracilis muscle.   
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nential decay, often dictated by stringent 
parameter limitations of a clinical imag-
ing system ( 35 ). Our nonquantitative MR 
imaging studies were performed without 
intravenous contrast material. Investiga-
tions of contrast material–enhanced MR 
imaging of skeletal muscle in animal mod-
els have shown it to be a sensitive method 
to detect skeletal muscle damage and 
infl ammation ( 36,37 ). We suggest that, 
in patients with DMD, infl ammation on 
nonquantitative MR images might there-
fore be underestimated. 

MR imaging sequences, and so the ef-
fect of edema onT2 is likely to be mini-
mal. Imaging techniques to differentiate 
between fat and water protons, such 
as the Dixon technique or iterative de-
composition of water and fat with echo 
asymmetry and least-squares estimation, 
or IDEAL ( 34 ), could be useful in future 
studies. We used a range of echo times be-
tween 9 and 99 msec. These parameters 
preclude calculation of nonmonoexpo-
nential T2 decay ( 35 ). Other quantitative 
studies of T2 have assumed a monoexpo-

for treating DMD without any change 
of functional status ( 33 ). In our study, 
the absence of a negative correlation 
between T2 and serum CK level may be 
related to those factors and not related 
to the patient’s true functional status. 

 There were several limitations to 
this study. T2 can be increased by mus-
cle infl ammation ( 19 ), which occurs in 
the earliest stages of DMD. Only two 
patients in our study showed any sub-
jective infl ammation (both grade 1) 
with the nonquantitative fl uid-sensitive 

 Figure 7 

  
  Figure 7:  Graph shows correlation between T2 and CFS in 34 patients. A signifi -
cant positive correlation was observed between the T2 of the gluteus maxi mus 
muscle and the CFS ( P   ,  .001).   

 Figure 8 

  
  Figure 8:  Graph shows the correlation between T2 and timed Gower score in 
30 patients. A signifi cant positive correlation was observed between the T2 of 
the gluteus maximus muscle and the timed Gower score ( P   ,  .05).   

 Figure 9 

  
  Figure 9:  Graph shows correlation between T2 and the time to run 30 feet in 
30 patients. A signifi cant positive correlation was observed between the T2 of 
the gluteus maximus muscle and the time to run 30 feet ( P   ,  .05).   

 Figure 6 

  
  Figure 6:  Graph shows correlation between T2 and nonquantitative MR imaging 
score of fatty infi ltration in 34 patients. A signifi cant positive correlation was 
observed between the T2 of the gluteus maximus muscle and the nonquantita-
tive MR imaging score of fatty infi ltration ( P   ,  .001).   
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 T2 can be increased with exercise 
and muscle activity ( 20 ). Although the 
patients were asked to limit activity 
before the MR imaging examination, 
a very small fraction of the mean T2 
might have been affected by muscle 
edema from routine activities ( 20,38 ). 
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muscle is the most severely affected pel-
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can be used as a quantitative measure-
ment of disease involvement and, thus, as 
an objective measure of disease severity. 
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