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Abstract
Background There is currently a lack of suitable objective
endpoints to measure disease progression in Duchenne mus-
cular dystrophy (DMD). Emerging research suggests that
diffusion tensor imaging (DTI) has potential as an outcome
measure for the evaluation of skeletal muscle injury.
Objective The objective of this study was to evaluate the
potential of DTI as quantitative magnetic resonance imaging
(MRI) markers of disease severity in DMD.
Materials and methods Thirteen consecutive boys (8.9 years
±3.0 years) with DMD were evaluated using DTI. Fractional
anisotropy (FA) and apparent diffusion coefficient (ADC)
were compared with clinical outcome measures of manual
muscle testing and MRI determinations of muscle fat fraction
(MFF) in the right lower extremity.
Results Both MRI measures of FA and ADC strongly corre-
lated with age and muscle strength. Values for FA positively
correlated with age and negatively correlated with muscle
strength (r=0.78 and −0.96; both P≤0.002) while measures
of ADC negatively correlated age, but positively correlated
with muscle strength (r=−0.87 and 0.83; both P≤0.0004).

Additionally, ADC and FA strongly correlated with MFF
(r=−0.891 and 0.894, respectively; both P≤0.0001). Mean
MMF was negatively correlated with muscle strength
(r=−0.89, P=0.0001).
Conclusion DTI measures of muscle structure strongly corre-
lated with muscle strength and adiposity in boys with DMD in
this pilot study, although these markers may bemore reflective
of fat replacement rather than muscle damage in later stages of
the disease. Further studies in presymptomatic younger chil-
dren are needed to assess the ability of DTI to detect early
changes in DMD.

Keywords Diffusion tensor imaging .Muscle .Magnetic
resonance imaging . Duchennemuscular dystrophy

Introduction

Duchenne muscular dystrophy (DMD) is the most common
form of inherited muscular dystrophy in children, affecting 1
in 3,500 boys [1]. The disease is caused bymutations in the X-
linked dystrophin gene, which is important in linking the
cytoskeleton and cell membrane of muscle myofibers [2].
DMD is characterized by a rapid, progressive destruction of
skeletal muscle, leading to systemic muscle weakness. Most
patients are diagnosed in early childhood at approximately
5 years of age, with loss of developmental milestones [3].
Weakness proceeds in a proximal to distal pattern, leading to
loss of ambulation in the early teenage years [3]. Death from
cardiopulmonary complications typically occurs in early
adulthood. To date, there is neither a cure nor definitive
therapy for slowing disease progression [4–6].

A major challenge in developing therapeutic agents for
the treatment of DMD is the lack of reliable objective
endpoints to measure disease progression. This is especially
difficult in DMD because testing is performed at a young
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age where cooperation becomes an issue and cognitive
deficits are seen in approximately one-third of patients [7].
While the greatest experience is with manual muscle tests,
there are concerns regarding intra- and interexaminer vari-
ability because of subjectivity and dependence on patient
effort [8]. Measures of muscle strength using dynamometry
are more quantitative but have similar limitations in terms of
patient effort and have been shown to be less sensitive in
detecting small changes [9]. Measurements of creatine phos-
phokinase levels can vary tremendously and do not always
correlate with disease activity [10]. Lastly, muscle biopsy,
currently the gold standard to monitor disease and interven-
tions, is invasive and its accuracy is limited to a small area
of muscle [11–15].

Magnetic resonance imaging (MRI) has tremendous poten-
tial as an objective outcome measure for the evaluation of
muscle since the major histological features associated to
muscle injury (i.e. volume loss, irregular contour, fatty infil-
tration, edema and fibrosis) in DMD can be depicted using
MRI techniques. Conventional MRI has focused on qualita-
tive evaluation of fat infiltration and edema of muscle using
T1 and STIR techniques, respectively [16]. Quantitative MRI
techniques, such as chemical-shift encoded water-fat MRI
(hereafter referred to as water-fat MRI), T2 relaxometry and
magnetic resonance spectroscopy, have also been shown to
reliably assess muscle fat infiltration in DMD patients
[17–25].

Emerging research indicates that diffusion tensor imaging
(DTI) MR techniques can be utilized to evaluate altered skel-
etal muscle structure. DTI is based on the principle that the
diffusion of water in tissue is restricted by membranes and
other cellular constituents, resulting in anisotropic diffusion,
which is lower than free diffusion and orientation-dependent
for elongated structure [26]. Since anisotropy is a feature of
skeletal muscle fibers, DTI measures could serve as surrogate
measures of muscle structure and architecture. Specifically, a
number of quantitative diffusion patterns can be used to
characterize the diffusion in skeletal muscle, most commonly
fractional anisotropy (FA) and apparent diffusion coefficient
(ADC). Over the past decade, investigators have studied
the application of DTI in characterizing muscle architec-
ture [27], evaluating muscle injury [28] and regeneration
[29], and identifying the effects of denervation on muscle
structure [30].

To our knowledge, studies examining the value of DTI as a
quantitative MRI marker of disease severity in DMD are rare.
The purpose of this study was to compare DTI metrics of FA
and ADC with clinical muscle strength measurements and
established imaging determinations of muscle fat fraction
(MFF) using water-fat MRI [20, 23, 24]. An additional objec-
tive was to provide a more comprehensive characterization of
the extent of disease, by examining the entire lower extremity
at the same time point.

Materials and methods

Study subjects

The study cohort was comprised of 13 consecutive boys
(mean age: 8.9 years±3.0 years, range: 6–17 years) with
DMD who were recruited from the patient population of a
pediatric Muscular Dystrophy Association Clinic. Inclusion
criteria required a diagnosis of DMD confirmed with DNA
testing, no history of recent exercise and the ability to remain
still for the MRI exam. Subjects were excluded if they had a
history of chronic illness other than DMD, including any other
neuromuscular, metabolic or endocrine disorder that could
alter bone or muscle metabolism. Additionally, children youn-
ger than 5 years of age were excluded because of the likely
need for sedation. The study was compliant with the Health
Insurance Portability and Accountability Act and approved by
the hospital’s Institutional Review Board for clinical investi-
gations. Written informed consent was obtained from all par-
ents. For subjects older than 7 years, subject assent was also
obtained.

Muscle strength evaluations

Subjects were evaluated by a pediatric neurologist (L. R.-P.)
with 7 years of experience and specialized training in neuro-
muscular physiology and musculoskeletal testing, who was
blinded to the MRI results. Muscle strength was measured
through standard manual muscle testing (MMT) following the
traditional 5-point scale [31]. The muscles assessed included
the hip flexors, extensors, abductors, adductors, knee flexors
and extensors, ankle dorsiflexors, plantarflexors, inverters and
everters. Following Medical Research Council (MRC) guide-
lines [11], a total muscle strength score was calculated as
% MRC=(Sum of grade scores x 10) / (# muscles tested
x 5), in addition to examining individual muscles.

MRI

All MRI scans were performed on a 3.0-Tesla Achieva MRI
scanner (Achieva R3.2; Philips Healthcare, Cleveland, OH).
With the patient in the supine position, axial images of the
right thigh and lower leg were obtained using a 16-channel
torso array coil. The DTI sequence utilized a multislice spin-
echo single-shot echo planar imaging sequence (TR/TE:
2,479/43 ms; 15 diffusion directions+1 baseline; b=0, 250,
500 s/mm2). Slice thickness was 6 mm, with a 1.5- mm in-
plane resolution. Adiabatic fat suppression was performed
using Spectral Attenuated Inversion Recovery. Parallel imag-
ing sensitivity encoding (SENSE) with an acceleration of 2
was utilized to shorten the scan time, which was approximate-
ly 6 min. Axial water-fat MRI of the right thigh and lower leg
was performed using the 3-D spoiled-gradient-echo multi-
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echo T2*-corrected mDIXON pulse sequence provided by the
manufacturer (TR/TE: 10/1.48 ms; flip angle=3°). A six-echo
generalization of the traditional in/opposed phase two-echo
Dixon water-fat imaging technique was performed [27].
Isotropic spatial resolution was obtained, with a slice thick-
ness of 1 mm and 1-mm in-plane resolution. SENSE acceler-
ation of 2 was utilized to shorten the scan time, which was
approximately 2 min. The DTI and mDixon scans were
colocalized and covered the same anatomical extent.

Image analysis

Slice selection was chosen and regions of interest (ROIs) were
drawn by two pediatric radiologists in consensus, with 3 (S.P.)
and 30 (V.G.) years of experience in pediatric musculoskeletal
imaging. The evaluators were blinded to the muscle strength
results. We have previously examined the interobserver and
test-retest repeatability of DTI and water-fat MRI for evalua-
tion of lower extremity skeletal muscle in healthy children and
found the interobserver repeatability as measured by intraclass
coefficient to be excellent for DTI measures of ADC (0.94)
and FA (0.93), as well as for water-fat MRI measures of MFF
(0.96) [32]. Test-retest repeatability was also excellent for DTI
measures of ADC (0.88) and FA (0.75) and water-fat MRI
measures of MFF (0.73), although less so compared with
interobserver repeatability.

For each dataset, ADC, FA and MFF were individually
calculated for the following muscles: pelvis (sartorius, gluteus
maximus, tensor fascia lata, iliopsoas), thigh (rectus femoris,
vastus medialis, vastus lateralis, vastus intermedius,
semimembranosus, semitendinosus, biceps femoris, adductor
magnus and adductor longus) and lower leg (anterior tibialis,
posterior tibialis, peroneus longus, gastrocnemius and soleus).
The image slice that provided maximal transverse cross-
sectional area of each muscle to be measured was selected
and ROIs were drawn circumferentially around the muscle
using a freehand technique. The slice location and ROI for
each muscle was copied and pasted to each dataset to ensure
perfect correlation among the different sequences. From these
quantitative measures of each individual muscle, mean ADC,
FA and MFF values of all the muscles in the lower extremity
were calculated.

DTI datasets were analyzed using commercially available
software provided by the manufacturer (FiberTrak; Philips
Healthcare, Cleveland, Ohio). The DTI datasets were co-
registered with the higher resolution water-fat MRI images
for anatomical reference. Fiber tracking was performed with a
single ROI line propagation technique using the following
parameters: FA threshold, 0.12; direction threshold, 6.75°.
Quantitative ADC and FA values were automatically generat-
ed by the software.

The post-processed water-fat MRI dataset included
coregistered fat, water, in-phase and opposed-phase image

series, and quantitative fat fraction and T2* maps [33]. Fat
fraction maps were generated by calculating the proton den-
sity ratios between fat and the sum of water and fat and
multiplying by 100 to get a range of 0-100%. Prior studies
have demonstrated the accuracy of the generated fat fraction
maps when using a multi-peak spectral model of fat and a
small excitation flip angle [34]. Average MFF values for each
ROI were calculated using processing software as provided by
the manufacturer.

Statistical analysis

Statistical analysis was carried out with statistical software
(Stata 12, 2011; Stata, College Station, Texas) by using the t-
test for paired samples and logistic linear regression analyses.
All values are expressed as the mean±standard deviation, and
were considered significant if the P-value was <0.05.

Results

Table 1 describes the age, anthropometric parameters, MRC
score, and the averaged values for total ADC, FA and MFF.
Table 2 provides the simple correlations among these vari-
ables. There were no significant correlations between height,
weight and BMI percentile and the averaged values for total
MFF, ADC and FA. Additionally, there were no significant

Table 1 Characteristics of the study group

Patient Age
(years)

BMI MRC score ADCa

(x10−3 mm2/s)
FAb MFFc (%)

1 10 16.6 80.0 1.382 0.327 24.5

2 10 25.3 78.8 1.445 0.351 17.4

3 6 13.9 78.8 1.528 0.353 9.8

4 8 16.1 77.5 1.212 0.404 26.5

5 9 19.3 65.0 1.375 0.386 30.6

6 6 15.6 76.3 1.468 0.373 6.9

7 8 20.8 86.9 1.358 0.356 11.6

8 12 19.1 50.0 1.170 0.475 61.5

9 6 21.1 68.8 1.523 0.411 18.3

10 7 18.1 68.8 1.383 0.388 14.0

11 9 22.2 51.9 1.221 0.439 31.2

12 17 18.3 0.0 0.818 0.621 78.0

13 8 15.9 66.9 1.528 0.360 17.2

Mean 8.9 18.7 65.3 1.339 0.403 26.7

a Sum of the ADC values of each muscle of the lower extremity
b Sum of the FA values of each muscle of the lower extremity
c Sum of the MFF values of each muscle of the lower extremity

ADC apparent diffusion coefficient, BMI body mass index, FA fractional
anisotropy, MFF muscle fat fraction, MRC Medical Research Council
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associations between anthropometric parameters and mea-
sures of muscle strength.

Qualitative T1-weighted images and quantitative MRI
water-fat MRI images of the right thigh clearly depict in-
creased muscle fat infiltration with age (Fig. 1). As expected,
age was positively correlated with mean MFF (r=0.92,
P<0.001) and negatively correlated with muscle strength
(r=−0.82, P<0.001), compatible with known progression of
muscle weakness and fatty replacement of the muscle as
children with DMD age. Figure 2 depicts tractography images
of sampled muscles in the right lower thigh of subjects of
different ages. Qualitatively, the fiber tracts appear decreased
in number, length and organization with age. When quantita-
tively comparing DTI measures with age, there was a negative
correlation between age and mean ADC (r=−0.87, P<0.001),
but a positive correlation between age and mean FA (r=0.78,
P=0.002).

Correlations between muscle strength, as measured by the
MRC score, and MRI measures of MFF, FA and ADC were
made for the ambulatory patients. The single non-ambulatory
patient was excluded from this part of the analysis. Strong
correlations were found betweenmuscle strength, as measured
by the MRC score, and DTI measures of muscle structure;

negative with mean FA (r=−0.84, P<0.01), but positive with
mean ADC (r=0.57, P=0.04). Mean MMF also correlated
with muscle strength (r=−0.74, P<0.01).

Measures of MFF were significantly negatively correlated
with mean ADC (r=−0.891, P <0.001) and positively corre-
lated with mean FA (r=0.894, P<0.001). Mean ADC and
mean FA were also significantly negatively correlated
(r=−0.886, P<0.001).

Table 3 describes the values for MFF, ADC and FA for
eachmuscle of the lower extremity measured.When separated
into a proximal muscle group (quadriceps, hamstrings,
gracilis, sartorius, tensor fascia lata, iliopsoas and gluteus
maximus) and a distal muscle group (anterior and posterior
tibialis, peroneus longus and gastrocnemius), there were sig-
nificant differences in mean ADC, FA and MFF values be-
tween the proximal thigh muscles and distal leg muscles. The
proximal muscle group had higher MFF (P=0.02) and FA
(P<0.01) and a lower ADC (P=0.04) compared with the
distal muscle group.

Within the thigh, values for 1) MFF values were highest in
the gluteus maximus (52.2%) and lowest in the sartorius
(18.5%), 2) FA were highest in the tensor fascia lata (0.518)
and lowest in the semitendinosus (0.381), and 3) ADC were

Table 2 Simple correlations be-
tween age, BMI, MRC score,
MFF, ADC and FA

*P≤0.002
ADC apparent diffusion coeffi-
cient, BMI body mass index, FA
fractional anisotropy, MFF mus-
cle fat fraction,MRCMedical Re-
search Council

Age (yr) BMI MRC
score

MFF (%) ADC (x10−3/ mm2/s) FA

Age (yr) 1.000

BMI 0.206 1.000

MRC score −0.823* −0.062 1.000

MFF (%) 0.916* 0.102 −0.888* 1.000

ADC −0.868* −0.093 0.832* −0.891* 1.000

FA 0.782* 0.088 −0.958* 0.894* −0.886* 1.000
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Fig. 1 DTI tractography of rectus femoris (green), biceps femoris (red)
and gracilis (blue) muscles in a 6-year-old boy, an 8-year-old boy and a
12-year-old boy, superimposed on anatomical T1-weighted images,

demonstrating decreasing number, length and organization of fiber tracks
with age. a Early ambulatory 6-year-old with DMD. b Late ambulatory 8-
year-old with DMD. c Early non-ambulatory 12-year-old with DMD



highest in the vastusmedialis (1.429) and lowest in the gluteus
maximus (1.047). Within the lower leg, values for 1) MFF
were highest in the peroneus longus muscle (28.2%) and
lowest in the posterior tibialis (13.0%), 2) FA were highest
in the anterior tibialis (0.411) and lowest in the soleus (0.309),
and 3) ADC were highest in the posterior tibialis (1.602) and
lowest in the gastrocnemius (1.287).

Discussion

Previous investigators have explored the potential of quanti-
tative MR imaging markers of disease progression in DMD,
particularly in the evaluation of muscle fat infiltration. For
example Gaeta et al. [20] demonstrated significant correla-
tions between MFF measures from water-fat MRI and clinical
measures of muscle strength and functional ability. Similarly,
Kim et al. [35] studied T2 mapping as a quantitative measure
of fat infiltration in skeletal muscle qualitatively visualized on

T1-weighted images and found similar significant correla-
tions. However, the major disadvantage of these fat quantifi-
cation methods is that they evaluate disease progression in the
chronic phase of the disease after normal muscle structure has
been lost and replaced by fat. To better assess subtle response
to new therapies in clinical trials that may slow muscle break-
down before irreversible fatty replacement has occurred, ad-
ditional MRI biomarkers targeting early muscle injury are
needed.

In this study, we investigate the potential of DTI as quan-
titative MRI markers of disease severity in DMD. We used
DTI tractography to determine mean FA and ADC values of
individual muscles and quantify disease severity in the lower
extremity of boys with DMD. We found strong correlations
between DTI measures of muscle and both clinical measures
of manual muscle testing and MRI measures of muscle adi-
posity. Consistent with knowledge indicating greater disease
severity in proximal muscle groups [20, 22], we observed
increased muscle damage, as measured by FA and ADC, most

Fig. 2 T1-weighted and color-
coded water-fat MRI of the right
mid-thigh of the same patients in
Figure 1. a Axial T1-weighted
image of the right mid-thigh in a
6-year-old boy in the early
ambulatory stage DMD. b Axial
T1-weighted image of the right
mid-thigh in a 8-year-old boy in
the late ambulatory stage and (c)
axial T1-weighted image of the
right mid-thigh in a 12-year-old
boy in the early non-ambulatory
stage. d Axial color-coded water-
fat MRI of the right mid-thigh in
the same patient as (a) depicts no
quantitative difference in muscle
fat infiltration. e Axial color-
coded water-fat MRI of the right
mid-thigh in the same patient as
(b) shows areas of up to 50% fatty
infiltration in the quadriceps and
adductor magnus muscles. fAxial
color-coded water-fat MRI of the
right mid-thigh in the same
patient as (c) with >50% fatty
infiltration in all muscles groups
excluding the gracilis muscle
(thin white arrow) and
semitendinosus muscle
(thick white arrow)
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prominently in the gluteus maximus muscles, followed by the
quadriceps, calves and then hamstrings.

Despite the significant heterogeneity of normal ADC and
FA values for thigh and leg muscles reported in the literature,
the values obtained in the current study are at the upper limits or
exceed the normal ranges reported using similar protocols [28,
32, 36–39]. For example, as described previously, the range of
FAvalues in our study was 0.309 - 0.518 and the range of ADC
values was 1.047×10−3 mm2/s – 1.429×10−3 mm2/s, with the
normal ranges in the lower extremity in other studies ranging
from 0.18-0.33 for FA and 1.31×10−3 mm2/s – 1.80×
10−3 mm2/s for ADC. Although comparison with small
datasets of normal controls from other studies reported in the
literature is limited, such differences support the notion that
DTI can assess structural changes in diseased muscles, beyond
the normal variation associated with differences in technique.

Unexpectedly, we found that increased age in patients with
DMD correlated positively with FA and negatively with ADC,
while muscle strength correlated negatively with FA and
positively with ADC. FA measures the degree of anisotropy
within skeletal muscle tissue while ADC measures the mag-
nitude of diffusion of water within skeletal muscle. With
muscle injury, we would expect decreased FA and increased

ADC given the loss of the normal muscle architecture and the
release of water from damaged muscle cells. This relationship
was shown in a study by Zaraiskaya et al. [28], who found that
traumatic muscle injury was associated with decreased FA and
increased ADC values. A possible explanation for the incon-
gruous results in our study is that DTI measures are influenced
by muscle adiposity. Qi et al. [40] first described decreased
ADC values in the later stages of muscle necrosis and infil-
tration by fat and fibrous tissue in patients with chronic
polymyositis. They postulated that the decreased ADC values
could be explained by reduced water content. More recently,
Williams et al. [41] reported that ADC is artificially decreased
and FA is artificially increased in the setting of greater than
45% fat signal. However, they also found that FA is paradox-
ically increased, likely related to error from random noise
because of the signal loss from using a fat-suppressed echo-
planar imaging technique of predominantly fat-replaced tis-
sue. Therefore, ADC and FAvalues in this study may partially
reflect fat infiltration in the region of interest rather than loss of
muscle structure. Interestingly, the qualitative tractography
images shown in Fig. 2 show an expected decrease in fiber
length, number and architecture that did not correspond with
the quantitative ADC and FAvalues, suggesting DTI may still
provide useful information. Studies evaluating both DTI and
water-fat MRI before and after the development of muscle fat
infiltration are needed to establish the degree to which muscle
structure and fat infiltration influence DTI determinations.

Several general limitations of our study must be acknowl-
edged. Quantitative DTI measures were not compared with
muscle biopsy, which is the gold standard for visualization of
muscle fiber architecture. However, serial muscle biopsy with-
out direct benefit is an unacceptable procedure for children.
Other limitations of this study are the small sample size and the
older age of the study cohort. Although the subjects
encompassed a broad age range and disease severity, the
relatively small cohort studied was not sufficiently powered
to detect small differences. By design, we purposely excluded
children younger than 5 years of age, who likely have little
muscle damage, to avoid the need for sedation, thereby pre-
cluding our ability to evaluate the presymptomatic grade of
disease severity. Further studies in younger children are need-
ed to assess the ability ofMRI to detect early changes in DMD.
This study is also limited secondary to a lack of a normative
age-based dataset for which to distinguish normal values from
abnormal values. Normal values from the only prior study
evaluatingDTImeasures of skeletal muscle in healthy children
are limited by the small sample size of seven subjects [30].
Finally, although the majority of studies of MRI and DMD
evaluate the bilateral proximal lower extremities [1], we decided
to examine the entire unilateral lower extremity at the same time
point because DMD tends to be a symmetrical process. This was
to provide a more comprehensive characterization of the extent
of disease and to shorten examination time.

Table 3 Mean ADC, FA and MFF values by muscle

Muscle Mean ADC
(x10−3 mm2/s)

Mean FA Mean MFF (%)

Proximal muscles

Sartorius 1.355 0.449 18.5

Tensor fascia lata 1.124 0.518 36.0

Iliopsoas 1.405 0.425 21.3

Gluteus maximus 1.047 0.474 52.2

Rectus femoris 1.291 0.496 45.0

Vastus lateralis 1.256 0.452 39.3

Vastus medialis 1.429 0.429 39.6

Vastus intermedius 1.427 0.430 38.2

Biceps femoris 1.205 0.408 35.1

Semitendinosus 1.300 0.381 23.0

Semimembranosus 1.228 0.420 27.2

Adductor magnus 1.292 0.428 49.7

Adductor longus 1.389 0.389 24.6

Mean 1.288 0.438 34.6

Distal muscles

Anterior tibialis 1.445 0.411 19.3

Posterior tibialis 1.602 0.347 13.0

Peroneus longus 1.335 0.400 28.2

Soleus 1.446 0.309 21.0

Gastrocnemius 1.287 0.367 26.1

Mean 1.423 0.367 21.5

ADC apparent diffusion coefficient, FA fractional anisotropy, MFF mus-
cle fat fraction
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Conclusion

This pilot study suggests that DTI can provide noninvasive
markers of muscle damage that reflect disease severity in
patients with DMD, although these markers may be more
reflective of fat replacement rather than muscle damage in
later stages of the disease. Further studies in presymptomatic
younger children are needed to assess the ability of DTI to
detect early changes in DMD.

Conflicts of interest Dr. T. G. Perkins and Mr. J. M. Chia are em-
ployees of Philips Healthcare.
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