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Summary

Diffusion tensor magnetic resonance imaging (DTI) is
increasingly applied in the detection and characteriza-
tion of skeletal muscle. This promising technique has
aroused much enthusiasm and generated high expec-
tations, because it is able to provide some specific in-
formation of skeletal muscle that is not available from
other imaging modalities. Compared with conventional
MRI, DTI could reconstruct the trajectories of skeletal
muscle fibers. It makes it possible to non-invasively de-
tect several physiological values (diffusion values), like
fractional anisotropy (FA) and apparent diffusion coef-
ficient (ADC), which have a great association with the
muscle physiology and pathology. Furthermore, other
advantages of DTI are the capability of investigating the
muscle biomechanics and also investigate the patho-
logical condition of skeletal muscle. Finally, several
challenges, which limit the wide application of DTI in
skeletal muscle, were discussed. It is believed that this
review may arouse in-depth studies on the clinical ap-
plication of DTI in skeletal muscle in future.
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Introduction

Skeletal muscle is an important tissue structure existing in
human body, and a quantity researches have engaged in
studying the architectural structure and physiological func-
tion of the peripheral skeletal muscle (1-7). At present, many
investigations studying muscle relied on invasive muscle bi-
opsy method, which has a great limitation in wide applica-
tion clinically (8). Thus, there is a great request to develop
a non-invasive and subject-specific technique, in order to
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analyze morphological and functional data of a whole skel-
etal muscle (9).

Magnetic resonance imaging (MRI) is a non-invasive and
favorable imaging method to provide a wealth of information
on the morphology and function of skeletal muscle (10-12).
Compared to the traditional two-dimensional MRI methods,
a special MRI technique has been developed to accurately
reveal the three-dimensional microstructure of skeletal mus-
cle, namely the diffusion tensor MRI (DTI) technique. The
basic theoretical basis of DTI has been illustrated previously
(13, 14). This technique sensitizes the MRI signal to water
diffusion through motion-sensitizing gradients along differ-
ent directions. Cells in muscles have elongated structures
while presenting regularly oriented barriers to water diffu-
sion, and the effect of cell membranes on diffusion has a
directional dependence, which gives rise to anisotropy in
diffusion (15, 16). The anisotropic diffusion properties are
indicated by a tensor quantity instead of a scalar quantity.
DTI can help to characterize physiological properties, tis-
sue microstructure and architectural organization of skeletal
muscle. It has been demonstrated that DTI can differentiate
between functionally different muscles in the same region of
the body on the basis of their diffusive properties (17). DTI
has been applied to study muscle architecture and tissue
microstructure of normal and injured muscle (8, 16, 18-29).
However, there is still difficulties to be noted when clinically
using this technique in skeletal muscle. The purpose of this
article is to review the potential applications of DTI in skel-
etal muscle, including the three-dimensional morphological
reconstruction, functional study under active or passive mo-
tion, the pathological investigation of skeletal muscle, as
well as some technique challenges of DTI encountered.

Reconstruction 3D structure using DTl-based fiber
tracking

DTl-based fiber tracking is extensively used to reconstruct
skeletal muscle fibers, which is possibly due to the anisotro-
pic diffusion of water within muscle tissue. As is known to
all, water diffusion can be detected using a tensor model by
measuring water diffusion in six or more noncollinear direc-
tions. Because water diffuses most readily along the longi-
tudinal axis of the muscle fibers, the principle for DT-MRI
muscle fiber tracking is based on the preferential diffusion
of water (30). Thus, these data are used to reconstruct and
render the path and orientation of muscle fibers rough com-
puter modeling (31).

In vivo fiber tracking of muscle fibers is feasible and could
potentially be applied to provide 3D architecture and study
human muscle structure function relationships (20-22). As
afore mentioned, Budzik et al. (22) reconstructed 3D archi-
tecture of a whole muscle using fiber tracking technique,
and directly measured the diffusion values over the whole
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thigh. Heemskerk et al. (19) used DTI fiber tracking of
mouse muscle to measure the physiologic cross-sectional
area (PCSA), pennation angle, and fiber length directly. Da-
mon et al. (18) demonstrated that the pennation angle mea-
surements made using DTI fiber tracking agreed with those
obtained using direct anatomical inspection.

To date, muscle fiber tracking has still a number of technical
challenges. It is critical to recognize these limitations, such
as the underlying anatomy, image acquisition parameters,
noise, image acquisition characteristics, artifact characteris-
tics of the data, the diffusion gradient strength and duration,
and the fat admixture as well as the fiber-tracking algorithm
(21, 30, 32). Previously, Heemskerk et al. (33) proposed a
method to determine the accuracy of individual muscle fiber
tracing based on the location at which the fibers terminate,
the fiber path, the fiber length, and similarity to the neigh-
boring fibers, and revealed that the majority of fibers were
tracked completely covering 89.4 + 9.6% and 75.0 + 15.2%
of the aponeurosis area in the superficial and deep com-
partments respectively. They concluded that applications of
the muscle fiber tracking technique include the exclusion of
erroneous fiber-tracking results, quantitative assessment of
data set quality, and the assessment of fiber tracking stop
criteria. In future, the assessment algorithm will enable fur-
ther studies toward accurately quantifying muscle architec-
tural parameters, assessing the quality of new fiber-tracking
algorithms, or using DTI-based muscle fiber-tracking data in
mechanical models of muscle.

Detection of Diffusion values

Compared with conventional MRI, there are several impor-
tant values to quantitatively detect in the DTI of skeletal
muscle based on the DTl images, such as three eigenval-
ues (A, A2, A3), fractional anisotropy (FA), and apparent
diffusion coefficient (ADC), ellipsoid eccentricity et al. The
three eigenvalues describe the magnitude of the diffusion
coefficient in three orthogonal directions. Generally, the A1
value represents the diffusive transport along the long axis
of the muscle fibers, and the A2 and the A3 value corre-
spond to orthogonal water diffusion to the three-dimensional
direction of A1 in the muscle fibers (23, 34). A3 has also
been reported to depend on the physiological-cross sec-
tional area or the average of the muscle fiber radius (35). FA
value is calculated from the three eigenvalues: (14) ADC=
(A+A24A3)/3; FA=

JBIAL-ADCY’ +(A2- ADC)’ +(A3- ADCY’ |
J2A1 427 4437

ADC values reflect regional cerebral structure and its devel-
opment, but the commonest clinical application of diffusion
imaging is for the acute evaluation of brain injury (13).

Cross-sectional area measurements of FA and ADC values
obtained by positioning a region of interest (ROI) allow the
assessment of only a small part of the muscle at a fixed
level. Fiber tacking may represent an interesting tool to ex-
tract the muscular fibers from a single ROI and thus eas-
ily obtain the values of FA and mean ADC of these fibers
(22). Previously, the mean FA values and ADC values of the
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Thigh Muscles ADC (*10° mm?/s) FA

Sartorius 0.91+0.26 0.35+0.09
Gracilis 0.76 +0.23 0.35+0.11
Rectus femoris 0.92+0.20 0.29+0.08
Vastus intermedius 0.96 +0.24 0.28 +0.08
Vastus medialis 0.87+0.21 0.27 £ 0.08
Vastus lateralis 0.92+0.21 0.27 +0.09
Adductus 0.96 +0.26 0.28 £0.09
Biceps femoris short head ~ 0.90 + 0.29 0.38+0.11
Biceps femoris long head ~ 0.89 +0.31 0.29+0.10
Semitendinous 0.88+0.31 0.30 +0.09
Semimembranous 0.85+0.30 0.34+0.10

ADC, mean apparent diffusion coefficient; FA, fractional anisotropy.

Table 1. Mean FA and ADC values of the thigh muscles (cited
from Budzik et al.) (22)

Leg Muscles ADC (¥10° mm?/s) FA
Tibialis anterior 1.56 +0.09 0.28 +0.01
Gastrocnemius medial 1.59 £ 0.04 0.30+0.03
Gastrocnemius lateral 1.67+0.10 0.33£0.03
Soleus medial 1.53+0.08 0.25+0.04
Soleus lateral 1.65+0.20 0.18 +0.04
ADC, mean apparent diffusion coefficient; FA, fractional anisotropy.

Table 2. Mean FA and ADC values of the leg muscles [cited
from Sinha et al. (20), Aav equates the mean apparent diffusion
coefficient (ADC)].

thigh muscles (Tab.1) and leg muscles (Tab.2) have been
in-depth studied. Sinha et al. (20) measured FA and ADC
values by positioning a region of interest (ROI). Differently,
Budzik et al. (22) provided in vivo 3D architecture of human
thigh muscles using tractography on a 1.5T magnet, and
obtained the value of tractography images to obtain FA and
ADC values over the whole thigh.

Functional study of muscle biomechanics

Compared with the traditional MRI imaging, one of the ad-
vantages is the capability of DTI in investigating the muscle
biomechanics. This technique enables the reconstruction of
a muscle structure, which is able to determine the force and
velocity potentials of the muscle. Three-dimensional analy-
ses of strain with respect to the fiber structure are important
to characterize skeletal muscle contraction in vivo. Contrac-
tion of muscles produces changes in DTI parameters, which
are related to the physiological state of the muscle (36). It
has been demonstrated that changes in muscle microstruc-
ture associated with passive extension and contraction
would affect proton diffusivity, and this alteration of diffusiv-
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ity could be detected by measuring ADC (37). This alteration
of diffusivity is probably associated with microscopic struc-
tural changes of the muscle (35).

Recent studies have also identified that the three eigen-
values and FA value would change with passive or active
shortening and stretching of the muscle. Regarding the
eigenvalues of DTI, A2 and A3 showed significant chang-
es in relation to muscle length whereas no change in A1
could be found (38). Deux et al. investigated the effect of
an active plantarflexion on the medial gastrocnemius, and
observed three eigenvalues (A1, A2, A3) increased while
FA value decreased (36). In another research studying
the passive motion effect on medial gastrocnemius, (37)
A1 and A3 decreased with passive plantar-flexion while A2
did not change, and FA value became lower as well. More
recently, Okamoto et al. (34) investigated the effect of ac-
tive contraction using DTl and concluded that the higher
FA, A1 and A2 values of muscles at contraction than rest
presumably reflect complicated changes, including micro-
scopic morphological changes of the diffusion-restricting
factor, focal temperature, and perfusion. Kan et al. (31) in-
vestigated the feasibility of using DTl based muscle fiber
tracking and physiological cross sectional area (PCSA) to
predict biomechanical resultant force vectors, as well as
substantiate muscle architectural differences, of compo-
nents of the quadriceps mechanism in healthy volunteers
and in patients with symptomatic recurrent lateral patellar
dislocation (LPD). They showed that biomechanical models
of the quadriceps mechanism in patients with chronic LPD
and healthy subjects can be created in healthy subjects and
patients with chronic LPD using DTl and DTI muscle fiber
tracking can detect biomechanical vector force differences
between healthy subjects and subjects with LPD.

Pathological investigation of skeletal muscle

DTl is a favorable technique to assess human muscle injury,
which resulted in decrease of FA value and increase of ADC
value (25). McMillan et al. (39) assessed damage in healthy
and dystrophic skeletal muscle after lengthening contrac-
tions using DTI, and they suggested that DTl is an accurate
indicator of muscle injury, even at early time points where
the MRI signal changes are dominated by local edema.
Heemskerk et al. (23) investigated whether and how the
indices that can be measured by DTI respond to ischemia
of skeletal muscle followed by reperfusion. They found that
The DTI indices dynamically changed in response to isch-
emia-reperfusion of mouse skeletal muscle, and ADC de-
creased during ischemia and increased upon reperfusion.
These results demonstrated that DTI can be used to assess
ischemia-induced damage to skeletal muscle. Subsequent-
ly, Heemskerk et al. (24) prospectively evaluated skeletal
muscle injury and repair in mice after femoral artery ligation
using quantitative DTI. They observed that the diffusion-
tensor indexes changed dynamically in association with
the severity and location of muscle damage after femoral
artery ligation, and suggested that DTI could be applied as
an in vivo marker and as a diagnostic tool for assessment of
ischemia-induced muscle damage.
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Previously, Zeng et al. (27) applied DTI to distinguish the
edema, injury and rupture in the traumatic skeletal muscle
fiber using rabbit model, and found that there were signifi-
cant differences between groups regarding the ADC and FA
values (Tab.3). After tractography, they observed that the
tracking cross-fiber could be seen but it decreased slightly
in the edema muscle, the tracking fiber decreased markedly
in the injury muscle, and the transverse-orientation tracking
fiber vanished yet some interrupted longitudinal-orientation
tracking fiber could be found in the ruptured muscle. These
changes in diffusion tensor characteristics (such as ADC
and FA) are consistent with cellular damage and inflam-
mation resulting in a less ordered and less restricted tis-
sue (26). However, not all muscle insults result in increased
ADC and decreased FA. In a study investigating the dif-
fusion anisotropy and microscopic structure of atrophied
skeletal muscles by denervation, Saotome et al. (28) found
the denervated group had significantly higher FA compared
with the control group and no significant difference in the
mean diffusivity and the ADC between groups. These re-
sults suggest that the self-diffusion coefficient (ADC) of wa-
ter in muscle fibers is not affected by muscle atrophy and
muscle atrophy resulted in a geometrical change in the cell
membranes.

Muscle ADC (*10° mm?/s) FA
Normal 6.12+1.34 0.42+0.12
Edema 6.38 £1.30 0.36+0.12
Injury 8.06 + 0.97 0.26 + 0.09
Ruptured 9.57+0.93 0.12+0.08
ADC, mean apparent diffusion coefficient; FA, fractional anisotropy.

Table 3. Mean FA and ADC values of rabbit skeletal muscle with
or without injury (cited from Zeng et al.) (27).

Technique challenges - Scan parameters

One of the difficulties of the DTI application is to find the
most optimal scan parameters [mainly the echo planar im-
aging (EPI) sequence], in order to get a clear and accurate
imaging. Here we have summarized several scan param-
eters with different MRI machines (Tab.4). Moreover, the
effect of DTI greatly depends on the MRI machine. It might
be suggested to design an individual scan parameter in dif-
ferent machines.

Different from the DTI in the brain, there are several tech-
nique challenges presented in the detection of skeletal mus-
cle (20). At first, the signal-to-noise ratio (SNR) is a limiting
factor in muscle imaging because muscle has low T2 com-
pared to brain tissue. Further improvements in SNR were
realized by increasing the number of averages to 16 and
imaging at high fields (3.0T) (20). The major improvements
in the acquisition were the use of 10 gradient directions to
improve the eigenvector determination and the use of sur-
face coils to obtain higher SNR (33). Rationale for DTI Se-
quence Parameters (40): for the muscle has short T2 value,
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Machine TR(ms)/  FOV Matrix NEX Slice Gradient b-value
TE(ms) (cm) Thickness  directions  (s/mm?)
(mm)
Galban® 1.5T 2000/95  180*135 128%96 16 6 6 400
2005 Siemens
Sonata
Sinha?” 3.0T 3300/69  200*165 128%128 16 5 6 600
2006 Siemens
Magnetom
Trio
Lansdown®'  3.0T 5000/42  180*180 64%64 2 7.5 6 500
Philips
2007 Intera
Achieva
Budzik™ 15T 6277/60 200 128*128 8 32 400
2007 Philips
Achieva
Hatakenaka® 1.5T 4000/56 200 128%128 6 10 6 500
Philips
2008 Intera
Achieva
Heemskerk ™ 3.0T 3300/48  192%192 96%64 6 10 500
Philips
2009
Okomoto™  1.5T 2500/59 400 128*128 6 6 500
2010 Philips
Achieva
Heemskerk®? 3.0T 3300/48 192 *192 96 *64 4 6 10 500
Table 4. Scans were acquired using an echo-planar imaging (EPI) sequence.
(Continued)
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(Continued Table 4)
Philips
2010
Sinha*’ 15T 5000/46 240 128 %128 - 5 6 500
2011 GE
Sinha'® 3.0T 6400/48 240 128 %128 6 5 13 500
2011 GE
TR, repetition time; TE, echo time; FOV, field of view (FOV); NEX, number of
excitation.

a low TE can ensure sufficient SNR for DTI measurements.
When muscle DTI data are acquired at SNR<60, there are
b-value-dependent errors in estimating the tensor and its
derived indices and the estimated principal eigenvector dif-
fers from the true direction (41). The optimum “b” values
in terms of minimizing variance in DT| are 435~725 s/mm?
(30). A lower b-value (compared to the routinely used 1000
s/mm? in brain DTI) is chosen for muscle imaging for one
focus of the sequence design is to minimize TE to maximize
SNR of the low T2 muscle. Future in-depth investigations
are required to concentrate in the set of these technique
parameters in order to get the optimal DTl imaging.

Conclusions and perspectives

In summary, DTI technique has a great potential to char-
acterize physiological properties, tissue microstructure and
architectural organization of skeletal muscle. Here, we re-
viewed several DTI studies in skeletal muscle and summa-
rized the main applications in clinics. Using DTI technique,
several diffusion values of skeletal muscle can be directly
obtained, and these values have a great association with
the muscle physiology and pathology. Furthermore, it is
possible to non-invasively study the three-dimensional ar-
chitecture of skeletal muscle by making fiber tracking. In
particular, DT is able to analyze muscle biomechanics in
vivo compared with the traditional MRI imaging. To date,
DTI has been utilized to analyze the differences in diffu-
sion properties between non-injured and injured muscles,
fatigued muscles, or muscle of young and old subjects,
ischemia of skeletal muscle. Collectively, it is reasonable to
believe that DTI has a great potential to study physiological
properties and tissue microstructure, and our investigations
may arouse in-depth studies on the clinical application of
DTI in skeletal muscle in future.

References
1. Kawakami Y, Muraoka Y, Kubo K, Suzuki Y, Fukunaga T.

Changes in muscle size and architecture following 20 days
of bed rest. J Gravit Physiol 2000;7:53-59.

Muscles, ligaments and Tendons Journal 2012; 2 (1): 19-24

2.

10.

11.

12.

13.

14.

Lieber RL, Friden J. Functional and clinical significance of
skeletal muscle architecture. Muscle Nerve 2000;23:1647-
1666.

. Finni T, Hodgson JA, Lai AM, Edgerton VR, Sinha S. Non-

uniform strain of human soleus aponeurosis-tendon com-
plex during submaximal voluntary contractions in vivo. J
Appl Physiol 2003; 95: 829-837.

. Brainerd EL, Azizi E. Muscle fiber angle, segment bulging

and architectural gear ratio in segmented musculature. J
Exp Biol 2005;208:3249-3261.

.Kinugasa R, Shin D, Yamauchi J, et al. Phase-contrast

MRI reveals mechanical behavior of superficial and deep
aponeuroses in human medial gastrocnemius during iso-
metric contraction. J Appl Physiol 2008;105:1312-1320.

. Chi SW, Hodgson J, Chen JS, et al. Finite element model-

ing reveals complex strain mechanics in the aponeuroses
of contracting skeletal muscle. J Biomech 2010; 43:1243-
1250.

. Ward SR, Eng CM, Smallwood LH, Lieber RL. Are current

measurements of lower extremity muscle architecture ac-
curate? Clin Orthop Relat Res 2009; 467:1074-1082.

. Galban CJ, Maderwald S, Uffmann K, Ladd ME. A diffusion

tensor imaging analysis of gender differences in water dif-
fusivity within human skeletal muscle. NMR Biomed 2005;
18: 489-498.

. Agur AM, Ng-Thow-Hing V, Ball KA, Fiume E, McKee NH.

Documentation and three-dimensional modelling of human
soleus muscle architecture. Clin Anat 2003;16:285-293.
Lee HD, Finni T, Hodgson JA, Lai AM, Edgerton VR, Sinha
S. Soleus aponeurosis strain distribution following chronic
unloading in humans: an in vivo MR phase-contrast study.
J Appl Physiol 2006; 100: 2004-2011.

Shin D, Finni T, Ahn S, et al. Effect of chronic unloading
and rehabilitation on human Achilles tendon properties: a
velocity-encoded phase-contrast MRI study. J Appl Physiol
2008; 105: 1179-1186.

Zhong X, Epstein FH, Spottiswoode BS, Helm PA, Blemker
SS. Imaging two-dimensional displacements and strains in
skeletal muscle during joint motion by cine DENSE MR. J
Biomech 2008; 41: 532-540.

Neil JJ. Diffusion imaging concepts for clinicians. J Magn
Reson Imaging 2008; 27:1-7.

Le Bihan D, Mangin JF, Poupon C, et al. Diffusion tensor

23



X. Longwei

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

24

imaging: concepts and applications. J Magn Reson Imag-
ing 2001; 13: 534-546.

Le Bihan D MJ, Poupon C, Clark CA, Pappata S, Molko
N, Chabriat H. Diffusion tensor imaging: concepts and ap-
plications. J Magn Reson Imaging 2001; 13:534-546.
Sinha U, Sinha S, Hodgson JA, Edgerton RV. Human
soleus muscle architecture at different ankle joint angles
from magnetic resonance diffusion tensor imaging. J Appl
Physiol 2011; 110:807-819.

Galban CJ, Maderwald S, Uffmann K, de Greiff A, Ladd
ME. Diffusive sensitivity to muscle architecture: a magnet-
ic resonance diffusion tensor imaging study of the human
calf. Eur J Appl Physiol 2004;93:253-262.

Damon BM, Ding Z, Anderson AW, Freyer AS, Gore JC.
Validation of diffusion tensor MRI-based muscle fiber
tracking. Magn Reson Med 2002; 48: 97-104.

Heemskerk AM, Strijkers GJ, Vilanova A, Drost MR, Nico-
lay K. Determination of mouse skeletal muscle architecture
using three-dimensional diffusion tensor imaging. Magn
Reson Med 2005; 53: 1333-1340.

Sinha S, Sinha U, Edgerton VR. In vivo diffusion tensor
imaging of the human calf muscle. J Magn Reson Imaging
2006; 24: 182-190.

Lansdown DA, Ding Z, Wadington M, Hornberger JL, Da-
mon BM. Quantitative diffusion tensor MRI-based fiber
tracking of human skeletal muscle. J Appl Physiol 2007;
103: 673-681.

Budzik JF, Le Thuc V, Demondion X, Morel M, Chechin D,
Cotten A. In vivo MR tractography of thigh muscles using
diffusion imaging: initial results. Eur Radiol 2007; 17: 3079-
3085.

Heemskerk AM, Drost MR, van Bochove GS, van Ooster-
hout MF, Nicolay K, Strijkers GJ. DTl-based assessment
of ischemia-reperfusion in mouse skeletal muscle. Magn
Reson Med 2006; 56:272-281.

Heemskerk AM, Strijkers GJ, Drost MR, van Bochove GS,
Nicolay K. Skeletal muscle degeneration and regeneration
after femoral artery ligation in mice: monitoring with diffu-
sion MR imaging. Radiology 2007; 243:413-421.
Zaraiskaya T, Kumbhare D, Noseworthy MD. Diffusion ten-
sor imaging in evaluation of human skeletal muscle injury.
J Magn Reson Imaging 2006; 24:402-408.

Fan RH, Does MD. Compartmental relaxation and diffu-
sion tensor imaging measurements in vivo in lambda-
carrageenan-induced edema in rat skeletal muscle. NMR
Biomed 2008; 21:566-573.

Zeng H, Zheng JH, Zhang JE, et al. Grading of rabbit skel-
etal muscle trauma by diffusion tensor imaging and trac-
tography on magnetic resonance imaging. Chin Med Sci J
2006; 21:276-280.

Saotome T, Sekino M, Eto F, Ueno S. Evaluation of dif-
fusional anisotropy and microscopic structure in skeletal

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

muscles using magnetic resonance. Magn Reson Imaging
2006; 24:19-25.

Galban CJ, Maderwald S, Stock F, Ladd ME. Age-related
changes in skeletal muscle as detected by diffusion tensor
magnetic resonance imaging. J Gerontol A Biol Sci Med
Sci 2007; 62:453-458.

Damon BM. Effects of image noise in muscle diffusion ten-
sor (DT)-MRI assessed using numerical simulations. Magn
Reson Med 2008; 60:934-944.

Kan JH, Heemskerk AM, Ding Z, et al. DTI-based muscle
fiber tracking of the quadriceps mechanism in lateral patel-
lar dislocation. J Magn Reson Imaging 2009; 29:663-670.
Heemskerk AM, Sinha TK, Wilson KJ, Ding Z, Damon BM.
Repeatability of DTI-based skeletal muscle fiber tracking.
NMR Biomed 2010; 23:294-303.

Heemskerk AM, Sinha TK, Wilson KJ, Ding Z, Damon BM.
Quantitative assessment of DTI-based muscle fiber track-
ing and optimal tracking parameters. Magn Reson Med
2009; 61:467-472.

Okamoto Y, Kunimatsu A, Kono T, Nasu K, Sonobe J, Min-
ami M. Changes in MR diffusion properties during active
muscle contraction in the calf. Magn Reson Med Sci 2010;
9:1-8.

Hatakenaka M, Matsuo Y, Setoguchi T, et al. Alteration of
proton diffusivity associated with passive muscle extension
and contraction. J Magn Reson Imaging 2008; 27:932-937.
Deux JF, Malzy P, Paragios N, et al. Assessment of calf
muscle contraction by diffusion tensor imaging. Eur Radiol
2008; 18:2303-2310.

Hatakenaka M, Yabuuchi H, Matsuo Y, et al. Effect of pas-
sive muscle length change on apparent diffusion coeffi-
cient: detection with clinical MR imaging. Magn Reson Med
Sci 2008; 7:59-63.

Schwenzer NF, Steidle G, Martirosian P, et al. Diffusion
tensor imaging of the human calf muscle: distinct changes
in fractional anisotropy and mean diffusion due to passive
muscle shortening and stretching. NMR Biomed 2009;
22:1047-1053.

McMillan AB, Shi D, Pratt SJ, Lovering RM. Diffusion ten-
sor MRI to assess damage in healthy and dystrophic skel-
etal muscle after lengthening contractions. J Biomed Bio-
technol 2011; 2011:970726.

Sinha S, Sinha U. Reproducibility analysis of diffusion ten-
sor indices and fiber architecture of human calf muscles in
vivo at 1.5 Tesla in neutral and plantarflexed ankle posi-
tions at rest. J Magn Reson Imaging 2011; 34:107-119.
Farrell JA, Landman BA, Jones CK, et al. Effects of signal-
to-noise ratio on the accuracy and reproducibility of diffu-
sion tensor imaging-derived fractional anisotropy, mean
diffusivity, and principal eigenvector measurements at 1.5
T. J Magn Reson Imaging 2007; 26:756-767.

Muscles, ligaments and Tendons Journal 2012; 2 (1): 19-24



