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Purpose:

Materials and
Methods:

Results:

Conclusion:

To demonstrate the reproducibility of the diffusion properties
and three-dimensional structural organization measurements of
the lower leg muscles by using diffusion-tensor imaging (DTI)
assessed with ultra-high-field-strength (7.0-T) magnetic reso-
nance (MR) imaging and tractography of skeletal muscle fibers.
On the basis of robust statistical mapping analyses, this study
also aimed at determining the sensitivity of the measurements
to sex difference and intramuscular variability.

All examinations were performed with ethical review board ap-
proval; written informed consent was obtained from all volunteers.
Reproducibility of diffusion tensor indexes assessment including
eigenvalues, mean diffusivity, and fractional anisotropy (FA) as well
as muscle volume and architecture (ie, fiber length and pennation
angle) were characterized in lower leg muscles (n = 8). Intramus-
cular variability and sex differences were characterized in young
healthy men and women (n = 10 in each group). Student t test,
statistical parametric mapping, correlation coefficients (Spearman
rho and Pearson product-moment) and coefficient of variation
(CV) were used for statistical data analysis.

High reproducibility of measurements (mean CV * standard
deviation, 4.6% = 3.8) was determined in diffusion properties
and architectural parameters. Significant sex differences were
detected in FA (4.2% in women for the entire lower leg; P =
.001) and muscle volume (21.7% in men for the entire lower
leg; P = .008), whereas architecture parameters were almost
identical across sex. Additional differences were found inde-
pendently of sex in diffusion properties and architecture along
several muscles of the lower leg.

The high-spatial-resolution DTI assessed with 7.0-T-MR imag-
ing allows a reproducible assessment of structural organization
of superficial and deep muscles, giving indirect information on
muscle function.

©RSNA, 2018

Online supplemental material is available for this article.
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euromuscular disorders induce

skeletal muscle function impair-

ments (1) related to changes in
both muscle volume and structural ar-
rangement of the fascicles and fibers
within the muscle, leading to the reduc-
tion of skeletal muscle force production
(2). The physiologic cross-sectional
area (PCSA) is recognized as the most
relevant index to estimate the maxi-
mal muscle force production capacity
(3), but its determination is technically
challenging given that information from
both muscle volume and architecture
are required (4).

Although muscle volume can be ac-
curately measured by using magnetic
resonance (MR) imaging (3), muscle
architecture parameters (ie, fascicle
length and pennation angle) are usually
assessed in only two dimensions over
a restricted area for relatively superfi-
cial skeletal muscles by using B-mode
ultrasonography (US) (5). Over the last
decade, MR diffusion-tensor imaging
(DTI) has been used to characterize
muscle architecture in three dimen-
sions and with large volume coverage
(6). The diffusion tensor indexes in-
cluding the principle (\,), second (A,),
and third eigenvalues (\,) are used to
calculate fractional anisotropy (FA) and
mean diffusivity (MD), providing infor-
mation on muscle diffusion properties
and tissue integrity. For instance, al-
tered muscle diffusion properties have
been reported as a result of exercise-in-
duced muscle damage (7) and because
of neuromuscular diseases (8).

In addition to FA and MD mea-
surements, DTI has been used to track
muscle fibers and to assess fiber archi-
tecture parameters such as fiber length
(L;) and pennation angle in three di-
mensions (9,10). Studies have been
conducted in several muscle groups
such as plantar flexors (9), tibialis an-
terior (10), and quadriceps femoris
muscles (11) but the reproducibility of
the corresponding measurements have
been scarcely assessed (12,13) and for
this limited number of studies, relatively
high coefficients of variation (CVs) have
been reported (12). It has been sug-
gested that the reproducibility of trac-
tography results could be improved as

far as a higher signal-to-noise ratio can
be achieved (14); thus, ultra-high-field-
strength MR imaging can be considered
as a relevant alternative for reproduc-
ible diffusion properties and three-di-
mensional characterization of skeletal
muscle architecture.

The aim of our study was to dem-
onstrate the reproducibility of diffusion
properties and three-dimensional struc-
tural organization measurements of the
lower leg muscles by using DTT assessed
with ultra-high-field-strength  (7.0-T)
MR imaging and tractography of skele-
tal muscle fibers. On the basis of robust
statistical mapping analyses, we also
aimed at determining the sensitivity
of our measurements to sex difference
and intramuscular variability.

Materials and Methods

Participants

The reproducibility study was per-
formed with eight young healthy par-
ticipants: four men (mean age =
standard deviation, 21 years = 2 [age
range, 19-23 years|; mean height, 178
cm £ 5 [height range, 175-185 cm];
mean weight, 67 kg = 7 [weight range,
57-73 kg]) and four women (mean age,
22 years * 2 [age range, 20-24 years|;
mean height, 164 cm = 6 [height range,
156-171 cm]; mean weight, 62 kg = 11
[weight range, 48-73 kg|) underwent
two MR imaging sessions. Then, sen-
sitivity of our measurements to sex
difference and intramuscular variabil-
ity was assessed in 20 additional par-
ticipants: 10 men (mean age, 22 years
+ 3 |age range, 18-28 years|; mean
height, 174 ¢cm = 5 [height range,

Implication for Patient Care

B Assessment at once and on a
large spatial coverage of all the
lower leg muscle volume, diffu-
sion properties, and three-
dimensional architecture with
7.0-T MR imaging provides re-
producible parameters that might
help in diagnosis of muscle tissue
alterations leading to muscle
function impairments.

165-182 cm]; mean weight, 66 kg =
7 |weight range, 55-76 kg|) and 10
women (mean age, 23 years = 3 [age
range, 19-29 years|; mean height, 165
cm £ 8 [height range, 153-174 cm];
mean weight, 57 kg = 7 [weight range,
45-70 kg|) underwent a single MR
imaging session. Participants with no
contraindication to MR imaging (eg,
pacemaker, all metallic objects such
as implants, claustrophobia), with no
affection after interrogation, and with
no known musculoskeletal, articular,
or cardiovascular dysfunction or ab-
normalities were included in the study.
People staying in a sanitary or social
establishment, people in an emer-
gency situation, and pregnant women
were excluded from our study. No data
have been withdrawn from our study.
All 28 participants were recruited be-
tween November 2015 and February
2016. Participants were between ages
18 and 30 years and were recreation-
ally active (men, 1.4 hours per week

hitps://doi.org/10.1148/radiol.2017171330
Content code: @
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Abbreviations:

ACLL = anterior compartment of lower leg

CV = coefficient of variation

D, = muscle fiber tract density

DPCLL = deep posterior compartment of lower leg
DTI = diffusion-tensor imaging

FA = fractional anisotropy

LCLL = lateral compartment of lower leg

L, = fiber length

MD = mean diffusivity

PCSA = physiologic cross-sectional area

SO0,,, = deep part of soleus

S0,,, = superficial part of soleus

SPCLL = superficial posterior compartment of lower leg
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Figure 1:
weighted dataset of one male participant. Four compartments of lower leg were delineated on T, -weighted images including
superficial posterior compartment of lower leg (SPCLL) composed of gastrocnemius lateralis (GL), gastrocnemius medialis (GM),
deep part of soleus (SOdeep), and superficial part of soleus (SOSUD); deep posterior compartment of lower leg (DPCLL) composed
of flexor hallucis longus (FHL), flexor digitorum longus (FDL), tibialis posterior (TP), and popliteus (POP); muscles of anterior
compartment of lower leg (ACLL) and lateral compartment of lower leg (LCLL) (ACLL includes extensor digitorum longus, exten-
sor hallucis longus, tibialis anterior, and fibularis tertius; LCLL includes fibularis longus and fibularis brevis).

+ 1.1; women, 1.2 hours per week =*
1.1) but none of them were engaged
in any training or exercise programs.
Participants were instructed to avoid
any intense or unaccustomed physical
activities, to keep their dietary habits,
and to avoid smoking and consuming
caffeine, medicine, and alcohol dur-
ing the week before the experiment.
The number of participants to be as-
sessed regarding sex differences (n
= 10 in each group) was determined

on the basis of a statistical power cal-
culation (a = .05 and 1-B = .8) and
previous studies (15,16) to detect a
significant sex difference of 10% in the
mean FA of the gastrocnemius latera-
lis muscle and 8.5% in the pennation
angle of the superficial part of the so-
(80O,,,). Our prospective
study was approved by the local human
research ethics committee Sud Medi-
terranée 1 (2015-A00121-48), and

was conducted in compliance with the

leus muscle

Image shows typical manual delineation of lower leg muscles performed on three different axial sections of T, -

Declaration of Helsinki. Our study was
referenced on https://clinicaltrials.gov
(NCT02402751). Volunteers were fully
informed about the nature and the aim
of the study and gave their written in-
formed consent to participate. D.B.
and M.G. had control of the data. T.F.
is employed by Siemens Healthcare and
holds patents related to the improve-
ment of image quality and acquisition
speed of MR diffusion imaging. None
of them has an exclusive connection to
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Figure 2:  Maps show X, A, A, mean diffusivity (MD), and fractional anisotropy (FA) as well as architecture parameters (fiber length [L ], pennation angle [6], and
muscle fiber tract density [D]) related to muscle fibers tractography result represented in three dimensions.

muscle diffusion imaging or the evalua-
tion of corresponding data. No patent
is directly linked to the article.

For both reproducibility and sensi-
tivity tests, muscle diffusion properties
and three-dimensional architecture pa-
rameters were assessed. Measurements
were performed in the proximal part of
the right lower leg for the reproducibil-
ity study and in the whole muscles for
the sensitivity assessment.

Data Acquisition

Participants were positioned supine in a
7.0-T whole-body research imager (Sie-
mens Healthcare, Erlangen, Germany).
A 28-channel proton knee coil was used
for imaging of the right lower leg mus-
cles. While the leg was fully extended,

the foot was maintained in a fixed po-
sition at 15°-20° in plantar flexion (0°
is neutral position with foot perpen-
dicular to the tibia) to ensure that no
passive tension occurred in lower leg
muscles. Localized B, shimming was
performed with second-order shims
by using the vendor’s product interac-
tive shim program. Volume of lower leg
muscles was determined from high-spa-
tial-resolution T, -weighted images. Ax-
ial multidirectional diffusion-weighted
images were acquired with a standard
“monopolar” Stejskal-Tanner diffusion
encoding scheme-that is, a single spin-
echo refocusing (17). Standard chemi-
cally selective fat suppression was used
and a prototype sequence providing a
gradient-reversal technique was added

to improve the saturation efficiency
(18). Data were acquired from two
stacks (ie, proximal and distal parts)
in two opposite phase-encoding polar-
ities to correct for distortions (19). The
total imaging time was 48 minutes 44
seconds. MR imaging sequence param-
eters are reported in Table E1 (online).

Data Analysis

Muscle  segmentation.—Regions  of
interest were manually drawn on T, -
weighted images by an experienced re-
searcher (A.F., with 8 years of experi-
ence in muscle anatomy and geometry
assessment) by using FSLView version
3.2.0 (FSL, FMRIB Software Library,
Oxford, UK) as displayed in Figure 1
. Muscle areas were segmented every

radiology.rsna.org = Radiology: \/olume 000: Number O—ll Il Il 2018
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Warped masks

Flowchart of preprocessing steps required to spatially normalize T, -weighted images with initial intersubject affine coregistration and additional nonlinear

coregistration performed on segmentations masks (Step 1 and 2). Quality of coregistrations was assessed by using Dice similarity coefficients. Registration fields
were then applied to diffusion tensor imaging (DTl)-derived maps (Step 3). D, = muscle fiber tract density, FA = fractional anisotropy, L, = fiber length, MD = mean

diffusivity, 6 = pennation angle.

five slices and missing slices were auto-
matically interpolated (20) (for details,
see Appendix E1 [online]). Muscle vol-
ume was calculated by summing the
volume of each muscle in all the slices.
Nonmuscle volume (eg, blood vessels,
intramuscular fat) was excluded from
analysis.

Correction of diffusion-weighted
images.—The pipeline of data process-
ing is displayed in Figure E1 (online).
Each diffusion-weighted dataset was
denoised by using BM4D algorithm
(21). Geometric and signal distortions
associated to echo planar imaging were
estimated on b = 0 sec/mm? images
with the topup function from FSL soft-
ware, and modifications were applied
to correct images from these distor-
tions and Eddy currents by using FSL

eddy function. Intensity of nondistorted
diffusion- and T -weighted images were
corrected from B, homogeneities by us-
ing N4ITK algorithm from ANTs library
(22). Finally, each T -weighted image
was registered with the correspond-
ing image obtained for b = 0 sec/mm?
by using three-dimensional rigid body
transformation, subsequently applied
to muscle segmentation masks.

Muscle diffusion properties and
tractography parametrization.—Diffu-
sion tensors were fitted at each voxel
to calculate FA and MD maps with the
MRtrix software package (version 3;
Brain Research Institute, Melbourne,
Australia; http://www.mrtrix.org).
Distribution of DTIl-derived param-
eters (ie, eigenvalues, MD, and FA)
and potential changes along muscle

were assessed. Muscle fiber tracking
was done by using the binarized seg-
mentation mask of the whole lower leg
muscles with the MRtrix software pack-
age. Tracking parameters were adapted
from previously reported criteria (10)
applied to initiate or stop muscle fiber
tractography. The algorithm generated
2000000 fiber tracts with length rang-
ing from 5 mm to 200 mm. All voxels
in the binarized segmentation mask
were used as seeds, and the tracking
procedure was stopped if a fiber tract
reached a voxel outside the mask of
each muscle or if a stopping criterion
was met (see Appendix E1 [online]).
Three-dimensional muscle architec-
ture and fiber tract density mapping.—
From muscle fiber tractography (Fig 2),
muscle L, and pennation angle were

Radiology: \/olume 000: Number O—ll Il B 2018 = radiology.rsna.org
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Table 1

Reproducibility of Diffusion Tensor Indexes and Muscle Architecture Parameters

Standard Error of  Coefficient of

Muscle and Parameter Test No. 1 Test No. 2 Measurement Variation (%)
Gastrocnemius lateralis
Volume (cmd) 66 = 26 63 = 22 4 5.6
FA 0.225 = 0.011 0.225 = 0.017 0.01 5.1
MD (X 10~ mm?%sec) 1.597 + 0.058 1.595 + 0.028 0.04 25
L. (mm) 55 =10 54 +7 3 5.6
6 (degrees) 25+4 24+5 3 13.8
Gastrocnemius medialis
Volume (cm?) 132 =29 128 =29 3 33
FA 0.219 = 0.014 0.211 = 0.011 0.01 4.1
MD (X 10~% mm?/sec) 1.565 + 0.034 1.549 + 0.041 0.03 1.5
L. (mm) 54 £ 5 51 =6 3 55
6 (degrees) 344 34+2 3 8.9
Soleus
Superficial
Volume (cmd) 204 + 35 200 = 32 4 2.0
FA 0.212 = 0.017 0.208 = 0.016 0.01 2.7
MD (X 10-®mm?%sec)  1.571 + 0.053 1.574 + 0.032 0.03 1.8
L, (mm) 38+5 39+4 1 2.8
0 (degrees) 43+ 3 42 + 4 2 55
Deep
Volume (cm®) 50 =19 48 + 18 2 45
FA 0.218 = 0.014 0.219 = 0.012 0.01 4.6
MD (X 10-3mm?/sec)  1.607 = 0.044 1.587 = 0.043 0.01 0.8
L, (mm) 41+9 40=+9 2 35
6 (degrees) 29+6 286 2 6.6
Superficial posterior
compartment of lower leg
Volume (cmd) 453 = 75 439 + 73 7 1.8
FA 0.271 = 0.020 0.268 += 0.016 0.01 38
MD (X 10~ mm?/sec) 1.642 + 0.041 1.629 + 0.028 0.04 2.2
L, (mm) 47 =3 46 + 3 1 1.9
6 (degrees) 33+2 32+3 1 5.1
Flexor hallucis longus
Volume (cmd) 3+4 3+4 0.3 17.1
FA 0.297 = 0.042 0.288 = 0.043 0.04 16.4
MD (X 10~% mm?/sec) 1.735 = 0.068 1.727 £ 0.135 0.12 7.4
L, (mm) 18+6 18+6 1 6.5
6 (degrees) 25+8 22=+3 3 221
Flexor digitorum longus
Volume (cmd) 7+3 7+2 0.3 5.2
FA 0.264 = 0.019 0.260 * 0.012 0.01 5.0
MD (X 10~ mm?/sec) 1.600 =+ 0.056 1.582 + 0.065 0.04 24
L, (mm) 25+3 26+3 2 9.5
6 (degrees) 215 19=3 3 9.6
Tibialis posterior
Volume (cmd) 47 =13 46 + 12 1 2.7
FA 0.260 = 0.014 0.257 = 0.014 0.01 1.0
MD (X 103 mm?/sec) 1.667 + 0.032 1.652 + 0.042 0.02 1.0
L, (mm) 48 =9 47 =7 3 8.1
6 (degrees) 24 +3 24 +3 2 7.6

Table 1 (continues)

characterized. Pennation angle was de-
termined as the angle between the prin-
cipal axis of the muscle (determined
from a principal component analysis on
the three-dimensional coordinates of
each muscle segmentation mask) and
the global direction of each fiber tracked
within the muscle (determined as the
direction between the first and the last
fiber tract points within the muscle). L,
and pennation angle were averaged over
all fiber tracts within each voxel (23).
Histograms representing the number
of voxels with respect to L, (range,
5-200 mm) and pennation angle (range,
0°-90°) were also determined for each
muscle of the lower leg.

As previously described (4), the
PCSA was calculated by using the
following equation:

PCSA = @ X cosO

¥ )

where V, is the muscle volume and 0 is
the pennation angle. Muscle fiber tract
density (D,) was mapped in each muscle
and compartment of the lower leg (23).

Sex difference and intramuscular
variability.—Additional analyses were
performed by using three-dimensional
spatial normalization and statistical
parametric mapping to assess and local-
ize sex difference in maps of FA, MD,
L;, pennation angle, and D, for men and
women on the basis of an original meth-
odology (Fig 3) as previously described
(24). Dice similarity coefficients were
used to estimate the quality of image
coregistration (see Appendix E1 [on-
line|). On the basis of coregistrated im-
ages of the lower leg muscles associated
to three-dimensional spatial normaliza-
tion, each muscle volume was divided
in three equal parts (ie, distal, central,
and proximal) to discriminate poten-
tial changes in diffusion properties and
architecture parameters along muscle
and across sex. Quantitative data for
reproducibility analysis and sex differ-
ence assessment were extracted before
the intersubject registration of images.
The three-dimensional normalization of
images was performed to localize sex
differences with statistical parametric

radiology.rsna.org = Radiology: \/olume 000: Number O—ll Il Il 2018
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Table 1 (continued)

Standard Error of  Coefficient of

Muscle and Parameter Test No. 1 Test No. 2 Measurement Variation (%)
Popliteus
Volume (cmd) 9+3 8+3 1 8.4
FA 0.263 = 0.027 0.267 = 0.039 0.01 4.6
MD (X 10~2 mm?/sec) 1.567 + 0.074 1.555 =+ 0.059 0.06 4.0
L, (mm) 19+2 19+2 1 3.2
6 (degrees) 39+7 38+6 4 12.8
Deep posterior compartment of
lower leg
Volume (cmd) 66 + 19 63 + 18 2 2.9
FA 0.219 = 0.009 0.216 = 0.010 0.05 24
MD (X 10~% mm?/sec) 1.585 = 0.031 1.576 + 0.022 0.02 1.0
L, (mm) 26+ 4 26+5 1 4.4
0 (degrees) 25+ 4 24 + 4 1 3.7
Lateral compartment of lower
leg
Volume (cmd) 61+ 16 60 =15 1 29
FA 0.278 + 0.023 0.271 = 0.018 0.01 39
MD (X 10~3 mm%sec) 1.707 + 0.054 1.705 + 0.074 0.05 1.6
L, (mm) 53=*5 52+9 4 9.4
0 (degrees) 304 29+4 4 14.2
Anterior compartment of lower
leg
Volume (cmd) 116 = 36 114 =33 3 3.2
FA 0.279 = 0.019 0.271 = 0.015 0.01 35
MD (X 10~% mm%sec) 1.648 + 0.046 1.657 + 0.070 0.04 2.9
L, (mm) 81 +8 82 +8 S 4.4
6 (degrees) 19=+3 17 =3 1 8.4

Note.—Unless otherwise noted, data are means =+ standard deviation. FA is unitless. FA = fractional anisotropy, L. = fiber length,

MD = mean diffusivity, 6 = pennation angle.

mapping analysis and to assess intra-
muscular variabilities.

Maximal Voluntary Isometric Contraction
Torque

Muscle force was calculated from the
external torque measured during an
isometric plantar flexion and the mus-
cle moment arm length in men and
women (see Appendix E1 [online]).

Statistics

The distribution of data was checked by
using the Shapiro-Wilk tests (Table E2
[online]) and parametric statistical tests
were performed by using Statistica soft-
ware (version 10; Statsoft, Tulsa, OK).
For the reproducibility measurements,
CV and standard error of measurement
were quantified. Reproducibility was con-
sidered as good for CV less than 10%
on the basis of a previous report (25).

Sex differences were assessed by using
Student ¢ test and statistical parametric
mapping analysis, whereas correlations
between muscle force and geomet-
ric parameters were assessed by using
Pearson product-moment correlation
(r) and Spearman rank correlation (p)
coefficients (see Appendix E1 [online]).
Intramuscular variabilities were assessed
with a two-way analysis of variance (parts
|distal, central, proximal] and sex [male
or female| factors) and a Tukey honest
significant difference post hoc analysis
was performed when appropriate. The
level of significance was set at P < .05.

Reproducibility
Considering the low CVs and stan-
dard error of measurements, a high

reproducibility of the diffusion prop-
erties and architectural parameters
(mean CV, 3.2% = 2.6 [range, 0.8%-
16.4%] and mean CV, 8.4% = 4.6
[range, 2.8%-22.1%], respectively)
was found in lower leg muscles (Table
1). The reproducibility of D, was good
with a mean CV of 3.0% considering
all muscles of the lower leg (superficial
posterior compartment of the lower leg
[SPCLL], 3.7%; deep posterior com-
partment of the lower leg [DPCLL],
12.1%; lateral compartment of the
lower leg [LCLL], 12.2%; and anterior
compartment of the lower leg [ACLL],
8.6%). The reproducibility of PCSA cal-
culations was also good considering all
muscles of the lower leg with a mean
CV of 5.2% = 2.0 (range, 2.5%-8.9%)
and a low standard error of measure-
ment (mean, 0.5 cm? = 0.4 [range,

0.13-1.39 ecm?|).

Sex Difference and Intramuscular
Variability

Considering the whole set of muscles
from the lower leg, FA was 4.2% higher
for women compared with men (P =
.001; Table 2). As shown in Figure 4,
a rightward shift in the relationships
between the relative muscle volume and
the voxel FA value was observed in most
of the lower leg muscles for women
compared with men. In contrast, the
distribution of MD, X\, A, and \, values
relative to muscle volume was similar in
young healthy men and women (Fig 4,
Fig E2 |online]).

The distribution of L, and pennation
angle reported in Figure 5 illustrates a
slight sex difference in muscle architec-
ture for the lower leg of healthy men
and women. Significant sex differences
were only found in L of all DPCLL mus-
cles (ie, LF for men > LF for women for
flexor hallucis longus, flexor digitorum
longus, tibialis posterior, and popliteus)
and pennation angle of flexor digito-
rum longus (Table 3). A significantly
higher D value was found for women
compared with men (Table 3) in SPCLL
(15.6%; P = .011), LCLL (19.4%; P =
.036), and ACLL (16.0%; P = .003).

In contrast, a significantly higher
whole lower leg muscle volume (21.7%)
was characterized for men compared

Radiology: \/olume 000: Number O—ll Il B 2018 = radiology.rsna.org
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Table 2

Diffusion Properties Parameters Assessed from DTI in Each Muscle of the Lower Leg for Men and Women

Women

Men

MD

FA

MD

FA

Muscle

1.256 =+ 0.046
1.239 = 0.057

1.554 +0.038 1.933 =0.062 1.460 = 0.038 1.268 = 0.032 0.243 = 0.017* 1.581 = 0.054 2.005 + 0.054* 1.483 = 0.075
1.897 + 0.054 1.551 = 0.051 1.938 = 0.066 1.476 = 0.048

1.530 = 0.035

0.221 = 0.015

Gastrocnemius lateralis

1.447 =0.038 1.244 +0.032 0.222 = 0.012

0.216 = 0.014

Gastrocnemius medialis

Soleus

1.506 = 0.044 1.274 = 0.041

1.531 = 0.056

1.916 = 0.038

1.976 = 0.089
1.950 = 0.041

1.565 = 0.037
1.601 = 0.057
1.574 + 0.037

0.206 + 0.012

1.471 = 0.034 1.263 = 0.031

1.886 = 0.051

1.540 = 0.035
1.597 = 0.043
1.555 = 0.031

0.205 = 0.011
0.210 = 0.009
0.212 = 0.008

Superficial

Deep
Superficial posterior

1.296 = 0.051

1.530 = 0.040 1.301 =0.030 0.216 + 0.012
1.479 = 0.031

1.960 = 0.066
1.915 = 0.043

1.502 = 0.044 1.269 *+ 0.034

1.269 = 0.024 0.218 = 0.008

compartment of lower leg

Flexor hallucis longus

1.257 = 0.041
1.097 += 0.239

1.192 = 0.064
1.118 = 0.069

1.170 = 0.077

1.566 = 0.033
1.437 = 0.269
1.486 =+ 0.056
1.486 + 0.095
1.489 = 0.093

2.111 = 0.052
1.993 + 0.295

1.645 = 0.036
1.509 + 0.266

1.562 = 0.065 1.269 = 0.045 0.258 = 0.014*

1.637 = 0.062 2.080 = 0.082

1.489 + 0.170
1.451 = 0.191

0.245 = 0.008
0.264 = 0.015
0.268 = 0.019
0.268 = 0.023
0.262 = 0.012

1.432 £0.170 1.117 £0.156 0.279 = 0.016*

1.361 £ 0.194
1.473 £ 0.073
1.440 = 0.123

1.919 = 0.190
1.900 = 0.187
1.974 = 0.085
1.955 += 0.126

Flexor digitorum longus
Tibialis posterior

Popliteus

2.096 = 0.069*
2.021 = 0.099
2.061 = 0.107

1.591 + 0.052*

1.534 = 0.065
1.573 = 0.090

1.092 = 0.195 0.277 = 0.017
1.154 = 0.066 0.294 = 0.019*
1.146 = 0.118 0.275 = 0.010*

1.534 = 0.065
1.513 = 0.121

Deep posterior compartment

of lower leg
Lateral compartment of

1.218 = 0.065

1.613 = 0.084

2174 = 0107

1.632 = 0.084

1.212 £0.072 0.280 = 0.016*

1.588 = 0.080

1.632 = 0.084 2.095 = 0.106

0.267 = 0.011

lower leg
Anterior compartment of

1.169 = 0.068

1.513 = 0.069

2.079 = 0.104

1.545 = 0.056

1.155 = 0.050 0.283 =+ 0.007*

1.481 = 0.065

1.545 = 0.056 2.000 = 0.060

0.270 = 0.010

lower leg
All muscles

1.589 = 0.057 2.037 = 0.072* 1.514 = 0.055 1.215 = 0.048

0.255 *+ 0.005*

1.480 = 0.056 1.202 = 0.051

1.549 = 0.055 1.964 = 0.061

0.245 *+ 0.006

mean diffusivity.

fractional anisotropy, MD

Note.—Data are means =+ standard deviation. Unless otherwise noted, data are given as < 10~ mm¥sec. FA is unitiess. FA

* Significantly different from men (P < .05).

with women (Table 3). A significant
difference was found considering all
plantar flexor muscles including SPCLL
and DPCLL (20.2% for men compared
with women; P = .025) and the dorsi
flexors muscles included in ACLL (P =
.003; Table 3). Men also exhibited high-
er PCSA for the ACLL (mean PCSA, 21
cm? = 3 vs mean PCSA, 26 cm? = 2; P
=.001), SPCLL, and DPCLL compared
with women (Table 4). The relative
contribution of each muscle in the total
lower leg muscle volume and PCSA is
reported in Table E3 (online).

The Dice similarity coefficients as-
sociated to the coregistration of im-
ages, masks, and quantitative maps
were very high for all the lower leg mus-
cles (0.91 = 0.04 [range, 0.65-0.96]).
Statistical parametric mapping analysis
revealed only few significant local differ-
ences regarding sex (Fig E3 [online]).
Main differences were found for FA in
the proximal part of ACLL, SO, the
distal part of LCLL and for D, in the
gastrocnemius medialis, the proximal
part of ACLL, LCLL, and SOSu .

Box plots displayed additional dif-
ferences independently of sex along
several muscles of the lower leg (Figs
6, 7). For instance, FA was higher in
the proximal part of the gastrocne-
mius medialis and the deep part of
the soleus (SO, ) compared with the
central and distal parts. MD was also
higher in the proximal part for tibialis
posterior, whereas it was higher in
the distal part for LCLL and gastroc-
nemius lateralis (Fig 6). L, was signif-
icantly higher in the central part for
gastrocnemius lateralis, flexor hallucis
longus, and popliteus but lower in the
distal part for gastrocnemius medialis,
SOSUP, flexor hallucis longus, LCLL, and
ACLL. Pennation angle was lower in
proximal part of SO_ . tibialis poste-
rior, and ACLL (Fig 7).

Muscle force production capacity.—
The torque during maximal voluntary
isometric contraction was significantly
greater in men compared with women
(38.8%; P = .001; Table 4). Despite a
smaller muscle moment arm of 6.1%
in women (P = .0035), muscle force
was still greater in men compared with
women (30.6%; P = .001; Table 4).
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Figure 4:  Histograms show fractional anisotropy (FA) and
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force capacity and SPCLL volume (Fig
E4 Jonline]). However, higher corre-
lation coefficients (ie, especially the p

mean diffusivity (MD) of each lower leg muscle (flexor digito-
rum longus [FDL], flexor hallucis longus [FHL], gastrocnemius
lateralis [GL], gastrocnemius medialis [GM], popliteus [POP],
deep part of soleus [SO deep], superficial part of soleus [SOSUD],
tibialis posterior [TP], and muscles included in lateral compo-
nent of lower leg [LCLL] and anterior compartment of lower leg
[ACLL]) for men (blue) and women (red). Rightward shift can
be seen especially for distribution of FA in most of lower leg
muscles in women compared with men.

PCSA of SPCLL muscles (Fig 8).

Radiology: \/olume 000: Number O—ll Il B 2018 = radiology.rsna.org

coefficient) were found (r=0.59; P = .01
and p = 0.56; P = .01) between force and



MUSCULOSKELETAL IMAGING: Diffusion Properties and 3D Architecture of Human Lower Leg Muscles Fouré et al

LF (mm)
Muscle volume (%)

(=T S " -

00
Muscle volume (%)

[=TR S R - ]

L¢ (mm)
Muscle volume (%)

(=T S L

0
Muscle volume (%)

(= S -

Lg (mm)
Muscle volume (%)

o N A O ™

0
Muscle volume (%)

o N OB O o™

10

10

10

-
[=]

=y
o

GL GM SO sup SO deep
10 12 10
8 10 8
6 8 6
6
4 4 4
2 2 2
0 n n
0 40 80 120 160 200 0 40 80 120 160 200 40 80 120 160 200 40 80 120 160 200
10 10 10
8 8 8
6 6 6
4 4 4
: |
] ] 0
0 102030405060 7080 90 0 1020 30 40 50 60 70 80 90 0 1020 30 40 50 60 70 80 90 0 1020 30 40 50 60 70 80 90
FHL FDL TP
10 30
8
6
4
2
0
0 40 80 120 160 200 40 80 120 160 200 40 80 120 160 200 40 80 120 160 200
10 10 10
8 8 8
6 6 6
4 4 4
2 2 2
0 0 0
0 102030405060 708090 0 1020 30 40 50 60 70 80 90 0 1020 30 40 50 60 70 80 90 0 1020 30 40 50 60 70 80 90
LCLL ACLL Figure 5:  Histograms show architecture variables (fiber length
10 (L] and pennation angle [8]) in flexor digitorum longus (FDL),
8 flexor hallucis longus (FHL), gastrocnemius lateralis (GL), gas-
6 trocnemius medialis (GM), popliteus (POP), deep part of soleus
4 (50,4e0): superficial par‘I[ of soleus (SO, ), tibialis posterior (TP),
and muscles included in lateral component of lower leg (LCLL)
2 and anterior component of lower leg (ACLL) for men (blue) and
0 women (red). Distributions of L. and 6 are nearly similar in men
40 80 120 130 200 40 80 120 160 200 and women for major part of lower leg muscles.
10
8
6
4
2
0

0 1020 30 40 50 60 70 80 90

Our study demonstrated that ultra-
high-field-strength MR imaging allows
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a reproducible assessment of diffusion  volume coverage even for deep muscles.
properties and three-dimensional ar-  Only slight sex differences were found
chitecture of lower leg muscles from in muscle tissue FA, L, and pennation
high-spatial-resolution DTI with a large angle of young healthy participants.
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.325
.096

119 = 16

108 + 16

.825
875
547

.047
.001
.001
143

43 + 4+
17 = 2*

73

.009
.001
.001
.025

73 = 20*

97 = 16

15
193 =24

790 = 125

Tibialis posterior

Popliteus

125 =18

125 =18

141 = 29*

Deep posterior compartment of lower leg
Superficial posterior + deep posterior

156 = 17 .077

144 =19

331

657 = 117*

compartment of lower leg
Lateral compartment of lower leg

.036
.003

113 = 15*

139 = 12*

5 + 21

120 =13

167
.257

.021
.003

94 + 14*

175 + 32*

117 = 25
220 = 28

578

Anterior compartment of lower leg

pennation angle.

Note.—Unless otherwise noted, data are means + standard deviation. D, = fiber tract density, L. = fiber length, 6

* Significantly different from men.

However, intramuscular differences in
diffusion properties and architecture
along muscles have been highlighted
independently of sex by using three-di-
mensional spatial normalization of im-
ages and statistical parametric mapping
analysis. Interestingly, maximal muscle
force production of plantar flexor mus-
cles was positively correlated with the
PCSA, suggesting that DTI measure-
ments can be used to noninvasively as-
sess maximum voluntary muscle force
production capacity in vivo.

Reproducibility  of  DTI-derived
variables was generally good for diffu-
sion properties and three-dimensional
muscle architecture variables assessed
in our study compared with what has
been previously reported by using MR
imaging at lower field strength (eg,
12). Although the architecture mea-
surements reported in our study for
the superficial muscles were more var-
iable than those reported by using US
(5,26), this apparent difference might
be related to the fact that DTI allows a
three-dimensional assessment of mus-
cle architecture with larger muscle vol-
ume coverage. This larger muscle cov-
erage allows the assessment of deep
muscles and might also be more repre-
sentative of the whole muscle volume
compared with US measurements.
Overall, the absolute values of L, pen-
nation angle, and PCSA were in accor-
dance with those reported in previous
studies in superficial muscles such as
gastrocnemii (9,27). Data obtained in
deep muscles were also in the range of
values described in cadaver studies de-
spite a small sample size in these latter
studies (eg, 28). It is noteworthy that
the pennation angle was determined
between the fiber tract direction and
the principal axis of the whole mus-
cle in our study, whereas angle be-
tween the directions of the fascicles
and the local muscle aponeurosis are
usually reported (6,9), which can lead
to potential discrepancies with results
of previous studies. Furthermore, D,
appears as a reproducible and nonin-
vasive parameter that can potentially
be used to indirectly assess relative
geometry of muscle fibers and fascicles
(ie, cross-sectional area).
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Table 4

Muscle PCSA and Maximal Voluntary Plantar Flexion Force Capacity Assessed in Men

and Women
Parameter and Muscle Men (n=10) Women (n=10) PValue
PCSA (cm?)
Gastrocnemius lateralis 12=x2 9+ 1* .001
Gastrocnemius medialis 24 = 46 21 £2 .059
Soleus
Superficial 56 + 11 47 7 .059
Deep 15+3 12+3 153
Superficial posterior compartment of lower leg 106 = 18 90 + 11* .022
Deep posterior compartment of lower leg* 40+ 4 32 + 6* .004
All plantar flexor muscles 146 = 19 122 = 14* .004
(superficial posterior + deep posterior
compartments of lower leg)
TQ(N-m) 142 =23 102 + 16* .001
Muscle moment arm length (m) 0.045 = 0.002 0.042 + 0.002* .005
Muscle force (N) 3183 = 511 2437 + 334* .001

Note.—Data are means =+ standard deviation. PCSA = physiologic cross-sectional area, TQ = torque measured during maximal

voluntary contraction.
* Significantly different from men.

T Deep posterior compartment of lower leg includes tibialis posterior, flexor digitorum longus, flexor hallucis longus, and

popliteus.

The external torque and muscle
volume assessed in our study were in
the same range as those reported previ-
ously (3,29). Sex difference was found
regarding both the maximal plantar
flexion torque (38.8% for men) and the
plantar flexor muscle volume (20.2%
for men). One might wonder why the
maximal plantar flexor torque differ-
ence was larger than the muscle volume
difference. This discrepancy can be as-
sociated with a higher muscle moment
arm previously reported in men (29),
differences in mechanical properties
of muscle-tendon tissues conditioning
muscle tension transmission (29,30)
and muscle structural organization
(15,16). By using lower-field MR imag-
ing (ie, 1.5 T), Galban et al previously
determined that men on average had
higher muscle FA than did women (15).
In our study, a higher FA was shown

for the major part of lower leg muscle
including the gastrocnemius lateralis in
women compared with men, but no sig-
nificant sex difference was observed for
the gastrocnemius medialis and the so-
leus. The discrepancies in the results of
the study by Galban et al and our study
can be linked to the experimental meth-
odology (ie, a single-slice analysis in the
study by Galban et al versus a large
three-dimensional volume assessment
in our study). This difference can partly
explain the discrepancies inasmuch as
our study illustrated that FA and/or MD
could vary along the muscle length (as
well as L, and pennation angle). There-
fore, the assessment of muscle diffusion
properties and architecture should be
preferred on a large muscle volume.

In our study, only slight sex differ-
ences were found regarding architec-
ture on whole muscle. On the basis of

US measurements, shorter muscle fas-
cicle length and larger pennation angle
have been reported in men compared
with women (16). These apparent dif-
ferences between results obtained with
US and MR imaging might stem from
the fact that hundreds of thousands of
muscle fiber tracts were analyzed by
using MR tractography in our study,
whereas only tens of muscle fiber
tracts, mainly located in the muscle
belly, are analyzed on US images. The
localization of the measure with US has
a major impact on the analysis consid-
ering, for instance, the complex struc-
tural organization of the soleus (31).

Overall, MR imaging measurements
illustrated a smaller
and a higher FA in women compared
with men, whereas muscle architec-
ture was comparable. The higher mus-
cle FA value in women was related to
concomitant nonsignificant changes in
eigenvalues, leading to higher longitudi-
nal diffusivity in women. On that basis,
one might consider muscle fiber density
as an accounting factor of the signifi-
cant sex differences in D, inasmuch as
fiber cross-sectional area was found to
be lower in women compared with men
(32). In addition, a smaller fiber density
has been reported in tibialis anterior of
women compared with men (33), and
this result is further supported by the
result found for ACLL in our study. Al-
though the physiologic meaning of D, is
not yet clear, it has to be emphasized
that this is a reproducible index that
can be measured noninvasively and
potentially be used to indirectly assess
relative cross-sectional area of muscle
fibers and fascicles. However, further
studies are needed to clarify the signif-
icance of D, and its application to the
assessment of skeletal muscle.

It has been previously suggested
that investigation of diffusion prop-
erties of skeletal muscle might provide

muscle volume

Figure 6:  Box plots show fractional anisotropy (FA) and mean diffusivity (VD) in distal (DIST), central (MID), and proximal (PROX) parts of lower leg muscles in men (blue)
and women (red). Although significant differences were observed between men and women, additional differences were found independently of sex in FA and MD along
several muscles of lower leg (flexor digitorum longus [FDL], flexor hallucis longus [FHL], gastrocnemius lateralis [GL], gastrocnemius medialis [GM], popliteus [POP], deep

part of soleus [SO

deey

p], superficial part of soleus SO, D] tibialis posterior [TP], and muscles included in lateral component of lower leg [LCLL] and anterior component of lower

leg [ACLL]). * = significant difference between parts and sex (post hoc comparison from length X sex interaction effect). T = significant difference between parts (post hoc

comparison from length main effect).
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Figure 8: Graph shows correlation between maximal muscle force and physi-
ologic cross-sectional area (PCSA) of superficial posterior compartment of lower
leg (SPCLL) in men (full circles) and women (empty squares).

relevant indexes for the evaluation of
skeletal muscle integrity in physiologic
and pathophysiologic situations (34).
Considering the positive correlation
between the PCSA of the main plantar
flexor muscles and the maximal isomet-
ric muscle force reported in our study,
one might consider that ultra-high-
field-strength MR imaging and the cor-
responding PCSA measurement at rest
could be used as a reliable, noninvasive
method of quantifying the expected
maximal muscle force production ca-
pacity in vivo. Clinical assessment of
individual muscles relative contribution
to muscle force production might also
be of interest in the context of specific
and localized alteration of muscle tis-
sue, as shown in several muscular dis-
eases (35).

Our study had several limitations.
Sample were relatively small
and the interobserver reproducibility
was not assessed. However, the low
interindividual variability, the power
analysis, and the good reproducibility

sizes

of diffusion and architecture parame-
ters significantly supported our results.
Our study was conducted in healthy
young participants and one can ques-
tion the feasibility in patients with fat
infiltration (35). Although potential er-
ror in direction of principal diffusion
can occur as a result of fat infiltration
(14), this effect can be limited with
an effective fat-suppression technique
(6). Tt is noteworthy that fat infiltration
would have no effect on the segmenta-
tion and registration strategy we used
as previously indicated (24). From a
technical point of view, the acquisi-
tion time could be reduced with the
implementation of multiband develop-
ments to the DTI sequence (eg, 36).
In addition, parameters (eg, number of
directions, b values) could be further
optimized to marginally increase the
quality of diffusion-weighted images.
In conclusion, high-spatial-resolu-
tion DTI obtained at ultra-high-field-
strength allows an accurate and re-
producible quantification of structural

organization of skeletal muscle fibers.
This application of ultra-high-field-
strength MR imaging might be of high
interest for the assessment of muscu-
lar injuries in both athletes and pa-
tients with muscular disorders. In that
context, the corresponding impact on
muscle function and the potential ef-
fects of clinical intervention could be
investigated.
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