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In the human body, skeletal muscle microstructures have been evaluated only by biopsy. Noninvasive examination of the
microstructure of muscles would be useful for research and clinical practice in sports and musculoskeletal areas. The study is
aimed at determining if q-space imaging (QSI) can reveal the microstructure of muscles in humans. Forty-three Japanese
subjects (controls, distance runners, powerlifting athletes, and teenage runners) were included in this cross-sectional study.
Magnetic resonance imaging of the lower leg was performed. On each leg muscle, full width at half maximum (FWHM) which
indicated the muscle cell diameters and pennation angle (PA) were measured and compared. FWHM showed significant
positive correlations with PA, which is related to muscle strength. In addition, FWHM was higher for powerlifting, control,
distance running, and teenager, in that order, suggesting that it may be directing the diameter of each muscle cell. Type 1 and
type 2 fibers are enlarged by growth, so the fact that the FWHM of the control group was larger than that of the teenagers in
this study may indicate that the muscle fibers were enlarged by growth. Also, FWHM has the possibility to increase with
increased muscle fibers caused by training. We showed that QSI had the possibility to depict noninvasively the microstructure
like muscle fiber type and subtle changes caused by growth and sports characteristics, which previously could only be assessed
by biopsy.

1. Introduction

The human muscles are divided into two types of skeletal
muscle fibers: fast and slow [1]. Generally, fast fibers are
considered to provide instantaneous power, whereas slow
fibers provide high endurance. In humans, muscle fiber
types are classified as types I, IIa, and IIx, also called type
IIb fiber; these types vary in muscle cell diameter size,
amount of mitochondria, etc., in addition to the myosin
heavy chain (MyHC) [2]. Muscle activity is influenced by
muscle cell diameter, which correlates with muscle strength
and decreases with age [3]. Therefore, visualization of the

muscle cell diameter is important for analyzing the actual
muscle activity and histological muscle character.

Previous studies have shown that muscle cell diameter
and muscle fiber type in each muscle differ based on the type
of sport [4, 5]. According to Fry’s review, weightlifting and
powerlifting athletes had enlarged type II fibers, and body-
builders had enlarged type I fibers [4]. The study that exam-
ined the difference in muscle fiber type between the vastus
lateralis and deltoid muscle by biopsy revealed less slow
fibers in powerlifting athletes in both muscles [6]. Addition-
ally, long-distance runners had a higher percentage of slow
fibers in the vastus lateralis than in the deltoid muscle [6].
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In a study from a non-sport-specific perspective, it has been
reported that muscle cell size generally increases after birth
and decreases with age, and particularly type II muscle cell
size increases with resistance exercises [7]. As mentioned
above, many studies have reported the change in muscle cell
diameter, but no conclusions have been reached with regard
to the types of changes in the muscle fiber. Komi and Vita-
salod reported that the proportion of muscle fiber types is
genetically determined [8]. Metaxas et al. published that
muscle fiber types could change with training [9]. Also,
regardless of muscle fiber types, muscle architecture is
important, and muscle cross-sectional area (CSA) and pen-
nation angle (PA) are known to be increased by resistance
training [10].

Additionally, the disease concept of “sarcopenia,” which
is defined as aging-related loss of muscle mass [11], has
attracted attention recently. Muscular weakness with aging
is mainly caused by decrease in fast muscle (type II fiber)
[12], and slow muscle (type I fiber) decreases due to muscle
atrophy associated with paralysis and disuse syndrome, such
as in patients with congestive heart failure [13]. By clarifying
the fine structure of muscles, such as muscle cell diameter
and fiber type, research that investigates the differences in
muscle properties due to characteristics of sport and aging
is expected to develop, resulting in the development of more
specific training methods. Clinical evaluation of muscle
microstructure has commonly been performed by biopsy.
Consequently, in recent years, muscle studies have often
excluded children, and studies on adults are increasing
because of the invasiveness of biopsy. As an alternative
method of biopsy, muscle fiber type identification methods
using electromyography, bioelectrical impedance analysis,
and magnetic resonance imaging (MRI) have been devel-
oped [14–17]. However, no method other than biopsy has
been established yet. Recent studies have used MRI to try
to analyze the muscle structure. Diffusion tensor imaging
(DTI) has also been suggested to be related to muscle
strength [18]. T2 mapping is typically used for cartilage
quality evaluation, which reflects only water content [19].

Peng et al. reported an evaluation of muscle fiber type by
spin-lattice relaxation time in the rotating frame (T1ρ) map-
ping [15]. T1ρ reflects the water content like T2 mapping
and the apparent diffusion coefficient (ADC) and is used
for cartilage and tumor evaluation [20]. When performing
T1ρ imaging and biopsy in rats and humans, the T1ρ
parameters and muscle fiber type changes are similar, and
differences have been found between the T1ρ values in the
tibialis anterior muscle (TA) and soleus muscle (SOL) [15].
Although this method may lead to the prediction of muscle
fiber type by the volume of collagen, it becomes invalid when
the collagen density changes because of dehydration. Alter-
natively, q-space imaging (QSI) is a quantitative diffusion-
weighted imaging (DWI) procedure that enables the detec-
tion of delicate changes in the microstructure of environ-
ments in which free water movement is restricted [21].
The movement of water molecules in tissues with limited
diffusion can be evaluated by QSI [22], and it has been
reported that QSI has a high microstructure resolution
[23–25]. Additionally, QSI can provide additional diffusion

values, including the full width at half maximum (FWHM)
(μm) [26, 27]; this is obtained from the shapes of the prob-
ability density function (PDF). Previously, the usefulness of
QSI for the diagnosis of multiple sclerosis and some kinds
of cancer has been reported [28, 29]. In the field of muscle
research, the possibility of using QSI to clarify the muscle
fiber direction has been reported [30]. We have previously
reported that QSI can visualize the distribution of fast and
slow muscle fibers similar to immunohistological staining
of muscle by distinguishing the difference in cell diameters
among muscle fiber types in an animal study [31]. It also
shows that QSI can assess minor muscle edema due to mus-
cle fatigue [32].

In the future, an invasive procedure for diagnosing mus-
cle quality, such as a biopsy, would be difficult on ethical
grounds. Hence, the development of a noninvasive method
for assessing muscle quality is awaited. The study is aimed
at determining if QSI could reflect muscle microstructure
such as cell diameters and, consequently, reflect the quality
and structure of muscle characteristics resulting from sports
characteristics and growth.

2. Methods

2.1. Study Population. This study included a total of 43 Jap-
anese volunteers: 12 healthy adults without healthy exercise
habits who have confirmed by self-report at this time that
they have no lifestyle-related diseases or history of serious
trauma (control group), 10 elite distance runners, 11 elite
powerlifting athletes, and 10 teenage track and field athletes.
Cases were sampled by self-selection. The control, distance
runners, and powerlifting groups were all males, and the
teenage group included 3 boys and 7 girls. The control and
distance running groups were recruited from Japanese uni-
versity students. These two groups were selected without dif-
ferences between them, except for their sports
characteristics. They had the healthy lifestyle and eating
habits of typical college students. The powerlifting group
consisted of high-level adult males, and their eating habits
consisted mainly of a high-protein diet. The teenagers were
selected from the general Japanese teenage population and
had general healthy lifestyles and eating habits. The power-
lifting group had older competitors, which was thought to
be due to competition characteristics. The sample size calcu-
lation was estimated to be 9–11 people per group (36–46
total), which would provide 80% power with alpha equal to
0.05. This study was approved by the Keio University’s
Ethics Committee (No. 20170024) and conducted in accor-
dance with the Declaration of Helsinki and subsequent
amendments and equivalent ethical guidelines. The contents
of the study were explained to all participants, and informed
consent was obtained.

2.2. Physical Measurement. The participants’ height and
weight were measured. The body fat percentage and skeletal
muscle mass index (SMI) were measured using a body com-
position analyzer that used a direct segmental multifre-
quency bioelectrical impedance analysis method (InBody
470®; InBody Japan Inc., Tokyo, Japan) (Figures 1(a) and
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1(b)). These raw data are summarized in the Supplemental
Table.

2.3. MRI Protocol. All participants underwent imaging of
both lower legs via a 3.0 T MRI scanner (Magnetom Skyra
fit 3T; Siemens Healthineers, Erlangen, Germany) with a
30-channel Body Coil (Siemens Healthineers). Axial T2-
weighted images (T2WI) were acquired for reference images
of the muscles. DWI including DTI and QSI (using pulsed
gradient spin echo) were performed. Details of the MRI pro-
tocol are shown in Table 1.

2.4. Imaging Calculation. DTI and QSI were analyzed by
using an in-house program (developed in C++; Embarca-
dero Technologies, Inc., Austin, TX, USA).

The detailed diffusion values and their calculation proce-
dures were as previously described [26, 33, 34].

The radial diffusivity (RD), one of the parameters of
DTI, based on the conventional monoexponential model
was calculated from a part of the QSI data (b value, 0, and
800 s/mm2). The RD was calculated according to the follow-
ing formula:

RD = λ2 + λ3
2 : ð1Þ

Based on the hypothesis that QSI can more precisely aid
the investigation of the muscle structure than DTI, we calcu-

lated the following RD for QSI in addition to the above RD
for DTI.

The non-Gaussian probability density function (PDF) of
water diffusion for QSI was obtained by a Fourier transfor-
mation of the data based on the Stejskal–Tanner diffusion
preparation [35]. The full width at half maximum (FWHM
(μm)) of the PDF was calculated [36]. We performed the
tensor calculation by acquiring the six-axis data of QSI
(Table 1). In this study, we defined a unique radial FWHM
based on the concept of radial anisotropy by the Gaussian
diffusion model to evaluate anisotropy. Radial FWHM was
used to indicate the cross section of muscle cells exhibiting
a spindle-shaped morphology, with regard to radial anisot-
ropy according to the Gaussian diffusion model [36]. The
three eigenvalues (λ1, λ2, λ3) and their corresponding eigen-
vectors were calculated. The radial FWHM was calculated
using only two eigenvectors (λ2 and λ3) of the three eigen-
values (λ1, λ2, λ3), similar to the concept of RD in DTI.

The radial FWHM was calculated as follows:

Radial FWHM= λ2 + λ3
2 : ð2Þ

The eigenvalues (λ2, λ3) in formula (2) are calculated
using a different method than the eigenvalues (λ2, λ3) used
in the DTI-RD formula (1), as explained above.

(a) (b)

Figure 1: Method for measuring body composition. (a) Image of the InBody 470®; ∗: hand electrodes; ∗∗: foot electrodes. (b) Measurement
of body composition.
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2.5. Imaging Analysis. TA and the medical head of gastroc-
nemius muscle (GAS) were identified by T2WI axial images
at the maximum circumference of the lower legs. Major
blood vessels were avoided, and a region of interest (ROI)
was set entire circumference of each muscle by 2 researchers
(Figure 2). Three measurements were taken to calculate the
average value, and the left and right values were averaged.
Each value was measured by using ImageJ ver. 1.53 software
(available at http://rsbweb.nih.gov/ij/), and color mapping
used Mango ver. 4.1 software (available at http://rii.uthscsa
.edu/mango). Fiber reconstruction and tracking were per-
formed using the Diffusion Toolkit version 0.6.4 software

(available at http://trackvis.org/). DTI has been tracked with
the following conditions: mask threshold between 0.02 and
1.23 and angle threshold is 30. The tracking data was used
for TrackVis ver. 0.6.1 software (available at http://trackvis
.org/). The muscle fascia identified in each muscle and fibers
through the two planes were tracked. The images were mea-
sured five times using ImageJ for the pennation angle, and
the average value was calculated.

2.6. Statistical Analysis. The data were summarized in Sup-
plemental Table 1. Analysis was performed by using SPSS
version 24® software (IBM Corp., Armonk, NY). For the
measurement data, the mean and SD were calculated.
Analysis of variance (ANOVA) and Dunnett’s test were
performed for comparisons of each imaging and physical
strength parameter among the 4 groups. In addition to the
above, we compared the correlation between the
parameters of MRI and physical measurement using
Spearman’s rank correlation coefficient. Statistical
significance was set at P = 0:05 for all tests.

3. Results

3.1. Results of Physical Measurement. First, we compared the
body composition, and the results are presented in Table 2.
Compared with the control group, the age, body weight,
and SMI were significantly higher in the powerlifting group
and significantly lower in the teenager group (P < 0:05).
Body weight and SMI were in order of heaviness the power-
lifting, control, distance running, and teenager groups.

3.2. Results of Magnetic Resonance Imaging Parameters
among the Four Groups. Next, we compared the MRI results
among the 4 groups. The MRI data are quantitatively pre-
sented in Figures 3 and 4. There were significant differences
in the CSA, the RD, and the radial FWHM in the TA and
GAS. Interestingly, the radial FWHM was significantly

Table 1: Summary of the magnetic resonance imaging protocol.

Contrast T2WI DWI

Sequence Rapid acquisition with relaxation enhancement Pulsed gradient spin echo

Repetition time (ms) 6310 4000

Echo time (ms) 101 93

Average 2 1

Field of view (mm2) 400 × 275 400 × 275
Matrix size 512 × 352 128 × 88
Pixel resolution (mm2) 0.78 3.12

Slice thickness (mm) 4 8

Imaging time 1min 47 sec 4min 0 sec

Diffusion information

Diffusion direction 6

Δ/δ (ms) 45.6/27.9

b value (s/mm2) 0, 50, 200, 450, 800, 1250, 1800, 2400, 3150, 4000

q value (cm-1) 0, 59.1, 118.1, 177.2, 236.3, 295.3, 354.4, 409.2, 468.8, 528.3

T2WI: T2-weighted imaging; DWI: diffusion-weighted imaging; Δ: diffusion gradient separation (time between the two leading edges of the diffusion
gradients); δ: diffusion gradient duration.

Figure 2: Methods for measuring the ROIs. The ROIs of the tibialis
anterior muscle (blue square), soleus muscle (green square), and
medial head of gastrocnemius muscle (yellow square) on a T2-
weighted image. TA: tibialis anterior muscle; SOL: soleus muscle;
GAS: gastrocnemius muscle.
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higher in the control group than in the teenager group. Rep-
resentative T2WI images, RD on T2WI, and radial FWHM
on T2WI are shown in Figure 5.

3.3. Correlations among the Parameters of Magnetic
Resonance Imaging and Physical Measurement. Finally, we
compared the correlation between the parameters of MRI
and physical measurement. The radial FWHM of TA and
GAS showed a moderate positive correlation with SMI, PA,
and CSA. The RD of TA and GAS also showed a positive
correlation with SMI and CSA (Tables 3 and 4). SMI, CSA,

and radial FWHM were greater for the powerlifting, control,
distance running, and teenager groups in that order.

4. Discussion

In this study, there were no significant differences in body
weight and SMI between the control group and the distance
runner group. On the other hand, the appearance of the
powerlifting group was significantly higher in age, weight,
PFB, and SMI than the control group. The teenager group
was younger than the other groups and had lower height

Table 2: Summary of research participants.

Control Distance running Powerlifting Teenager

Number of subjects 12 10 11 10

Age∗ 21:6 ± 1:1 21:4 ± 1:2 27:8 ± 10:3∗∗ 13:0 ± 0:0∗∗

Height (cm)∗ 171:3 ± 7:2 169:5 ± 4:1 166:5 ± 6:0 161:7 ± 5:6∗∗

Weight (kg)∗ 64:1 ± 9:8 57:1 ± 4:3 86:5 ± 23:4∗∗ 49:2 ± 6:1∗∗

Percent body fat (%)∗ 17:0 ± 4:9 13:5 ± 3:4 24:6 ± 9:9∗∗ 16:4 ± 6:1
Skeletal mass index (kg/m2)∗ 7:80 ± 0:73 7:28 ± 0:28 9:64 ± 1:11∗∗ 6:28 ± 0:63∗∗
∗ANOVA; ∗∗P < 0:05 (Dunnett’s test; reference = control).
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Figure 3: Quantification of magnetic resonance imaging parameters in the tibialis anterior muscle. Box and whisker plots: the bottom and
top of the box are the first and third quartiles. The band inside the box is the second quartile (median). The ends of the whiskers represent
the minimum and maximum of all of the data. White circles are outliers. CSA: cross-sectional area; FWHM: full width at half maximum.
∗P < 0:05 (Dunnett’s test; reference = control).
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and SMI. The 4 groups in this study had different
characteristics.

According to the theory of DTI, water molecules distrib-
ute by unrestricted diffusion. On the other hand, QSI is
based on the theory that water molecules distribute accord-
ing to restricted diffusion [19, 22]. In the case of muscle cells,
water molecules are under restricted diffusion due to cell
walls, collagen fiber, and mitochondria. The more detailed
cell structures introduced by these factors can potentially
be revealed by QSI [25]. In our previous study, we were able
to distinguish between TA and SOL by using the FWHM in
mice [31]. In this study, we used the radial FWHM, which is
calculated from the short axis directions, λ2 and λ3, and
thus represents the plane perpendicular to the muscle fiber
direction, which is thought to contribute to the muscle
cross-sectional area. We used RD calculated by DTI for the
same reason. The radial FWHM in the teenager group was
significantly lower than that in the control group in TA.
Additionally, in TA and GAS, we observed a trend toward
greater CSA and radial FWHM in the powerlifting, control,
distance running, and teenager groups, in order. Previous
studies have reported that muscle strength is positively cor-
related with muscle CSA, which is also consistent with the
fact that SMI showed a similar trend [37]. In color mapping,
the radial FWHM shows more differences from muscle to

muscle than radial diffusivity, visualizing differences in mus-
cle characteristics (Figure 5). In the present study, SOL was
also analyzed, but no certain trend was observed in radial
FWHM or other parameters since, unlike TA and GAS,
SOL is a crossed fiber and was difficult to analyze. PA is
mainly measured by ultrasound and MRI; however, measur-
ing the same area is difficult in both methods. Additionally,
differences were found between the control group and dis-
tance running groups, but both TA and GAS showed the
highest PA in the powerlifting group and the lowest PA in
the teenager group, which is consistent with previous reports
that PA is related to muscle strength and CSA. Radial
FWHM showed significant positive correlations with SMI,
which indicates total body muscle mass, PA, which is related
to muscle strength, and muscle CSA. Additionally, RD
showed significant correlations with SMI and CSA, but the
correlation coefficient was smaller than that of radial
FWHM, suggesting that radial FWHM is more related to
other parameters than RD. In previous reports, the number
of muscle fibers does not change, the muscle mass is affected
by the muscle cell diameters, and it was considered that the
radial FWHM reflects the muscle cell diameter [7]. The
larger radial FWHM also had a larger CSA, which may have
correlated with SMI and PA. Type 1 and type 2 fibers are
enlarged by growth, so the fact that the radial FWHM of
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Figure 4: Quantification of magnetic resonance imaging parameters in the gastrocnemius muscle. Box and whisker plots: the bottom and
top of the box are the first and third quartiles. The band inside the box is the second quartile (median). The ends of the whiskers represent
the minimum and maximum of all of the data. White circles are outliers. CSA: cross-sectional area; FWHM: full width at half maximum.
∗P < 0:05 (Dunnett’s test; reference = control).
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the control group was larger than that of the teenagers in
this study may indicate that the muscle fibers were enlarged
[7]. It is predicted that the radial FWHM will increase with
increased muscle fibers caused by training in the future.

In this study, we measured the powerlifting athletes to
represent a group with many fast muscle fibers and distance
runners to represent a group with many slow muscle fibers
[4]. Reportedly, muscle fibers change in animals other than
humans [38], but the number of muscle fibers remains

unchanged from an early age. However, this is partly due
to the low number of muscle fibers that can be obtained in
a human needle biopsy, which is difficult to evaluate. Previ-
ous reports have noted that the type of muscle fiber changes
in humans, but this topic has no consensus [39]. In a study
of teenage youth soccer players, the percentage of muscle
fiber types slightly varied with age, but all types of muscle
fibers became larger and sprint performance improved [9,
40]. Whether this result is due to age or training remains

18.3

50 mm

32.7

Radial FWHM (μm)

0.1

1.8

T2WI

Radial diffusivity (⁎10–3mm2/s)

Control Distance running Power li�ing Teenager

Figure 5: Color mapping axial sections of magnetic resonance imaging for the four groups. T2WI: T2-weighted imaging; FWHM: full width
at half maximum.

7Applied Bionics and Biomechanics



unknown. However, muscle research from young and old,
male and female, and athletes to the general public is
expected to become even more important in the future. Pre-
viously, the comparison of muscle cell diameters has been
performed by biopsy, but the application of this QSI is
expected to noninvasively measure muscle cell diameters.
Whether the observed differences in muscle fibers obtained
in our groups were due to birth differences or training differ-
ences remains unclear. However, these children will train in
the future, and how their muscle fiber changes can be mea-
sured will be assessed; thus, determining if the muscle cell
diameter only increases or the muscle fiber type changes will
be possible. This study showed that QSI could noninvasively
reveal differences in muscle fiber types in humans and is
expected to be used in many fields, such as training methods
and sports injury and disability prevention.

This study has several limitations. First, we were unable
to directly evaluate the muscle tissue, such as a muscle cell
diameter and muscle fiber types, by biopsy. We have already
reported a comparison of muscle tissue and QSI in mice, and
we believe that direct comparison by muscle biopsy is

required in the future in humans as well. Second, we used
QSI to examine the average ROI values, so we evaluated fast
and slow muscles together. Generally, fast muscles have a
larger muscle cell diameter than slow muscles, but it is diffi-
cult to evaluate whether the muscle cell diameter is large or
there are many fast muscles. We used QSI technique in this
research, and validation of FWHM requires needle biopsy of
the muscles; however, it is invasive to perform with healthy
volunteers. The ratio of fast and slow muscles is used in
assessments of training methods. Noninvasive determina-
tion of muscle fiber types and measuring muscle cell diame-
ters are expected to be used not only in sports areas but also
for the prevention of muscle atrophy and sarcopenia in the
elderly. In conclusion, QSI could noninvasively depict the
microstructure like muscle fiber type and subtle changes
caused by growth and sports characteristics, which previ-
ously could only be assessed by biopsy.
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Table 3: Summary of the correlation between muscle parameters
and magnetic resonance imaging parameters of the tibialis
anterior muscle.

SMI
Pennation

angle
CSA

Radial
diffusivity

Radial
FWHM

SMI 1.00

Pennation
angle

0.38∗ 1.00

CSA 0.77∗∗ 0.41∗∗ 1.00

Radial
diffusivity

0.63∗∗ 0.28 0.40∗∗ 1.00

Radial
FWHM

0.78∗∗ 0.40∗∗ 0.71∗∗ 0.75∗∗ 1.00

SMI: skeletal muscle mass index; CSA: cross-sectional area; FWHM: full
width at half maximum. ∗P < 0:05 and ∗∗P < 0:01 (Spearman’s rank
correlation coefficient.).

Table 4: Summary of the correlation between muscle parameters
and magnetic resonance imaging parameters of the gastrocnemius
muscle.

SMI
Pennation

angle
CSA

Radial
diffusivity

Radial
FWHM

SMI 1.00

Pennation
angle

0.62∗∗ 1.00

CSA 0.89∗∗ 0.53∗∗ 1.00

Radial
diffusivity

0.36∗ 0.28 0.29∗∗ 1.00

Radial
FWHM

0.59∗∗ 0.32∗∗ 0.53∗∗ 0.54∗∗ 1.00

SMI: skeletal muscle mass index; CSA: cross-sectional area; FWHM: full
width at half maximum. ∗P < 0:05 and ∗∗P < 0:01 (Spearman’s rank
correlation coefficient.).
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