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For detailed analyses of muscle adaptation mechanisms during growth, ageing or disease, reliable mea-
surements of muscle architecture are required. Diffusion tensor imaging (DTI) and DTI tractography have
been used to reconstruct the architecture of human muscles in vivo. However, muscle architecture mea-
surements reconstructed with conventional DTI techniques are often anatomically implausible because
the reconstructed fascicles do not terminate on aponeuroses, as real muscle fascicles are known to do.
In this study, we tested the reliability of an anatomically constrained DTI-based method for measuring
three-dimensional muscle architecture. Anatomical magnetic resonance images and diffusion tensor
images were obtained from the left legs of eight healthy participants on two occasions one week apart.
Muscle volumes, fascicle lengths, pennation angles and fascicle curvatures were measured in the medial
and lateral gastrocnemius, soleus and the tibialis anterior muscles. Averaged across muscles, the intra-
class correlation coefficient was 0.99 for muscle volume, 0.81 for fascicle length, 0.73 for pennation angle
and 0.76 for fascicle curvature. Measurements of muscle architecture obtained using conventional DTI
tractography were highly sensitive to variations in the stopping criteria for DTI tractography. The appli-
cation of anatomical constraints reduced this sensitivity significantly. This study demonstrates that
anatomically constrained DTI tractography can provide reliable and robust three-dimensional measure-
ments of whole-muscle architecture. The algorithms used to constrain tractography have been made
publicly available.
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2018), but only limited data are available on three-dimensional
muscle architecture in human muscles, and how three-

1. Introduction

In vivo measurements of the physical arrangement of muscle
fibres (“muscle architecture”) are required to study organ-level
mechanisms of muscle force production and adaptation. To date,
most studies of human muscle architecture have obtained
two-dimensional measurements of muscle architecture using
ultrasound imaging, but two-dimensional imaging is potentially
problematic because most human muscles have complex architec-
tures that can only accurately be described in three dimensions
(3D) (Agur et al., 2003; Bolsterlee et al., 2017; Lee et al., 2015).
The functional relevance of the 3D architecture of muscles is
becoming increasingly understood (Azizi et al., 2008; Blemker
et al., 2005; Bol et al., 2013; Raiteri et al., 2018; Ross et al,,
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dimensional muscle architecture changes with, for example, train-
ing, age or disease.

Though initially developed and applied to study the neu-
roanatomy of the brain (Basser et al, 1994; Basser and
Pierpaoli, 1996), diffusion tensor imaging (DTI; a magnetic reso-
nance imaging technique) is now used increasingly to recon-
struct the 3D architecture of human skeletal muscles (Damon
et al, 2017; Oudeman et al., 2015). DTI-based measurements
of muscle architecture rely on the principle that the diffusion
rate of water molecules is higher in the longitudinal direction
of muscle fibres than in the fibre’s transverse plane. DTI mea-
sures, for each voxel of the scan, the direction in which diffusion
rates are highest (the primary diffusion direction), providing a
local measure of muscle fibre orientation. The three-
dimensional architecture of muscles can be reconstructed by
generating curves that propagate along the primary diffusion
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direction throughout the muscle (Bolsterlee et al., 2017; Froeling
et al., 2012). This procedure is called DTI tractography and the
resulting curves are called fibre tracts. Although fibre tracts can-
not be interpreted directly as muscle fascicles (because the num-
ber of tracts generated within a muscle is arbitrary, and they are
infinitely thin), tracts follow the direction of muscle fibres and
can thus be used to obtain three-dimensional, quantitative mea-
sures of muscle architecture such as fascicle lengths, pennation
angles and fibre curvatures (Bolsterlee et al., 2017).

A problem with conventional DTI tractography algorithms is
that the fibre tracts do not necessarily terminate on tendons or
aponeuroses, as muscle fascicles are known to do. Instead, with
conventional tractography, fibre tracts terminate when stopping
criteria are satisfied. Typically, stopping criteria are satisfied when
the maximum angle between subsequent tract segments (the turn-
ing angle) exceeds a certain threshold, or when the fractional ani-
sotropy (FA) falls outside a certain range (Froeling et al., 2013;
Heemskerk et al., 2009). The turning angle criterion is designed
to terminate propagation of fibre tracts when they reach the
boundary of the muscle where tract orientation often changes
sharply. The FA criterion serves to exclude fibre tracts that pene-
trate tissues other than muscle, such as skin and adipose tissue,
on the basis of differences in the diffusion properties of these tis-
sues. There have been no published reports of investigations of
specific stopping criteria on measurements of muscle architecture,
and it is possible that optimal stopping criteria may vary between
scans and muscles. In practice, the fibre tracts generated with con-
ventional tractography methods frequently terminate intramuscu-
larly or extend into adjacent muscles. Measurements of muscle
architecture based on implausible representations of muscle fasci-
cles are likely to be inaccurate.

We have recently developed a method in which anatomical
constraints are applied to DTI tractography so that fibre tracts
are made to terminate on tendinous structures (Bolsterlee et al.,
2017; Bolsterlee et al., 2018). This method, which operates in three
dimensions, is conceptually similar to the two-dimensional extrap-
olation techniques commonly used to measure muscle architecture
from ultrasound images, where the visible parts of fascicles are
extrapolated to aponeuroses (Cronin and Lichtwark, 2013;
Fukunaga et al., 1997; Herbert et al., 2015). In our approach, poly-
nomial curves are fitted to the fibre tracts, as was done previously
by Damon et al. (2012), and the polynomials are then linearly
extrapolated to terminate on tendons or aponeuroses.

In previous studies we have demonstrated that the applica-
tion of anatomical constraints leads to realistic reconstructions
of the medial gastrocnemius and soleus muscles (Bolsterlee
et al.,, 2017; Bolsterlee et al., 2018). In the present study, we
generalize the method to muscles with bipennate architectures
and intramuscular aponeuroses (e.g. tibialis anterior) and deter-
mine the test-retest reliability of the architecture measurements.
We then demonstrate that the application of anatomical con-
straints reduces the sensitivity of muscle architecture measure-
ments to the stopping criteria used for DTI tractography. To
facilitate use of these techniques, Matlab algorithms to apply
anatomical constraints to DTI tractography are made available
for public use.

2. Methods

This study was conducted on eight young adults with no known
musculoskeletal pathology or injury in the lower limb (Table 1). All
procedures conformed to the 2008 Declaration of Helsinki and
were approved by University of New South Wales’ Human
Research Ethics Committee (approval HC17106). Informed, writ-
ten, voluntary consent was obtained prior to participation.

Table 1
Characteristics of participants and joint posi-
tion during measurements.

Characteristic Value
Age (years) 31+6
Gender (M:F) 4:4
Height (cm) 170+ 8
Weight (kg) 72+16
Shank length (cm) 39+3
Knee angle (°)° 18+7
Ankle angle (°)' 87+3

" Distance from the lateral femoral condyle
to the middle of the lateral malleolus.

" Angle between the tibia and the sole of
the foot, where 90° is a neutral ankle joint
orientation and values below and above 90°
indicate plantarflexion and dorsiflexion,
respectively.

8 Angle between the tibia and the thigh,
where 0° is full knee extension.

2.1. Image acquisition

T1-weighted, mDixon and DTI scans were obtained of the left
lower leg of all participants on two days with seven days between
scans. Participants were placed in a 3-T MRI scanner (Achieva TX,
Philips Medical Systems, Best, The Netherlands) in a supine posi-
tion. The left foot was placed in an MRI-compatible foot plate
which made an angle of 70° with the horizontal plane. The knee
was positioned in slight flexion (on average 18°; Table 1) by put-
ting a foam wedge under the knee so that the calf did not touch
the MRI table and the calf muscles were not compressed by the
weight of the leg. A cardiac coil with 32 elements for receive was
placed around the lower leg.

The MRI protocol consisted of three sequences: T1-weighted
and mDixon imaging for anatomical reference, and diffusion tensor
imaging for fibre architecture reconstructions. The following imag-
ing parameters were used. mDixon: 2-point 3D multi-echo mDixon
fast field echo (FFE), field of view (FOV) =180 x 180 mm, acquisi-
tion matrix = 180 x 180 (reconstructed matrix =192 x 192); sli-
ce=2mm (1 mm over-contiguous), 160 slices, TR/TE1/
TE2 = 6.0/3.5/4.6 msec, number of signal averages (NSA) = 2, scan
time=346s. TI-weighted: 2D turbo spin echo (TSE),
FOV = 180 x 180 mm, acquisition matrix 288 x 210 (reconstructed
matrix = 864 x 864), slice =4 mm, 80 slices, TR/TE = 638/5.7 msec,
flip angle = 80°, NSA =1, scan time =258 s; DTI: spin echo echo-
planar imaging (SE-EPI), FOV = 180 x 180 mm, acquisition matrix
92 x 90 (reconstructed to 112 x 112), slice =5 mm, 50 slices, TR/
TE = 9501/64 msec, diffusion gradient timing A/é = 32/8 msec, EPI
factor =45, NSA=4, 16 gradient directions on a hemisphere,
b=500s/mm? (reference image with b=0s/mm?), scan
time = 637 s. Fat was suppressed using spectral attenuated inver-
sion recovery (SPAIR) and Dixon olefinic fat suppression using a
180 Hz pre-pulse (Burakiewicz et al., 2018). To correct for local
inhomogeneities in the magnetic field, the DTI scan was preceded
by a Bp-calibration using the following settings: 3D FFE,
FOV =180 x 180 mm (reconstructed matrix = 96 x 96),
slice = 5 mm, 50 slices, TR/TE/ATE = 30/4.6/2.3 msec, NSA = 2.

2.2. DTI post-processing

The DTI data were corrected for small eddy current-induced dis-
tortions wusing algorithms built into FSL (Andersson and
Sotiropoulos, 2016) and then filtered using a local principal com-
ponent analysis filter (Manjon et al., 2013). Although all imaging
was performed without repositioning the participant, small
misalignments between the mDixon, DTI and T1 scans were still
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present. To correct for these misalignments, T1 and DTI scans were
aligned with the mDixon scan using Elastix registration software
(v4.8; Klein et al., 2010). The T1 scan was aligned with the corre-
sponding mDixon scan using a rigid registration and the DTI scan
was aligned with the corresponding mDixon scan using a rigid reg-
istration, followed by an affine registration. The result of registra-
tion was inspected by overlaying the DTI and T1 scan on the
mbDixon scan in ITK-SNAP and visually confirming that features
that were visible on all scans (skin/bone/muscle boundaries) were
well aligned (v3.6.0; Yushkevich et al., 2006).

From the eddy-current corrected, filtered and registered DTI
data, the diffusion tensor was reconstructed using DSI Studio
(Yeh et al., 2013), after which the primary eigenvector direction
and diffusion properties (primary, secondary and tertiary eigenval-
ues, mean diffusivity and fractional anisotropy [FA]) were
extracted for all voxels.

2.3. Muscle and aponeurosis segmentation

Using ITK-snap (v3.6.0; Yushkevich et al., 2006), the medial gas-
trocnemius (MG), lateral gastrocnemius (LG), soleus and tibialis
anterior muscles (TA) were manually segmented on the out-of-
phase image of the mDixon scan. The soleus was subdivided in four
compartments (as done previously; Bolsterlee et al., 2018): lateral-
anterior (SLA), medial-anterior (SMA), lateral-posterior (SLP),
medial-posterior (SMP). Only scans obtained on the first day were
manually segmented. To segment the scans obtained on the second
day (one week later), Elastix was used to register the water-image of
the mDixon scans obtained on the first and second days using a com-
bination of rigid and non-rigid registration (b-spline transformation
with grid size 20 x 20 x 20 mm) and then applying the transforma-
tion to the boundaries obtained by manual segmentation on the first
day. The predicted segmentations were visually inspected using ITK-
snap and, where necessary, manually corrected.

The internal aponeurosis of the tibialis anterior muscle was seg-
mented on the T1-weighted anatomical scan (using 3D slicer
v4.7.0; Fedorov et al., 2012), because this scan gave better contrast
between the aponeurosis and surrounding muscle tissue than the
mDixon scan.

Using the segmentations, 3D triangulated surface meshes of the
muscle boundaries and tibialis anterior aponeurosis were created
using the Matlab-based iso2mesh toolbox (Fang and Boas, 2009)
(Matlab R2017a, The MathWorks, Inc., Natick, United States).

2.4. DTI tractography

DTI tractography was performed using a deterministic tractog-
raphy algorithm built into DSI Studio (Yeh et al., 2013). Fibre tracts

Table 2

were propagated bi-directionally from seed points placed on a
3 x 3 x 3 mm grid within each muscle. The following default set-
tings were used for fibre tractography in all muscles:
0.1 < FA < 0.5, step size = 1 mm and maximum turning angle = 10°.
Only fibre tracts that had lengths larger than 20 mm and smaller
than 200 mm were included (Table 2).

The curves generated by DTI tractography will be referred to as
fibre tracts, and their lengths as tract lengths. The endpoints of
fibre tracts are determined exclusively by the tractography stop-
ping criteria. The procedures that will be described next use fibre
tracts to generate what we refer to here as ‘muscle fascicles’. The
endpoints of muscle fascicles are constrained to terminate on ten-
dons or aponeuroses (Bolsterlee et al., 2017; Bolsterlee et al., 2018).

2.5. Muscle architecture measurements

Each fibre tract was fitted with a three-dimensional third-order
polynomial curve. The slope at either endpoint of the curve was
calculated, and the curve was then extended at the endpoints by
linearly projecting the curve along the endpoint’s slope onto the
muscle surface. The polynomial curve including the extensions is
referred to as a fascicle. Only fascicles whose extensions were less
than 30% of the total fascicle length were included in further anal-
yses. For the tibialis anterior, only fascicles that had one attach-
ment on the internal aponeurosis and one on the muscle
boundary were included. Fig. 1 shows examples of fascicle
reconstructions.

Fascicle length was calculated as the length of the polynomial
curve including the extensions. The pennation angle at each of
the fascicle’s attachments to an aponeurosis was calculated as
90° minus the mean angle between a vector parallel to the end-
point’s slope and the normal vectors of all triangles of the surface
model within a radius of 1.5 mm around the endpoint. Pennation
was the mean of the angles that the fascicle made with the deep
and superficial aponeuroses. The curvature of a fascicle (expressed
as 1/radius of curvature [m~']) was calculated using the Frenet-
Serret formula as the mean curvature of 100 equidistant points
along the polynomial curve of that fascicle.

All algorithms to reconstruct fascicles and calculate architec-
tural parameters were developed in Matlab R2017a and have been
made available on GitHub (github.com/bartbols/muscle_architec-
ture_DTI).

2.6. Reliability
The test-retest reliability of muscle architecture measurements

was determined for each muscle by comparing between days the
median measurements of fascicle length, pennation angle and cur-

Quality of fibre tracking and fascicle reconstructions. For each muscle, the mean + standard deviation from all participants and both days is presented (n =16). The last row

presents the mean * standard deviation of the muscles’ means.

Muscle Number of Number of fibres Number of fascicles Number of Extension (mm) Extension
seeds® (% of number of seeds)” (% of number of fibres)” fascicles (% of fascicle length)

MG 7059 + 1954 65113 56+ 16 2450 + 864 6+3 103

LG 3751 £1345 7519 58 +12 1597 + 622 52 8+4

SMP 5564 £ 1931 57+18 6415 2050+ 1075 5+2 113

SMA 953 +477 52+28 46 +23 241 +224 7+2 155

SLP 5921 + 2598 60+ 14 51+16 1602 + 503 9+2 174

SLA 1370+£792 49 +25 60 =24 447 + 454 4+2 125

TA 4579 + 1372 64+14 46+9 1286 + 382 3+1 6+2

Average 4171 + 2305 60+9 54+7 1382 + 803 52 11+4

MG = medial gastrocnemius; LG = lateral gastrocnemius; SMP = soleus medial-posterior; SMA = soleus medial-anterior; SLP = soleus lateral-posterior; SLA = soleus lateral-

anterior; TA = tibialis anterior

2 The number of locations in the muscle from which fibre tracking was attempted. In all muscles, seeds were placed on a 3 x 3 x 3 mm grid, so the number of seeds reflects

the muscle size.

b The fraction of seeds that led to successful fibre tracts, i.e. fibre tracts that were longer than 20 mm and shorter than 200 mm.
¢ The fraction of fibre tracts from which fascicles were successfully reconstructed (i.e. fascicles that were extended by less than 30% to have endpoints on the aponeuroses).
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Fig. 1. Overview of methods to measure muscle architecture from anatomical and
DTI scans. (A) Transverse slice of the mDixon scan (water image) approximately
midway between the ankle and knee joint, showing outlines of the muscles, muscle
compartments and the tibialis internal aponeurosis. Posterior view (B) and anterior
view (C) of the three-dimensional reconstructions of the muscles. Muscle archi-
tecture reconstructions of the MG and LG (D), soleus (E; left posterior view, F; right
anterior view) and tibialis anterior (G; inset is a detailed view showing the
bipennate architecture of the TA). MG = medial gastrocnemius (yellow), LG = lateral
gastrocnemius (light blue), SMP = soleus medial-posterior (dark green), SMA =
soleus medial-anterior (dark blue), SLP = soleus lateral-posterior (red), SLA = soleus
lateral-anterior (cyan), TA = tibialis anterior (magenta).

Table 3

vature of all fascicles that were reconstructed in that muscle. Reli-
ability was measured as the absolute-agreement intraclass correla-
tion coefficient (ICC (2,1) (McGraw and Wong, 1996)) and standard
error of the mean (SEM).

2.7. Sensitivity analysis

To determine the sensitivity of muscle architecture measure-
ments to DTI tractography parameters, fibre tracking and fascicle
reconstructions were repeated for all muscles by altering, one at
a time, the turning angle, minimum fractional anisotropy threshold
and step size. The maximum turning angle (default: 10°) was chan-
ged to 5°, 15° and 20°. The minimum fractional anisotropy thresh-
old (default: 0.1) was changed to 0.05 and 0.15. The step size
(default: 1 mm) was changed to 0.5 and 1.5 mm. Median tract
lengths (without application of anatomical constraints) and med-
ian fascicle lengths (after application of anatomical constraints)
were calculated for all muscles and stopping criteria, and their dif-
ferences with the values obtained using the default stopping crite-
ria were calculated.

The effect of polynomial order on median fascicle length, pen-
nation angle and fascicle curvature was calculated for all muscles
by changing the polynomial order to 1 (i.e. straight fascicles), 2
and 4, and then calculating the difference with the default value
(order = 3) for all muscles.

3. Results

Fascicles were reconstructed and architectural measurements
were obtained successfully for all muscles and participants. The
number of seeds from which fibre tracking was attempted ranged
from 953 in the smallest muscle (SMA) to 7059 in the largest

Muscle architecture measurements on day 1 and day 2 (mean * standard deviation) and the test-retest reliability of muscle architecture measurements expressed as intraclass
correlation coefficients (ICC with 95% confidence intervals in brackets) and standard error of the mean (SEM).

Variable Muscle Day 1 Day 2 ICC SEM
Muscle volume (cm?) MG 256.9 (63.5) 245.9 (64.7) 0.98 (0.67 to 1.00) 6.8
LG 140.0 (51.3) 134.1 (49.1) 0.99 (0.82 to 1.00) 34
SMP 179.7 (64.5) 178.2 (66.0) 0.99 (0.97 to 1.00) 52
SMA 32.0 (16.3) 31.8 (15.9) 1.00 (0.99 to 1.00) 0.5
SLP 191.7 (84.7) 191.8 (87.6) 1.00 (0.99 to 1.00) 3.6
SLA 45.8 (26.1) 45.7 (25.5) 1.00 (1.00 to 1.00) 0.5
TA 146.2 (42.5) 144.5 (43.0) 0.99 (0.96 to 1.00) 4
Fascicle length (mm) MG 61.0 (18.1) 64.4 (24.6) 0.92 (0.67 to 0.98) 4.1
LG 67.8 (11.3) 63.8 (10.2) 0.84 (0.32 to 0.97) 35
SMP 42.7 (10.1) 39.5(7.8) 0.82 (0.34 to 0.96) 3.0
SMA 46.3 (16.5) 51.0 (14.3) 0.82 (0.38 to 0.96) 59
SLP 53.8 (10.7) 53.6 (10.7) 0.91 (0.60 to 0.98) 34
SLA 39.9 (7.3) 38.0 (7.9) 0.80 (0.33 to 0.95) 33
TA 50.0 (8.0) 44.9 (8.6) 0.58 (—0.05 to 0.89) 4.8
Pennation angle (°) MG 21.1(4.9) 20.6 (5.5) 0.95 (0.80 to 0.99) 1.1
LG 16.5 (2.6) 17.4 (3.3) 0.89 (0.49 to 0.98) 0.6
SMP 24.6 (4.5) 25.7 (4.3) 0.91 (0.58 to 0.98) 1.2
SMA 19.0 (4.1) 21.3 (4.7) 0.14 (-0.53 to 0.73) 4.0
SLP 21.2 (5.2) 22.0 (4.8) 0.93 (0.73 to 0.99) 1.2
SLA 20.0 (3.9) 22.6 (3.8) 0.60 (—0.05 to 0.90) 2.0
TA 19.5(1.9) 21.5(3.2) 0.52 (—0.10 to 0.88) 1.3
Curvature (1/m) MG 9.7 (3.0) 9.0 (3.1) 0.95 (0.67 to 0.99) 0.6
LG 7.4 (1.4) 7.4 (1.7) 0.93 (0.69 to 0.99) 0.4
SMP 12.7 (3.1) 13.0 (2.7) 0.86 (0.45 to 0.97) 1.1
SMA 10.9 (4.7) 11.4(5.1) 0.89 (0.56 to 0.98) 1.7
SLP 11.0 (2.6) 11.3 (2.8) 0.79 (0.26 to 0.95) 1.3
SLA 12.3 (4.3) 12.8 (4.8) 0.85 (0.44 to 0.97) 1.8
TA 8.7(1.1) 9.1 (0.9) 0.08 (—0.64 to 0.71) 1.0

MG = medial gastrocnemius, LG = lateral gastrocnemius, SMP = soleus medial-posterior, SMA = soleus medial-anterior, SLP = soleus lateral-posterior, SLA = soleus lateral-

anterior, TA = tibialis anterior.
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muscle (MG; Table 2). On average, 60% of the seeds (range between
muscles: 49-65%) led to successful fibre tracts, i.e. tracts for which
the stopping criteria were reached at tract lengths larger than
20 mm and smaller than 200 mm. Of the successful fibre tracts,
54% resulted in successful fascicle reconstructions, i.e. fascicles
that were extended by less than 30% of their length to have end-
points on the aponeuroses. On average, 1382 fascicles were
included per muscle; these were extended by, on average, 5 mm
(11% of their length; Table 2).

The reliability of measurements of muscle volume was very
high (ICCs between 0.98 and 1.00; Table 3 and Fig. 2). With just
a few exceptions, most architectural parameters of most muscles
had high reliability (ICCs between 0.8 and 1.0). Exceptions were
measurements of fascicle length and pennation angle of TA and
measurements of pennation angle of SMA.

Fibre tract lengths were sensitive to variations in the maximum
turning angle (Fig. 3A). Median tract lengths obtained with a turn-
ing angle of 5° were, on average, 18 mm shorter than tract lengths
obtained with the default turning angle of 10°. With turning angles
of 15° and 20°, tracts were longer than the default tracts by an
average of 16 and 30 mm, respectively. In contrast, fascicle lengths
(tracts to which anatomical constraints had been applied) were
much less sensitive to variations in turning angle: with a turning
angle of 5°, fascicles were shorter than the default fascicles by
3 mm, and with turning angles of 15° and 20° they were longer
by 2 and 4 mm, respectively (Fig. 3B). The lengths of fibre tracts
and fascicles were insensitive to changes in fractional anisotropy
threshold and step size (Fig. 3A-B). The distributions of the differ-
ence between fascicle lengths and tract lengths are displayed in
Fig. 3C.

The polynomial order had a small effect on fascicle length and
pennation angle measurements (Fig. 4). Differences in polynomial
order did not lead to systematically smaller or larger measure-
ments of fascicle length and pennation angle. The mean absolute

difference in fascicle length with measurements obtained with
polynomial order 3 (the default) was 2.5mm, 1.2mm and
0.8 mm for order 1, 2 and 4, respectively. For pennation angle this
was 1.9°, 1.4° and 0.5°. Polynomial order affected fibre curvature
significantly, and in a systematic manner. Relative to the default
fascicle curvatures obtained with order 3, curvatures obtained with
order 1 and 2 were smaller by, on average, 10.5/m and 3.1/m. With
polynomial order 4, curvatures were larger by 2.1/m.

4. Discussion

We determined the test-retest reliability and robustness of
measurements of muscle architecture using a novel DTI tractogra-
phy method which constrained fibre tracts to terminate on
aponeuroses. The application of anatomical constraints resulted
not only in reliable measurements of the architecture of human
calf muscles, but also in measurements that were insensitive to
variations in tractography parameters.

The reliability of the measurements presented here is higher
than the reliability reported in previous studies that used DTI trac-
tography to measure muscle architecture in humans. Sinha and
Sinha (2011) reported coefficient of variations of 6-10% in the
medial gastrocnemius muscle. Their analysis was limited to
selected locations within the muscle, because at other locations
fibre tracking gave implausible results. Heemskerk et al. (2010)
reported moderate repeatability of fascicle length measurements
in the tibialis anterior muscle. They also used quantitative criteria
to select plausible fibres from all fibres generated by DTI tractogra-
phy (Heemskerk et al., 2009), but these criteria did not use infor-
mation from anatomical scans to constrain fascicle origins and
insertions to anatomically realistic locations.

To our knowledge, no previous studies have systematically
evaluated the sensitivity of muscle architecture measurements to
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separated in four compartments (SMP: medial-posterior, SMA: medial-anterior, SLP: lateral-posterior, SLA: lateral-anterior).
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tractography stopping criteria. The sensitivity analysis presented ventional DTI tractography techniques because it is unknown
here shows that fibre tract lengths were influenced much more which angle leads to the most accurate measurements. Moreover,
by the choice of maximum turning angle than by the choice of step it is likely that variations in muscle architecture between muscles
size or minimum FA threshold (Fig. 3). The sensitivity of fibre tract and differences in noise levels between scans require that different
lengths to variations in turning angle is a major limitation of con- stopping criteria are applied in different settings. When anatomical
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constraints were applied to fibre tracts, the sensitivity to variations
in the turning angle was reduced significantly. Varying the turning
angle from 10° to 20° changed fibre tract lengths by, on average,
30 mm, but changed fascicle lengths by only 4 mm. The more
robust measurement of fascicle lengths than tract lengths suggests
that anatomical constraints should be applied to obtain anatomi-
cally realistic measurements of muscle architecture from DTI data.

To reconstruct fascicles, polynomial curves were fitted to fibre
tracts, but it is not clear which order of polynomial provided the
most accurate muscle architecture measurements. Damon et al.
(2012) fitted polynomial curves to fibre tracts and concluded,
based on simulations, that second order curves provided accurate
measurements of curvature and pennation angle. We varied the
polynomial order between 1 and 4 and found only small mean
absolute differences in fascicle lengths and pennation angles of
1-3 mm and 0.5-2¢°, respectively (Fig. 4). While polynomial order
only had a minor effect on fascicle lengths and pennation angle,
curvature was influenced significantly by the order. As expected,
higher orders provided larger curvatures. Based on current data it
is not possible to determine which order provided the most accu-
rate measurements. However, we recommend the use of third
order polynomials as we have done previously (Bolsterlee et al.,
2017; Bolsterlee et al., 2018), to leave open the possibility that fas-
cicles are S-shaped. Although curvature was measured with high
reliability in all muscles except the TA, the effect of polynomial
order on curvature should be kept in mind when interpreting fas-
cicle curvatures. Future studies could use detailed ex vivo measure-
ments of muscle architecture from quantitative microdissection
(Lee et al., 2015) or microCT (Kupczik et al., 2015) to determine
the polynomial order that provides the most accurate measure-
ments of fascicle curvatures.

To date, only deterministic tractography algorithms have been
applied successfully to quantify muscle architecture in human
skeletal muscle, but probabilistic tractography algorithms, which
have been applied successfully to reconstruct white matter tracts
in the brain, may prove useful as well. One popular probabilistic
method uses fibre orientation distribution functions (Tournier
et al., 2004) to correctly reconstruct the complex fibre structure
of white matter tracts in the brain when multiple fibre directions
are present within one voxel (fibre crossing). The added value of
more complex and computationally expensive approaches to fibre
tracking may be limited in muscle tissue, as fibre orientations in
skeletal muscle are more homogeneous than the orientations of
white matter tracts in the brain (e.g. muscle fibres do not cross).
Nevertheless, probabilistic tractography methods, or methods that
fit constrained fibre fields on diffusion tensor imaging data of
human skeletal muscle (Levin et al., 2011) are likely to perform
better in the presence of noise, and may thus provide more accu-
rate measurements of muscle architecture.

The current study does not provide evidence for the validity of
the DTI-based measurements of muscle architecture. Ideally, the
validity needs to be demonstrated on human muscles using the
same clinical scanners and protocols as used in vivo, as this would
constitute stronger evidence than provided by previous studies
which used tissue-mimicking phantoms (Berry et al.,, 2017) or
compared direct measurements of the architecture of animal mus-
cles to DTI-based measurements using high field-strength animal
scanners (4.7 Tesla; Damon et al., 2002) or scan times infeasible
for human studies (69 min; Schenk et al, 2013). We have
attempted to compare DTI-based measurements from human
cadaver muscles to direct measurements using microdissection
(unpublished data). However, using similar imaging protocols as
used in the present study, we were not able to reconstruct the
architecture from the muscles of fresh-frozen cadavers, which
were thawed before scanning, at the same high quality as from
human muscles in vivo. We hypothesized that the microstructure

of the muscle tissue, which determines the diffusion properties
and thus the quality of the reconstructions, was disrupted by freez-
ing and thawing. Despite these limitations in determining the
accuracy of DTI-based measurements of the architecture of human
skeletal muscle, we believe our measurements to be reasonably
accurate. Our microdissection studies on several human muscles
suggest there is very little change in fibre orientation close to the
aponeuroses, so the small linear extrapolations of the fascicles near
the aponeuroses (on average 11% of fascicle length; Table 2) are
unlikely to bias the measurements significantly, at least not in
relaxed muscles. An additional reason to trust the validity of our
measurements is that we have previously shown that the mean
fascicle lengths obtained with our approach are very similar to
those obtained using ultrasonography (Bolsterlee et al., 2015)
and cadaver dissection (Ward et al., 2009). Moreover, we have
measured realistic amounts of lengthening in fascicles of the med-
ial gastrocnemius (Bolsterlee et al., 2017) and soleus (Bolsterlee
et al., 2018) during passive ankle rotation.

Experimental data and simulations have demonstrated the
important role of 3D deformation to generation of muscle force
in actively contracting muscle, and this has generated an interest
in the 3D structure of human muscles (Azizi et al.,, 2017; Bol
et al., 2013). In the last decade, a number of methods other than
DTI have been developed to measure 3D muscle architecture in
humans in vivo. For example, 3D ultrasound, in which multiple
2D ultrasound images are stitched together to form a 3D image
of the muscle, can be used to measure muscle volumes and, at
selected locations in the muscle, fascicle lengths and pennation
angles (Barber et al., 2009; van der Zwaard et al., 2018). The 3D
architecture of muscles can also be reconstructed using a compu-
tational fluid dynamics (CFD) approach, which assumes that fasci-
cles are aligned with the direction of a hypothetical fluid flowing
from the aponeurosis of origin to the insertion of the muscle
(Choi and Blemker, 2013). The CFD method is especially promising
for simulation studies, in which continuous measurements of fibre
orientations are required to study 3D contraction mechanisms. In
contrast, ultrasound and DTI will presumably prove more useful
than CFD methods in experimental studies seeking to reveal mech-
anisms of 3D muscle architecture with, for instance, training,
growth, ageing or disease. Given the limitations and inaccuracies
of all currently available methods for measuring muscle architec-
ture in 3D, converging evidence from different methods would
constitute the strongest evidence of architectural adaptations in
muscles.
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