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Chapter 5

ABSTRACT

Background

Static quantitative MRI provides readouts of structural changes in diseased
muscle but current approaches lack the ability to fully explain loss of contractile
function. With Phase-Contrast MRI (PC-MRI), muscle contractile function
can be assessed through quantification of strain rates. However, current 2D
implementations are not sufficient to capture the complex motion of contracting
muscle in the context of its 3D fiber architecture.

Purpose
To assess 3D strain rates along and perpendicular to the muscle fibers in lower
leg muscles during dynamic exercise.

Study type
Observational

Population
12 healthy volunteers (age: 31.6 £ 15.9 years)

Field Strength/Sequence
3T, Chemical-shift-encoded water-fat separation scan, Spin Echo - Echo Planar
Imaging with diffusion weighting and two time-resolved 3D PC-MRIs.

Assessments

PC-MRI acquisitions were done with and without load at 7.5% of the maximum
voluntary dorsiflexion contraction force. Strain rates and diffusion tensors were
calculated and combined to obtain strain rates along and perpendicular to the
muscle fibers in seven lower leg muscles during dynamic dorsi-/plantarflexion
movement cycle. To evaluate strain rates along the proximodistal muscle axis,
muscles were divided into 5 equal segments.

Statistical tests

T-tests were used to test if cyclic strain rate patterns (amplitude >0) were
present along and perpendicular to the muscle fibers. The effects of proximal-
distal location and load were evaluated using repeated measures ANOVAs.

Results

Cyclic temporal strain rate patterns along and perpendicular to the fiber were
found in all muscles involved in dorsi-/plantarflexion movement (p<0.0017). Strain
rates along and perpendicular to the fiber were heterogeneously distributed over
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Heterogeneous strain rate distribution in lower leg muscles

the length of most muscles (p<0.003). Additional loading reduced strain rates
of the extensor digitorum longus and gastrocnemius lateralis muscle (p<0.001).

Data conclusion

Lower leg muscles involved in cyclic dorsi-/plantarflexion exercise showed cyclic
fiber strain rate patterns with amplitudes that varied between muscles and
between the proximodistal segments within the majority of muscles.
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INTRODUCTION

Quantitative Magnetic Resonance Imaging (MRI) is increasingly used to quantify
healthy muscle architecture and architectural changes due to e.g. muscle disease,
ageing, injury, and training interventions'. Muscle architectural features, including
pennation angle, fiber length, and muscle volume are important determinants of
muscle function?*, but also common compositional changes in disease, such as
fibrosis and myosteatosis, influence muscle function®¢. Muscle composition and
architecture can be assessed using a combination of quantitative MRI techniques
including chemical shift based water-fat separation methods like the Dixon
technique, T, or T, relaxometry, and Diffusion Tensor Imaging (DTI)". However,
static (qualitative and quantitative) MR readouts frequently fail to fully explain
the loss of muscle function, particularly in neuromuscular diseases. For example,
the gradual decrease in muscle strength characterizing various muscle diseases
and sarcopenia cannot be solely explained by the loss in muscle volume®”. This
suggests that in these diseases there is a change in contractile function of the
remaining muscle tissue that goes undetected using static MRI methods.

Muscle strain can provide a window on muscle contractile function, where strain
is a local property of tissue that indicates the relative shortening or lengthening
of tissue in a given direction. In skeletal muscle, strain rate (change in strain
with respect to time) and strain have been examined using two-dimensional (2D)
ultrasound and various MRI techniques®™. 2D Ultrasound generates high spatial
and temporal resolution images'®”, but lacks the coverage and depth needed to
assess full muscle strain distributions'®. MRI has the ability to capture complete
muscle volumes of multiple muscles simultaneously, but so far primarily focused
on specific muscle parts or planes®"" using 2D implementations to reduce
scan time. However, from studies in healthy muscle tissue, it is known that both
architectural characteristics, i.e. pennation angle, and more functional features,
i.e. microvascular function, vary between and within individual muscles®'¥20-26,
making such 2D implementations and focused studies incomplete. At the
same time, this also indicates that it is generally impossible to define a MRI
plane aligned with the muscle fibers, particularly during exercise when fibers
are moving and deforming®?. From strain measurements themselves it is not
possible to infer the underlying fiber architecture, but combined with DTl strain
can be calculated along and perpendicular to the muscle fibers. Additionally,
the introduction of accelerated MRI facilitates 3D assessment of strain rate
distributions with high temporal resolution (10ms) in full muscle volumes of
the lower legs?. The combination of these techniques may create 3D strain
distributions of full muscle volumes in relation with principal fiber directions to
explore contractile function in skeletal muscle. This could be of specific interest
for various muscle diseases and in sarcopenia where the lack of muscle function
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cannot be fully explained by the loss in muscle volume. Hence, an advanced
understanding of the role that contractile function may have in the decline
in function in these population is essential with the prospect of developing
strategies aimed at preserving and or improving muscle function.

Therefore, the main aim of this study was to assess whether 3D strain rate
patterns can be measured along principal muscle fiber directions in the full
volume of seven lower leg muscles during a cyclic dorsi-plantarflexion exercise,
using an in-house developed accelerated time-resolved 3D PC-MRI protocol in
combination with DTI. As a first application of this technology we investigated the
(in)-homogeneity of muscle fiber strain rates along the proximodistal muscle axis
of the leg muscles. Moreover, in order to assess strain rate in a condition more
similar to a daily-life situation, we assessed whether the muscle fiber strain rates
changed with an additional load. Based on the incompressibility phenomenon
during muscle contraction?®, we hypothesize that muscles/muscle fibers of the
lower leg involved in the dorsi-plantarflexion movement will shorten along the
fiber during the contraction phase of the movement and concomitantly will
expand perpendicular to the fiber. During the relaxation phase of the movement
opposed behavior is expected, thereby introducing cyclic behavior. Based on
the previously reported heterogeneously distributed architectural and functional
features in skeletal muscle we hypothesize that strain rate amplitudes along
and perpendicular to the fiber are also heterogeneously distributed along the
proximodistal muscle axis. Lastly, with increasing load, a different execution of
the dorsi-/plantarflexion movement is required and therefore differing strain
rate amplitudes are expected in both the dorsi-flexor and plantar-flexor muscles
compared to the unloaded condition.

MATERIALS AND METHODS

Participants

We collected data in the right lower leg of twelve healthy participants (age:
31.6=15.9 years; 50% m). The inclusion criteria were: no MRI contraindication, 18
years or older and no injuries or complaints of the lower extremity muscles. The
study was approved by the institutional medical ethical committee according to
the Medical Research Involving Human Subjects Act (WMO) and all participants
provided written informed consent before participation.

Maximal Voluntary Contraction Force Measurements

First, the maximal voluntary isometric contraction force (MVCF) was assessed
for the dorsi-flexor muscles using a handheld dynamometer (MicroFET2; Hoggan
Scientific, Salt Lake City, Utah, USA). The participants were positioned in supine
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position with an extended knee and the ankle in neutral position (0°). The
dynamometer was placed on the forefoot, just distal to the toes, for each of
the participants. The participants performed a maximal contraction against the
dynamometer and repeated this three times. If the force kept increasing or if
the difference between the measurements was more than 10%, up to two extra

contractions were performed. The largest force recorded during these trials
was considered to be the MVCF.

MR Data Acquisition

MR datasets were acquired in the right lower leg on a 3 Tesla MR System (Philips,
Ingenia, Best, the Netherlands) using a 16-element receiver coil (anterior) and the
10-element receiver coil built into the patient table (posterior). The participants
were positioned supine feet-first in the MR scanner with the right leg as close
as possible to the center of the bore. The anterior coil was placed on top of the
legs and supported with foam pillows and fixation bands to ensure that the coil
covered the full lower leg and did not move during ankle dorsi-/planterflexion
movement. The MR examination consisted of two parts with a total duration of
65 minutes, including repositioning in between the scans. The first part of the
MR examination was performed with the ankle passively held in neutral angle
(0°) to determine muscle fiber orientations and consisted of the following scans:

| Chemical shift-based water-fat separation scan (3D FFE; mDIXON quant
(multi-echo); TR/TE/ATE/FA 7.8ms/1.27ms/1.1ms/3°%; 6 echoes; voxel size
1x1x3mm?; number of signal averages: 1; acquisition matrix: 192x192; number
of slices 130; scan duration: 70.1 seconds) for muscle segmentation.

Il Diffusion-weighted acquisition to assess principal fiber directions (Spin Echo
- Echo Planar Imaging (SE-EPI); TR/TE: 6123ms/48ms; 24 directions; b-values:
0(5), 400(19) s/mm?2; voxel size: 3x3x6mm3; number of signal averages: 1;
acquisition matrix: 64x64; number of slices: 65; no slice gap, SENSE 1.9;
combination of three fat suppression techniques: SPectral Adiabatic Inversion
Recovery (SPAIR) and Slice Selected Gradient Reversal (SSGR) for the main
aliphatic fat peak and a SPIR pulse for the olefinic fat peak; Partial Fourier
factor: 0.73; scan duration: 290 seconds).

After changing the setup to facilitate the exercise task, the second part of
the MR examination focused on retrieving velocity information during dynamic
unconstrained dorsi-/plantarflexion movement, with the following scans:

| Chemical shift-based water-fat separation scan (3D FFE; mDIXON quant

(multi-echo); TR/TE/ATE/FA 7.8ms/1.27ms/1.1ms/3°%; 6 echoes; voxel size
1x1x3mm?; number of signal averages: 1; acquisition matrix: 192x192; number
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of slices 130; scan duration: 70.1 seconds) for muscle segmentation in neutral
foot position.

[l Two 4D PC-MRI acquisitions to retrieve velocity information during dorsi-/
plantarflexion movement at 0.5 Hz (starting in plantarflexion), one with and
one without load (FFE; TR/TE = 9.4/4.4 ms; VENC=10 cm/s; 3 velocity
encoding directions; 20 time-steps, voxel size: 3x3xémm?3; no fat suppression;
scan duration of 432 seconds corresponding to 216 motion task repetitions)
covering the full lower leg (FOV 192x192x390mm?). The 216 motion task
repetitions were needed in order to acquire the images of the 20 time-
steps for the full FOV, resulting in one set of images representing one single
movement cycle. The additionally applied load was 7.5% of the maximum
voluntary contraction force (MVCF). 4D PC-MRI data were acquired by
incoherently under-sampling k-space based on a pseudo-spiral pattern (under-
sampling factor: R=9.1 with respect to a fully sampled data-set)?.

The proximal end of the slice stack was positioned at the level of the tibia plateau
and the midline of the imaging stack was aligned with the tibia bone for each of
the MR sequences. A schematic representation of the exercise set-up is shown
in Figure 1.

s o

Figure 1. A schematic overview of the exercise set-up. The participants were positioned supine and
were shown a screen for visual feedback of the motion task. The participants were asked to perform

Full plantarflexion Full dorsalflexion

a dynamic dorsi- plantar flexion movement every 2 seconds, starting in plantar flexed position. For
the load condition, a weight (7.5% of maximum voluntary contraction force) was attached to the
ankle by a strap on the dorsal side of the foot.

Post-processing

All data were visually assessed for movement and fat artefacts. Chemical shift-
based water-fat separation Dixon scans were reconstructed using scanner
software. Diffusion datasets were processed using QMRITools (https://github.
com/mfroeling/OMRITools) for Wolfram Mathematica 12. The diffusion data
were de-noised using a principal-component analysis (PCA) algorithm and the
diffusion-weighted images were spatially registered to b=0 images to correct

85



Chapter 5

for motion and eddy current induced displacements using elastix (https://
elastix.lumc.nl/; 26/08/2022)%°. Thereafter, the diffusion data were registered
to the Dixon water images, acquired just prior to the DTl acquisition, using a
rigid registration and a B-spline registration to correct for EPI distortions. The
diffusion tensor was calculated per voxel using an iterative Weighted-Linear-
Least-Squares (iWLLS) algorithm. The tensor was diagonalized generating three
eigenvectors (ev,, ev,, ev,) per voxel. Signal-to-Noise-Ratios (SNR) were calculated
per voxel based on the local average signal divided by the local noise sigma. DTI
signal was determined on the b=0 image while the noise sigma was based on the
background signal. Datasets with SNRs <20 were excluded from the analysis.

PC-MRI data were reconstructed using a Compressed Sensing pipeline?? using
BART. As a first step, the average velocity over all voxels and over the complete
movement cycle was calculated and subtracted from the velocity data in order
to exclude signal drift artefacts in the cyclic movement®?. The resulting velocity
data were then de-noised using a first order Gaussian filter (sigma = 1 voxel;
through plane sigma 0.5 voxel) and used to calculate the 3D spatial gradient,
the Jacobian (J) per voxel per frame (time).

v, 0vy Ovy
ox dy o9z
J= L By v Eq. 1
ox ay 0z
ovy O0vy  9v,
ox oy oz

From J the infinitesimal strain rate tensor (S) per voxel per frame (time) was
calculated.

S =50 +J(® Eq. 2

This resulted in 3D strain rate tensor maps and 3D muscle fiber eigenvector
maps for the full lower leg with a spatial resolution of 3x3x6 mm? and a temporal
resolution of 100 ms. These 3D maps were used as input for further data-analysis.

Data analysis

Volumes of interest (VOlIs) were manually drawn using the scanner reconstructed
water images of the two Dixon acquisitions in neutral foot position. VOIs were
drawn inside the border of the muscles along the full length of seven lower leg
muscles for the fiber orientation (on the first acquired Dixon acquisition) and the
velocity (on the second acquired Dixon acquisition) datasets separately using ITK-
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snap (www.itksnap.org; version 3.6.0; April 2017)%. Seven lower leg muscles were
analyzed, i.e. the tibialis anterior (TA), tibialis posterior (TP), extensor digitorum
longus (EDL), peroneus (PER), soleus (SOL), gastrocnemius medialis (GCM) and
gastrocnemius lateralis (GCL) muscles (Figure 2). Additionally, the SOL and TA
were subdivided into smaller VOIs to account for the different compartments of
these muscles®®. For the SOL muscle, a lateral anterior compartment (SOLla), a
medial anterior compartment (SOLma), a lateral posterior compartment (SOLIp)
and a medial posterior compartment (SOLmp) were defined (Figure 2). The TA
was subdivided in two compartments in the middle section where the muscle
is separated by the intramuscular tendon, the superficial (TAsup), and the deep
(TAdeep) compartments. Distal and proximal to the muscle belly, without a
visible intramuscular tendon, the TA was drawn as one compartment (TAends)
(Figure 2). The VOlIs for the full TA muscle and SOL muscle were generated by
combining the VOlIs for the individual compartments. The reconstructed water
images used for VOI selection were subsequently registered to individual time-
steps (20) of the PC-MRI data (magnitude images) using the built-in imregdemons
function in Matlab (version: 2019a), and the deformation matrices resulting from
the registration were used to deform the VOlIs to all the individual PC time-
steps. Finally, the full muscle volumes were divided into five equal segments
based on the normalized muscle length (i.e. distal segment (0-20%) - segment
20-40% - segment 40-60% - segment 60-80% - proximal segment (80-100%)).
Four muscle compartments were only represented in the three mids segments
covering 20 - 80% of the muscle (Figure 2).

a = I TAends | b
| T R TAsup | TA
I T S—
TAdeep | Ventral
I DL
PER
™
F— sotm” |
[ & i | SOLla
I soLp | SOt
e SOLmp _| Lateral
I GCL
I G
: ¢ Dorsal
0-20% 20-40% 40-60% 60-80% 80-100%
Distal Proximal

Figure 2. An overview of the manually segmented muscles and muscle compartments. Regions
of interest for the individual muscles and muscle compartments (right-side) and their distribution
along the length of the lower leg (left-side). TA: tibialis anterior; EDL: extensor digitorum longus;
PER: peroneus; TP: tibialis posterior; SOLma: medial anterior compartment of the soleus muscle;
SOLla: lateral anterior compartment of the soleus muscle; SOLIp: lateral posterior compartment
of the soleus muscle; SOLmp: medial posterior compartment of the soleus muscle; GCL: lateral
head of the gastrocnemius muscle; GCM: medial head of the gastrocnemius muscle.
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To calculate strain rates along and perpendicular to the fiber our DTl and PC-MRI
datasets had to be combined. Unfortunately, a voxel-by-voxel comparison was
difficult due to differences in resolution and acquisition set-up. Therefore,
first the most prominent fiber direction for every VOI was calculated as the
weighted average principal eigenvector (ev,) from the DTI (Valong) for every
10% section (s10%) of the total muscle length (Eq. 3). Due to the circular cross-
sectional shape of the fiber the two perpendicular eigenvectors (ev, and ev.,)
were interchangeable and dependent on the surroundings, and an average was
not useful. Instead, the average principal fiber direction was used to define the
cross-sectional plane of the fiber, by calculating vectors pointing in the two
perpendicular directions in the plane perpendicular to Valong. (Vp1 and Vp2; Eq.
4.1 and 4.2, respectively):

— _en
ValOTlg,SlO% - ”evlll Eq3
14 X
Vg = ons 10 Eq. 4.1
HValongX[O 1 0]”
V XV 1
Vyp = —2ng—_p Eq. 4.2

P2 ”Valonngpln

These three unit vectors (Valong, Vp1, Vp2) were then used to calculate the strain
rate in these directions (SRalong, SRp1, SRp2) on a voxel-by-voxel basis within
all VOls:

SR(£) = Vs1o9 S * Vsroy Eq. 5
with t indicating every time point.

In order to get one strain rate measure resembling the expansion and
compression in the perpendicular cross-sectional plane, with the same order
of magnitude as the strain rate along the fiber, perpendicular cross-sectional
area (CSA) strain rate (SRpCSA) was calculated. First, SRp1 and SRp2 were used
to calculate SRp, the average strain rate over the two directions (Eq. 5.1). SRp was
then used to calculate SRpCSA, on a voxel-by-voxel basis using (Eq. 5.2 and 5.3):

SRy (£)+SRp2 (t)

SR, (1) = 2

Eq. 5.1
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SR,(t) > 0 : SR ¢(t) =+ SR,(t)? Eq. 5.2

m(t) <0 :SRpCSA(t) = —1" SRp(t)z Eq 5.3
The negative m was used to maintain the sign of strain rate.

Weighted average and standard deviations were calculated for SRalong and
SRpcsA for all the five segmented VOlIs from distal to proximal [0-20%; 20-40%;
40-60%; 60-80%, 80-100%] over time. This resulted in two strain rates, i.e.
along the fiber direction, and in the plane perpendicular to the fiber direction.

Because of the cyclic nature of the exercise task, we modelled the resulting velocity
time series to follow a sinusoidal pattern with a frequency of 0.5 Hz, i.e. one full
cycle over two seconds. This cyclic trajectory is either starting with negative strain
rates, or counterclockwise, starting with positive strain rates. Therefore, in order
to enable comparison between time series a sinusoidal function with a frequency
of 0.5 Hz was fitted to the data using a least squares method:

SR(t) = A-sin(nt) + B Eq. 6

with A the amplitude constrained between -5 and 5. Negative A indicates
shortening/thinning and positive A indicates lengthening/thickening, and B the
offset from zero.

Statistical analysis

Statistical analyses were performed using R (R Core Team, 2019) using the
package Ime4 (Bates 2015). To assess the cyclic behavior for every muscle along
and perpendicular to the fiber, one-sided t-tests were used to test if the average
strain rate amplitudes (two amplitudes for every muscle/muscle compartment,
along and perpendicular to the fiber) over all participants were significantly
different from zero. The effect of load and proximal-distal location on strain
rates along and perpendicular to the fiber for all muscles and compartments
were assessed using multiple repeated measures ANOVAs, using a linear mixed
model approach. These models included the strain rate amplitude (A) from the
sinusoidal fits as outcome variable. The factors load condition (2 levels; load or no
load) and proximodistal segment (5 levels) were added as independent predictors
for strain rate amplitude A, including their interaction. Last, a by-participant
random intercept was added to each model. For all tests the level of statistical
significance was corrected for multiple testing (Bonferroni) and set at p<0.0018
(i.e. 0.05/28 statistical tests, 14 muscle (-compartments) x 2 directions).
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RESULTS

Study population & data quality

The dorsiflexion MVCF measured at the foot of our participants was 262.2+
577N and ranged between 185.5N and 411.5 N. None of the MRI datasets
showed any motion or fat artefacts and all diffusion datasets were of sufficient
SNR (>20) and thus included in the statistical analyses.

Dorsal flexion Dorsal flexion
along perpendicular

Plantar flexion Plantar flexion
along perpendicular

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Strain rate [s7]

Figure 3. Example of cross-sectional images (Segment 40-60%segment) of the lower leg with
color-coded strain rate amplitude along (left) and perpendicular (right) to the fiber during maximal
dorsiflexion (top) and maximal plantarflexion (bottom) phase of the movement. Note the general
antagonistic behavior in the anterior and posterior compartment of the lower leg. s = second

90



Heterogeneous strain rate distribution in lower leg muscles

Temporal pattern of strain rates

Representative images color-coded for strain rate along and perpendicular to
the fibers for one subject during maximal dorsiflexion velocity and maximal
plantarflexion velocity without load are shown in Figure 3. In most lower leg
muscles a significant cyclic temporal pattern, meaning an amplitude significantly
different from zero, was found for strain rates along and perpendicular to the
fiber (p<.0018), with varying amplitudes between muscles (Table 1).

Table 1. T-tests

Along the fiber Perpendicular to the fiber
Muscles Compart- Mean Cl p-value Mean Cl p-value
ments amplitude amplitude
GCL 0.53 0.39t0 0.67 <.0001 -0.44  -0.57t0-0.30 <.0001
GCM 0.47 0.40 to 0.55 <.0001 -0.14 -0.19 to -0.10 <.0001
SOL 0.17 0.12t0 0.22 <.0001 -0.1 -0.14t0 -0.08 <.0001

SOLla 0.25 0.17t0 0.33  <.0001 -0.14 -0.21t0 -0.07 .0015
SOLma 0.20 011t0 0.28 .0004 -0.03 -0.07t0 0.02 .2119
SOLIp 0.09 0.02t0 0.16 .0175 -0.04 -0.07to-0.01 .0132
SOLmp 0.20 0.14t0 0.26 <.0001 -0.17 -0.23t0 -0.11 <.0001

EDL -0.63  -0.80to-0.45 <.0001 0.59 0.40t0 0.78 <.0001
TA -0.31 -0.39t0 -0.24 <.0001 0.13 0.08 tto 0.19 .0003
TAdeep -0.28 -0.40 to -0.17 .0002 0.16 0.06t0o 0.26 .0053
TAsup -0.25 -0.36 to -014  .0004 0.16 0.06t0 0.27 .0066
TAends -0.41 -0.50 to -0.31 <.0001 0.08 0.04t0 0.12 .0010
PER <0.01 -0.04t0 0.04 .8508 0.05 0.01t0 0.09 .0229
TP 0.01 -0.02t0 0.04  .5451 -0.01 -0.03t0 0.01 1865

Amplitude estimates and p-values for the strain rates (s”) along and perpendicular to the fibers for
the individual lower leg muscles and muscle compartments of the TA and SOL muscle. Significant
differences, corrected for multiple testing, are indicated in bold (p<0.0018). Cl = 95% confidence
interval; GCL = gastrocnemius lateralis; GCM = gastrocnemius medialis; SOL = soleus; SOLla =
lateral anterior compartment of the soleus; SOLma = medial anterior compartment of the soleus;
SOLIp = lateral posterior compartment of the soleus; SOLmp = medial posterior compartment of
the soleus; EDL = extensor digitorum longus; TA = tibialis posterior; TAends = Two compartments
distal and proximal of the tibialis anterior without visible intramuscular tendon; TAdeep = deep
compartment of tibialis anterior; TAsup = superficial compartment of the tibialis anterior; PER =
peroneus; TP = tibialis posterior.

For the GCM and GCL muscle, positive strain rates along the fiber related to
ankle dorsiflexion, indicating lengthening of fibers, and negative strain rates
perpendicular to the fibers, indicating thinning of fibers were seen (Figure 4).
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During ankle plantarflexion, the opposite was observed with negative strain rates
along (i.e. shortening) and positive strain rates perpendicular to (i.e. thickening)
the muscle fiber (Figure 4). For the SOL muscle as a whole a cyclic pattern was
observed but with smaller strain rate amplitudes along and perpendicular to the
fibers in comparison with the GCM and GCL muscles during both the dorsi- and
plantarflexion phase (Table 1 and red dashed lines in Figure 4). The individual
compartments of the SOL muscle, however, showed more variability in strain
rate amplitudes than the other plantar flexor muscles (Table 1 and red dashed
lines in Figure 5). In the SOLal and SOLpm compartments significant cyclic
patterns were measured along and perpendicular to the fiber, in the SOLam
compartment only along the fiber, whereas in the SOLpl compartment a cyclic
pattern in strain rate amplitudes, along and perpendicular to the muscle fibers,
was absent (p>.0018).

In the antagonist TA and EDL muscles, an opposed cyclic pattern compared to
the plantarflexion muscles was observed. This consisted of negative strain rate
amplitudes along the fibers and positive strain rate amplitudes perpendicular to
the fibers during ankle dorsiflexion, while this was opposite during plantarflexion
(Table 1 and red dashed lines in Figures 6 and 7). The compartment analysis
of the TA muscle was similar to the one of the full muscle. In the TP and PER
muscles, cyclic patterns in strain rate amplitudes were absent both along and
perpendicular to the muscle fibers (p>.0018) (Table 1 and Figure 7).

Proximodistal distribution of strain rates

The majority of the analyzed lower leg muscles showed a significant effect of
proximodistal location on the strain rate amplitudes along the fibers (Table 2),
except for the SOL muscle and SOL compartments. Strain rates perpendicular
to the fibers were also heterogeneously distributed over the length of the
muscle in the majority of muscles and muscle compartments except for the TP
muscle and the TAends compartment (Table 2). The distribution of strain rate
amplitudes along and perpendicular to the fibers was not consistent over all
muscles. In general the absolute strain rate tended to increase either towards the
proximal or distal muscle insertion. This resulted in the highest absolute strain
rates in the 0-20% and 80-100% segment (i.e. TA, Figure 6) or the 20-40%
and 60-80% segments (i.e. GCL, Figure 4). In the TAsup compartment, even
opposite behavior between the most distal segment compared to the two other
segments was seen, with negative amplitudes in the distal segment (20-40%)
and positive amplitudes in the rest of the muscle segments (40-60% and 60-
80%) (Figure 6).
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Load effect
An effect of load on strain rate amplitudes along and perpendicular to the

fiber was observed in the EDL and GCL (Table 1 & Supplemental material 1 -
4). In both muscles, lower strain rate amplitudes were measured in the loaded
condition as compared to the condition without load (p<.0001; p<.0001)).
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Table 2. Repeated Measures ANOVA results

Along Perpendicular

Muscles Compartments Effect F-value p-value F-value p-value
GCL Load 12.09 .0007 18.29 <.0001
Segment 29.69 <.0001 38.10 <.0001

Load x segment 0.66 .6227 1.54 1945

GCM Load 3.48 .0649 0.37 .5422
Segment 10.88 <.0001 10.21 <.0001

Load x segment 0.47 7546 0.95 .4390

SOL Load 1.29 2589 0.03 .8573
Segment 114 .3397 9.14 <.0001

Load x segment 0.30 .8741 0.58 .6752

SOLla Load 0.31 .5805 0.05 .8223

Segment 291 .0625 1.64 2026

Load x segment 0.19 .8316 0.81 4506

SOLma Load 3.02 .0875 0.57 .4552

Segment 2.82 .0681 9.16 .0003

Load x segment 0.64 .5327 0.27 7644

SOLIp Load 0.88 .3491 0.58 4474
Segment 1.33 .2640 8.02 <.0001

Load x segment 0.75 .5601 0.32 .8658

SOLmp Load 0.64 4239 0.38 .5395
Segment 4.44 .0023 10.23 <.0001

Load x segment 0.19 .9408 0.77 .5446
EDL Load 12.15 .0007 20.09 <.0001
Segment 24.46 <.0001 19.92 <.0001

Load x segment 0.65 .6257 1.64 1703

TA Load 1.00 .3184 0.53 4667
Segment 60.44 <.0001 8.17 <.0001

Load x segment 0.37 .8305 0.01 .9998

TAdeep Load <0.01 9626 0.37 .5470

Segment 25.80 <.0001 66.15 <.0001

Load x segment 1.83 1703 0.47 .6255

TAsup Load 0.23 .6326 0.07 7965
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Table 2. Continued.

Along Perpendicular

Muscles Compartments Effect F-value p-value F-value p-value
Segment 52.28 <.0001 16.12 <.0001

Load x segment 0.08 .9210 0.12 .8841

TAends Load 0.05 .8253 1.87 1814

Segment 108.88 <.0001 2.25 1429

Load x segment 0.73 .3980 1.40 .2456

PER Load 2.48 185 0.09 7710
Segment 20.35 <.0001 10.54 <.0001

Load x segment 1.95 1067 0.89 4735

TP Load 0.5 .6987 1.32 .2537

Segment 5.08 .0009 0.89 4700

Load x segment 0.14 .9652 0.74 .5675

F-values and p-values for the main effects of condition (no load ; loaded]), proximodistal
location (for up to five segments of 20% muscle length, see Figure 2) and the interaction effect
(load*segment) for strain rate Amplitudes along and perpendicular to the fibers during dorsi-
and plantarflexion exercise for the individual muscles and muscle compartments are shown.
Significant differences are indicated in bold (p<0.0018). GCL = gastrocnemius lateralis; GCM
= gastrocnemius medialis; SOL = soleus; SOLla = lateral anterior compartment of the soleus;
SOLma = medial anterior compartment of the soleus; SOLIp = lateral posterior compartment
of the soleus; SOLmp = medial posterior compartment of the soleus; EDL = extensor digitorum
longus; TA = tibialis posterior; TAends = Two compartments distal and proximal of the tibialis
anterior without visible intramuscular tendon; TAdeep = deep compartment of tibialis anterior;
TAsup = superficial compartment of the tibialis anterior; PER = peroneus; TP = tibialis posterior.
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Chapter 5

DISCUSSION

This study demonstrates that it is feasible to assess strain rate along and
perpendicular to muscle fibers covering the entire lower leg during dynamic
dorsi-/plantarflexion exercise, using a combination of PC-MRI and DTI. The
lower leg muscles and muscle compartments involved in repetitive dorsi-plantar
flexion movements exhibited cyclic temporal patterns for strain rates along and
perpendicular to the fibers for the full 3D muscle volumes. Furthermore, strain
rates were heterogeneously distributed along the length of most of the lower
leg muscles and muscle compartments. The strain rate amplitudes along and
perpendicular to the fibers of the EDL and GCL muscle were smaller in the
loaded condition.

In agreement with our first hypothesis, the temporal strain patterns in the
primary plantarflexion muscles, i.e. the GCL, GCM, SOL (and compartments),
started with lengthening along and thinning perpendicular to the fibers during
the dorsi-plantarflexion movement. The primary dorsiflexion muscles of the
ankle, the TA (and compartments) and EDL showed the expected opposite
cyclic temporal strain rate patterns. The TP and PER muscles showed negligible
average strain rate amplitudes along and perpendicular to the fibers. This is in
line with their expected behavior during the dorsi-/plantarflexion movement
as their primary function us to stabilize the ankle, rather than facilitate dorsi-/
plantarflexion movement. The cyclic strain rate patterns observed in the plantar
and dorsiflexor muscles, in combination with the absence of this pattern in the
TP and PER muscles, demonstrates that the method is suitable to cover the full
muscle volumes in 3D and during dynamic exercise.

Strain rate amplitudes along and perpendicular to the fibers were heterogeneously
distributed over the proximodistal muscle axis in the majority of lower leg
muscles, except for some of the SOL compartments and the TP muscle. The
lower leg muscles with heterogeneous strain distributions primarily showed larger
absolute strain rates in either the most distal or proximal segments, rather than
the middle segments. A substantial number of previous studies investigated
strain rate distributions in the lower leg muscles during passive lengthening
and isometric contractions using 2D approaches, without correction for fiber
orientations®131%21.2526.3334  An inconsistent pattern was seen in these studies,
where some reported homogeneous strain distributions over the muscle, and
others described higher strain rates in distal parts of the muscle™?52633-3_None
of these studies combined strain measurements with DTl and therefore they
could not express strain rates along and perpendicular to the muscle fibers, which
makes a direct comparison with these previous works impossible. Nevertheless,
the majority of mentioned factors linked to the strain heterogeneity in these
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studies, for example fiber type distributions within the muscle, motor unit
activation and neural control, are also valid for our results.

Interestingly, in the PER muscle we did not measure a cyclic pattern on a whole
muscle basis, but on a more localized level a clear cyclic pattern with positive
strain rate amplitudes along the fiber during dorsiflexion movement was observed
in the most proximal segment. The PER muscle consists of three muscle heads,
i.e. the peroneus longus, involved in plantarflexion and eversion of the ankle,
the peroneus brevis, involved in plantarflexion and eversion of the ankle, and
the peroneus tertius, involved in dorsiflexion and eversion of the ankle. These
muscle heads are evaluated as one muscle although the origin and insertion of
these heads are not equally distributed along the proximodistal muscle axis.
The longus is primarily located in the most proximal muscle segments and our
data suggest that there could be some selective involvement of this head during
dynamic dorsi- and plantarflexion movement.

In addition to the observed heterogeneity in strain rates along the proximodistal
axis, we also found variability in strain distributions in the different compartments
of the SOL and TA muscles. The opposite cyclic temporal pattern in the distal
segment of the TAsup compartment compared to the rest of the TA muscle
suggesting lengthening and thinning of the muscle fibers during dorsiflexion of
the ankle, was rather unexpected during this dorsi-plantar flexion movement.
Currently, we do not have an explanation for this heterogeneity between
compartments and segments. The fact that all muscles and compartments are
interconnected via fascia and connective tissue could potentially result in intra-
and inter-muscular force transmission which may underlie some of the displayed
heterogeneity®8,

In the majority of lower leg muscles and compartments no effect of load was
observed on the strain rate amplitudes along and perpendicular to the fiber.
This could be due to the relatively small load we applied in the dorsiflexion
direction, as other exercise studies primarily found that larger relative loads
induced changes in measured strain and strain rate patterns®"333% |n the
GCL and EDL muscle, lower absolute strain rate amplitudes were observed
along and perpendicular to the fiber during the loaded condition compared to
the unloaded condition. For the GCL muscle, this may be related to how we
applied load to the ankle. In our exercise set-up the load itself supported the
plantarflexion movement of the ankle which may have resulted in a lower activity
level in the GCL muscle.

The approach presented in this paper will facilitate in-depth studies on muscle
3D strain heterogeneity in relation to muscle architecture, composition,
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and function, including properties such as fascicle lengths and curvature,
(physiological) cross-sectional area, the extracellular matrix and fiber types
within the muscle®4%4. Furthermore, in combination with additional (imaging)
techniques such as EMG, electrical stimulation and motor-unit MRI*2, more
insights in motor unit activation and neural control in relation to muscle fiber
strain and architecture can be obtained, which would help linking muscle
contractile function to architecture and potentially to loss of function.

Our study has some limitations. First, we used the fiber orientation from the
neutral (0°) ankle position to determine strain rate along and perpendicular to
the fiber. During maximum dorsi- and plantarflexion and higher contraction
intensities, pennation angles are known to be different compared to the
neutral position*®. This could have resulted in some under- or overestimation
of longitudinal and transverse fiber strain rates reducing the sensitivity of the
method for actual strain rate differences. However, a deviation of 20° in pennation
angle would only cause an error of 6% strain rate (cosine (20°)), therefore it is
unlikely that this explains the heterogeneity we found in strain rate amplitudes
along and perpendicular to the fiber within the individual muscles, but also
between individual muscles and compartments. Second, in order to acquire
full volume strain rate values with a time resolution of 100 ms, 216 repetitions of
the movement cycle were needed. This could have led to movement variance,
despite the visual tracking cue, introducing some noise in the data. We do not
expect that this affected the average strain rate patterns significantly as we
observed consistent patterns over all participants, but it could be the cause
for the small offset observed in some of the time series, most prominent in
the condition with load. Given the cyclic nature of the movement, this offset is
assumed to be false. Lastly, the loaded condition was always performed after
the condition without load so there could be some fatigue effect influencing
the repeatability of the movement in this condition which might has resulted in
some additional noise in our findings.

In conclusion, this study shows that DTl and PC-MRI data can be combined
to measure strain rate along and perpendicular to the fiber during dynamic
exercise while covering the full lower leg. The muscles involved in the dorsi-/
plantarflexion movement showed clear cyclic temporal strain rate patterns
along and perpendicular to the fiber. Our data also revealed that the amplitudes
of these cyclic strain rate patterns were significantly different along the
proximodistal muscle axis of most muscles and compartments. In the future, this
novel approach can be a valuable tool in studies aiming to link muscle function
and muscle pathology.
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