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ABSTRACT

Abstract

This study investigates the in-vivo architecture of muscles in the lower leg using 2D ultrasound
(US) and 3D diffusion tensor imaging (DTI) techniques. The muscle architecture of the gas-
trocnemius, posterior soleus and tibialis anterior were compared using US and DTI imaging.
DTI and US differed on average by 17 % in fascicle length (FL), 20 % in muscle thickness (tm),
and 36 % in pennation angles (PA).The study furthermore examined the muscle morphology
after stroke by comparing the muscles of the affected side to the less-affected side of five
hemiplegic post-stroke patients. The morphology of eight muscle compartments in both legs
of the patients was measured using only DTI. An, on average, 14 % smaller muscle volume in
the effected side was found, as well as a difference of 15 % in FL, 11 % PA, and 17 % in phys-
iological cross-sectional area (PCSA). However, changes in FL, PA and PCSA were not only
observed between sides but also differed among muscle compartments. The parameter values
were in general in the range of human subjects but no conclusive differences between sides
could be found based on the acquired data. In conclusion, DTI and US both yielded results
of muscle architecture parameters within a physiologically range but can differ substantially
between methods and cannot be compared directly.
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1 INTRODUCTION

1 Introduction

Spasticity is a motor disorder which is commonly seen in many neurological disorders such as
stroke, cerebral palsy, brain injuries, and spinal cord injuries. Spasticity follows in about 30%
of stroke patients [1]. Increased joint resistance is commonly observed when stretching the
spastic muscle, which can be due to both neural and non-neural (mechanical) factors. Muscles
may undergo morphological changes which alter the force generation capacity during move-
ment and lead to an increased joint and muscle stiffness in hemiplegic subjects [2, 3]. Inves-
tigation of mechanical properties of muscles and tendons can help for a better understanding
of muskuloskeletal disorders. Typically, muskuloskeletal studies and models are based on in
vitro testing of animals or cadaver material. However, it has been shown that the macroscopic
arrangement of muscle fibers in the muscle belly (muscle architecture) can differ significantly
between individuals (e.g. stroke patients [2], young/old individuals [4], male/female [5]).
In vitro measurements therefore limit the accuracy of muskuloskeletal models when applied
to individual subjects or populations. In vivo measurements of the muscle architecture can
provide further insight into inter-individual differences in muscle function of patients. The
muscle architecture is often qualified by parameters such as fascicle length (FL), pennation
angle (PA), muscle thickness (tm) and physiological cross-sectional area (PCSA) (see appendix
A.2.1).

To measure muscle parameters in vivo, the conventional method of choice is ultrasound (US)
imaging (see appendix A.4.1). Shearwave elastography was applied on stroke survivors and
subjects with cerebral palsy in the biceps brachii, medial gastrocnemius and tibialis anterior
[3, 6, 7]. Higher group and phase velocity values were found in the affected muscles which
indicate a higher muscle stiffness on the paretic side. However, Jakubowski et al. found no
significant differences in the tibialis anterior, concluding that muscles need to be evaluated
individually to assess alterations [7]. Yang et al. assessed side differences in tm, FL and PA
of the gastrocnemius in stroke patients and found that tm and PA were significantly higher
for the affected side, whereas FL was significantly lower [8] (see appendix A.5.1). While US
measurements were found to be reliable for FL and PA measurements, US provides only 2D
images and a misalignment of the US transducer can lead to inaccurate measurements [9, 10]
(see appendix A.5.2). Assessing muscles deeper within the body such as the anterior soleus
and tibialis posterior in the human lower leg can be difficult using US because image quality
is often poor [5].

Three-dimensional (3D) techniques such as magnetic resonance imaging (see appendix A.4.2)
can overcome some of the limitations of ultrasound [11] but lack the resolution to examine
individual muscle fibers. During the last decade, diffusion tensor imaging based approaches
to reconstruct muscle fascicles have evolved as alternative reference standard [12, 10, 13]
(see appendix A.4.3). It has been shown that the reconstruction of muscle fascicles based
on DTI is possible and reconstructions done with DTI have been shown to validate in vivo
ultrasound measurements [13, 14] (see appendix A.6).

1



1 INTRODUCTION

Aim The aim of the thesis was to develop a method to quantify muscle 3D morphological
parameters from diffusion tensor imaging and compare the results to the same parameters
identified by 2D ultrasound imaging of the muscles of the lower leg of hemiplegic post-stroke
patients. In addition, the aim was to analyze how muscle morphological parameters are
affected in subjects post-stroke. The primary hypothesis based on the results of a study of
Bolsterlee and colleagues is that DTI and US yield similar results for FL while PA will be
smaller that those measured with DTI [13].
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2 METHODS

2 Methods

The experimental data were obtained from five hemiplegic stroke survivors (see table 2.1).
All procedures conformed to the Declaration of Helsinki (2008) and written consent of all
subjects was obtained prior to their participation. The inclusion criteria for the study were
the following:

• Patient is in chronic phase (min. six months after stroke)

• No anti-spastic treatment within three months

• Eligible of doing MR scanning

• No other lower limb injuries or disorders are present

Table 2.1: Characteristics of patients,
expressed as mean ± SD.

Characteristics Value

Age (years) 59.2 ± 15.0
Gender (M:F) 3:2
Height (cm) 172.6 ± 10.8
Weight (kg) 72.6 ± 14.7
Shank length (cm) 34.4 ± 11.3

2.1 Experimental setup and data collection

MRI and DTI acquisition The patients were scanned bilaterally using a 3 T MRI scanner
(Siemens Trio) while lying in a supine position with 30

� knee flexion and 80
� ankle plantar

flexion. T1-weighted MRI images and DTI data of both legs were acquired for each patient.
The T1-weighted images were obtained with the following settings: TSE sequence, TR/TE
605ms/23ms, field of view (FOV) 430 mm, acquisition matrix 512 x 299 pixel, voxel size
0.84 x 0.84 x 5 mm and scan time 101 s. The settings of the DTI images were: EPI sequence,
FOV 350 mm, acquisition matrix 140 x 140 pixel, voxel size 2.5 x 2.5 x 2.5 mm, 20 gradient
directions, number of signal averages 4, b = 500 s/mm

2 (B0 image with b = 0 s/mm
2, with

2 signal averages), scan time 520 s. Eight markers were placed on the subject’s affected leg
which are visible on the T1 weighted image (see placement of markers in figure 2.1).
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2 METHODS

US acquisition The US data was measured at the same joint configuration as in the DTI
acquisitions at a relaxed muscle state. The M9 Mindray ultrasonography system (Mindray,
Shenzhen, China) was used with a 3.6 cm wide, linear transducer (L14-6Ns) with a frequency
range between 6 - 14 MHz. Eight reflective markers were placed on the leg in the same
positions as during the MRI acquisitions to create a probe reference frame. Three additional
markers were placed on the US probe (see figure 2.1). The marker position was tracked
by a motion capture system Oqus (Qualisys, Gothenburg, Sweden) at 200 Hz and data was
collected with the Qualisys Track Manager (version 2.11, Qualisys, Gothenburg, Sweden).

Figure 2.1: Placement of the markers P1, P2, P3 and P4 on the lower leg. Marker P5 is on the head of
the fibula. Marker P6 marks the tuberosity of the tibia. Marker P7 is distal to P6 along the
tibia bone. P8 is on the medial side of the epicondyle. P1-P4 are attached to a silicon pad
distal to P7. P2, P4, P7 and P6 lie on a straight line. AL, AR and AU are the markers placed
on the US transducer with AL and AR defining the acquisition window of the transducer.

2.2 Segmentation of muscle in MRI images

The muscle segmentation for this project was carried out manually for each patient using the
open source platform 3D Slicer (http://www.slicer.org, version 4.8). The segmented muscle
compartments were the following: tibialis anterior, tibialis posterior, medial anterior soleus,
lateral anterior soleus, medial posterior soleus, lateral posterior soleus, lateral gastrocnemi-
cus, and medial gastrocnemicus (see figure A.3c). The muscle boundaries of each muscle
were outlined on each of the MRI slices and a 3D triangulated surface model of the muscle
was generated (see figure 2.5) [15, 16]. To ensure correct segmentations an expert, Taija
Juutinen Finni from the University of Jyväkylä, was consulted and the segmentations were
verified.
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2 METHODS

a) b)

GA

SO

TA

Figure 2.2: US images of the a) gastrocnemius (GA, on top) and posterior compartment of the soleus
(SO, below) and b) of the tibialis anterior (TA). The aponeuroses are highlighted with
white lines.

2.3 Ultrasound fascicle measurements

For each patient, the US data of the affected side was evaluated for the gastrocnemius ,
posterior compartment of the soleus and the tibialis anterior (see figure 2.2). The data was
analyzed using a custom-written MATLAB ([17], version: R2017b) software which briefly
worked as follows. Using a cursor, the deep and superficial aponeuroses of each respective
muscle were identified and two lines were drawn. Another three lines were drawn along three
muscle fascicles (for as long as the fascicles were clearly visible) in the proximal, distal, and
intermediate part of the muscle. Finally, the thickness of the muscle was identified by marking
a point on each of the aponeuroses (see figure 2.3). The deep and superficial pennation
angle is identified as the angles formed between the line passing from the proximal to distal
fascicle insertion and the line of the proximal and distal aponeuroses. The reported pennation
angles resulted from calculating the average of the deep and superficial pennation angles.
The muscle fascicle length was calculated as the straight line distance by dividing the muscle
thickness by the sine of the deep pennation angle (see equation 2.1).

FL =
tm

sin (PAD)
(2.1)
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2 METHODS

Figure 2.3: Example of a measurement of the parameters PA, tm and FL of the tibialis anterior muscle
in an US image using MATLAB. The two long green lines are drawn along the deep and su-
perficial aponeurosis. Another three lines are drawn along each of three fascicles (marked
in red) and the muscle thickness is identified by setting two points (blue markers) mark-
ing each of the aponeuroses. The deep pennation angle, PAD, and muscle thickness, tm,
are used for calculating the fascicle length, FL, (see formula 2.1).

2.4 Alignment of ultrasound and MRI coordinate system

The alignment of the US coordinate system and the MRI coordinate system was accomplished
in several steps. It was based on the four tibial markers P1, P2, P3 and P4 that were attached
to a silicon pad which was placed on the patient’s anterior part of the affected leg (see figure
2.1). The marker positions were tracked by the motion capture system Oqus during the US
acquisition and were visible on the MRI scans (see figure 2.4). Additionally, three markers
AL, AR and AU were placed on the US transducer (see figure 2.1 and 2.4), with AL and
AR defining the acquisition window. The goal of the coordinate system alignment was to
transform the coordinates of the markers AL, AR and AU from the US global coordinate
system to the MR global coordinate system and create a plane based on the three markers.
This was done using MATLAB in two steps:

• Step 1: Transformation from US global to tibia local.

• Step 2: Transformation from tibia local to MR global.

Step 1 In the first step, the markers P1, P2 and P4 acquired with the motion capture system
were used to define the tibia local coordinate system with the unit vectors i0, j0 and k0 (see
figure 2.4).

j0 =
(P4US � P2US)
||P4US � P2US||

(2.2)
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2 METHODS

i0 =
(P1US � P2US)⇥ (P4US � P2US)

||(P1US � P2US)⇥ (P4US � P2US)||
(2.3)

k0 = i
0 ⇥ j

0 (2.4)

P2US was chosen as new origin of the coordinate system.

O
0 = P2US (2.5)

A linear translation of the marker positions was calculated by changing the origin to P2US.

AR
⇤ = ARUS � P2US (2.6)

AL
⇤ = ALUS � P2US (2.7)

AU
⇤ = AUUS � P2US (2.8)

Thereafter, a rotation matrix based on the US global unit vectors i, j and k and newly created
tibia local unit vectors i0, j0 and k0 was computed:

[TUS�TL] =

2

4
i
0
x · ix i

0
x · iy i

0
x · iz

i
0
y · ix i

0
y · iy i

0
y · iz

i
0
z · ix i

0
z · iy i

0
z · iz

3

5 (2.9)

The translation and rotation were combined to transform the markers AR, AL, and AU from
the US global coordinate system to the tibia local coordinate system, AR

0, AL
0, AU

0.

AR
0 = [TUS�TL] · AR

⇤ (2.10)

AL
0 = [TUS�TL] · AL

⇤ (2.11)

AU
0 = [TUS�TL] · AU

⇤ (2.12)

In the last step, a plane was constructed in the tibia local coordinate system defined by the
markers AR

0, AL
0 and AU

0 with the origin in AR
0.

nTL = (AL
0 � AR

0)⇥ (AU
0 � AR

0) (2.13)

Step 2 In the second step, the procedure was reversed. The marker positions P1, P2 and
P4 were identified within the MR segmentation software and used to create the MR global
coordinate system ( i00, j00 and k00) analogous to equations 2.2, 2.3 and 2.4 (see figure 2.4).
A transformation matrix from the tibia local coordinate system to the MR global coordinate
system was created.

[TMR�TL] =

2

4
i
00
x · ix i

00
x · iy i

00
x · iz

i
00
y · ix i

00
y · iy i

00
y · iz

i
00
z · ix i

00
z · iy i

00
z · iz

3

5 (2.14)

The plane through the markers on the US transducer created in step 1 was then transformed
to the MR global coordinate system with the origin ARMR.

nMR = [TMR�TL]
T · (nTL + P2MR) (2.15)

ARMR = [TMR�TL]
T · (AR

0 + P2MR) (2.16)
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The created plane was displayed together with the segmented muscle volumes and the marker
positions ARMR and ALMR indicating the position of the transducer on the patient’s skin.

Figure 2.4: Procedure of US and MR coordinate systems were aligned. In step 1) to 3) the points P1,
P2, P4 acquired with the motion capture system Oqus were used to define the tibia local
coordinate system. The markers ARUS, ALUS, AUUS were then transformed into tibia
local coordinates (AR

0, AL
0, AU

0) by combining a linear translation and rotation of the
points. A plane nTL was created through the points with an origin in AR

0. In the steps
4) and 5) the procedure was reversed in order to transform the plane from the tibia local
coordinate system to the MR global coordinate system.

2.5 Diffusion tensor fascicle reconstruction

For reconstructing muscle fascicles from the DTI data, a method was developed similar to the
methodology described by Bolsterlee et al. [13]. The DTI was first denoised using a Local
Principle Component Analysis (LPCA) filter that takes into account the four dimensionality
of the data. LPCA denoising exploits the multi-directional redundancy of diffusion weighted
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2 METHODS

imaging (DWI) patterns. It was shown in a study by Manjon et al. that the produced diffusion
parameters of the filter better reflect the characteristics of the tissue and that tractography
results could be improved [18].

The filtered DTI data were imported into DSI studio (http://dsi-studio.labsolver.org) and dif-
fusion tensors, eigenvalues, eigenvectors and fractional anisotropy (FA) maps were extracted
and a deterministic fiber-tracking algorithm was used [19].

Fiber tracking The tracking is based on the degree of FA of the tracts. Only tracts in the
range of 0.1  FA  0.7 were included in the analysis based on a study by Bolsterlee et al.
[13]. Fiber tracking was performed by choosing a location in the muscle and specifying a
small seed region consisting of approximately four DTI voxels. A tract was propagated in both
directions of the primary eigenvector from the seed point with a step size of 1 mm until the
tract entered a region with FA  0.1 or until the angle between subsequent tracts exceeded
5
� (see figure 2.5). All tracts with FA � 0.7 were set to terminative during the tracking

beforehand. The tract search was stopped when 100 tracts where found that were longer
than 20 mm and shorter than 200 mm. All tracts were exported into MATLAB, where they
were overlayed with the segmented muscle volumes (see figure 2.5). All tracts were visually
checked for plausibility. If tracts were found implausible in their orientation or path, they
were excluded from subsequent analysis and the tracking had to be repeated.

Figure 2.5: Procedure of how fascicle tracking was done based on MRI and DTI data. The anatomical
MRI images were segmented manually within 3D Slicer and a surface model of each mus-
cle was created (http://www.slicer.org, [16]). Parallelly, the DTI data were reconstructed
within DSI studio and 100 fascicle tracts (in light blue) were tracked based on a small
seeding area (in purple) (http://dsi-studio.labsolver.org,[19]). The tracts were imported
into MATLAB ([17], version: R2017b) together with the surface models. As described
in section 2.5, the median end points of all 100 tracts were calculated and translated
towards the muscle surface in both direction. When the surface was intersected, the FL
was obtained by calculating the distance between both median endpoints. The superficial
and deep PA, PAS and PAD, represent the angle of the median tract to the surface of the
muscle volume in both endpoints.

To reconstruct the end points of the fiber tracts, the median x-, y- and z-coordinates of the
100 endpoints at either end of the tracts were determined and translated towards the muscle
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2 METHODS

surface along the line connecting both median endpoints until the surface was intersected. FL
was obtained by calculating the distance between the two endpoints on the superficial and
deep aponeurosis. The two pennation angles, PAS and PAD (superficial and deep), represent
the angle of the median tract to the surface of the muscle volume in both endpoints. The
reported pennation angle is the mean value of both angles.

2.6 Comparison of ultrasound and diffusion tensor estimates

For comparing US and DTI measurements, fiber tracking was done at the site of the intersec-
tion of the US plane with the segmented muscle surfaces (see figure 2.6). Three seed regions
were chosen for each muscle and the resulting FL and PA values were averaged. tm was mea-
sured in the MRI images within 3D slicer by using the ruler function and marking each of the
aponeuroses manually (see figure 2.7).

a) b)

Figure 2.6: a) Visualization of the muscle volumes of the lateral gastrocnemius (blue) and posterior
part of the lateral soleus (red) with the transformed US plane cutting through the muscle
volumes. The red markers specifying the width of the US transducer. b) Tracking of
fascicles of the gastrocnemius muscle within the area specified by the US plane and FOV
of the US transducer displayed by red markers. The median endpoints of the fascicles on
the muscle surface are marked with the red numbers 1 (deep) and 2 (superficial). The
median fiber tract is marked in light green.
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a) b)

Figure 2.7: Measurement of the muscle thickness of the MRI image in the location of the the US plane
using: a) The visualization of the US plane intersection with the muscle volumes (blue
- medial gastrocnemius, red - medial posterior soleus) within the field of view of the US
transducer (red marker), b) the corresponding MRI image of the muscles. The thickness
measurements were done within the 3D slicer software using the provided ruler tool [15].

2.7 Comparison of the affected and less-affected side

The comparison of the affected and less-affected side was done based on MRI and DTI images
alone. Three seed regions (distal, medial, intermediate) were chosen in each of the segmented
muscle compartments in both legs in a position where the lower leg of the patient had the
biggest cross-sectional area. The FL and PA calculated from the three seed regions were
averaged for comparison. Furthermore, the volume of the segmented volumes was calculated
based on the surface models. The volume, FL and PA were used to calculate the physiological
cross-section area (PCSA) (see formula A.2).

11





3 RESULTS

3 Results

For the comparison between the DTI and US measurements, the muscles gastrocnemius, pos-
terior soleus and tibialis anterior of the affected side were considered. In almost all cases
(approximately 87 %) an intercepting plane of the ultrasound image through the muscle vol-
ume could be calculated and fascicle tracking as well as muscle thickness measurements could
be carried out in the same location as the measurements performed in the US data. The result-
ing mean values for each muscle are presented in table 3.1. In all cases, the US measurements
showed smaller results for the tm and PA (see figures b) and c) of 3.1).

Table 3.1: Comparison of mean measurements of the gastrocnemius (GA), posterior soleus (PSO) and
tibialis anterior (TA) of the affected leg of five patients. Mean results (± SD) of the fascicle
length (FL), muscle thickness (tm) and pennation angle (PA) using ultrasound (US) and
diffusion tensor imaging (DTI) /magnetic resonance imaging (MRI). DTI data was used to
calculate FL and PA, whereas anatomical MR images were used for calculating tm.

Muscle FL [mm] tm [mm] PA [�]
US DTI US MRI US DTI

GA 31.4±4.6 29.8±7.2 9.2±0.8 10.7±1.2 12.5±4.7 28.3±11.5
PSO 35.9±16.6 27.3±2.8 10.5 ±0.6 11.1±1.4 19.7±12.3 43.6±13.1
TA 53.3±16.9 46.9±12.6 7.4 ±0.4 12.5±2.0 7.4±3.8 36.7±18.8
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Figure 3.1: Resulting parameters of the patient’s affected side (a) fascicle length (FL), b) muscle
thickness(tm), c) pennation angle (PA) for the gastrocnemius, posterior soleus and tib-
ialis anterior when using DTI fascicle tracking and US measurements. On each box, the
central mark indicates the median value, and the bottom and top edges of the box indi-
cate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme
data points not considered outliers, and the outliers are plotted individually using the 0+0

symbol.
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When comparing the affected and less-affected side of five hemiplegic stroke patients, eight
different muscle compartments of the lower leg were considered as described before. The
mean values found for the FL, PA, volume, Vm, and PCSA are presented in table 3.2. Addi-
tionally, a direct comparison of the affected and less-affected side split up into parameters is
presented in figure 3.2 for each muscle individually. Literature values of the FL, PA, Vm and
PCSA of cadaveric, US and DTI studies of the muscles of the lower leg of healthy subjects and
stroke patients are summarized in appendix B in table B.1.

Table 3.2: Comparison of mean measurements of muscles of the affected and less-affected leg of five
patients using DTI (LGA - lateral gastrocnemius, MGA - medial gastrocnemius, LPSO - lat-
eral posterior soleus, MPSO - medial posterior soleus, LASO - lateral anterior soleus, MASO
- medial anterior soleus, TP - tibialis posterior, TA - tibialis anterior). Mean results (± SD)
of the fascicle length (FL), pennation angle (PA), muscle volume (Vm) and physiological
cross-sectional area (PCSA).

Muscle FL [mm] PA [�] Vm [cm
3] PCSA [cm

2]
aff less-aff aff less-aff aff less-aff aff less-aff

LGA 23.5±4.3 24.3±3.6 29.4±10.7 28.3±6.6 68.6±26.1 91.2±31.2 38.1±20.5 42.0±9.7
MGA 47.1±12.7 36.6±7.3 26.6±5.4 27.9±3.1 152.5±61.8 170.5±57.7 36.5±11.0 52.0±11.7
LPSO 26.6±9.7 24.9±6.9 41.7± 9.2 39.8±3.9 123.2±47.9 141.6±82.5 73.8±36.1 68.8±20.8
MPSO 56.3±27.1 65.9±22.7 31.1±6.1 34.2±8.9 118.9±35.6 134.2±13.0 27.6±8.1 27.4±6.6
LASO 38.1±17.2 24.0±1.3 29.4±12.1 29.3±6.4 43.5±16.6 44.0±19.5 16.4±13.0 18.6±13.2
MASO 34.9±5.3 31.9±7.1 27.8±8.4 31.2±9.3 50.2±24.6 57.0±22.2 12.7±10.8 20.9±6.4
TP 37.7±15.5 44.1±7.1 30.2±13.4 20.5±4.1 63.5±25.4 87.1±26.2 26.6±18.3 20.9±4.3
TA 60.0±17.6 60.3±9.5 26.0±8.4 20.8±5.1 102.3±20.5 105.2±20.9 21.9 ±10.7 19.2±5.1
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Figure 3.2: Resulting parameters: a) fascicle length (FL), b) pennation angles (PA), c) muscle volumes
(Vm), d) physiological cross-sectional area (PCSA) of the affected and less-affected side
of five patients analyzing the muscle compartments gastrocnemius, lateral and medial
posterior soleus, lateral and medial anterior soleus, tibialis posterior and tibialis anterior
using DTI fascicle tracking. On each box, the central mark indicates the median value, and
the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.
The whiskers extend to the most extreme data points not considered outliers. Please,
observe that the y-axis of the lateral gastrocnemius in d) deviates from the other y-axes in
d) due to the outlier (plotted with 0+0).
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Figure 3.2 cont. : Resulting parameters: a) fascicle length (FL), b) pennation angles (PA), c) muscle
volumes (Vm), d) physiological cross-sectional area (PCSA) of the affected and less-
affected side of five patients analyzing the muscle compartments gastrocnemius,
lateral and medial posterior soleus, lateral and medial anterior soleus, tibialis pos-
terior and tibialis anterior using DTI fascicle tracking On each box, the central mark
indicates the median value, and the bottom and top edges of the box indicate the
25th and 75th percentiles, respectively. The whiskers extend to the most extreme
data points not considered outliers. Please, observe that the y-axis of the lateral
gastrocnemius in d) deviates from the other axes in d) due to the outlier (plotted
with 0+0).
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4 Discussion

This study used DTI-based techniques to examine the 3D anatomy of the muscles of the lower
leg of stroke patients in vivo. The validity of DTI measurements was investigated by compar-
ison with the conventional US method.

The comparison of US and DTI parameters showed a sufficient agreement of mean values
for FL and tm which confirms the primary hypothesis. Averaged over all three muscles, FL
measured by US was around 4.2 mm (or 17 %) bigger than measured with DTI reconstruc-
tion. US yielded tm of 1.8 mm (or 20 %), on average, smaller than the DTI results. Only the
tibialis anterior tm showed a higher variance of 5.1 mm (or 41 %). This could be explained by
the fact that the tibialis anterior was divided into two parts by a medial aponeurosis in some
patients. It is possible, that this medial aponeurosis was chosen in the US measurements as
deep aponeurosis of the muscle. Because of this, tm in the MRI analysis was also evaluated
based on this medial aponeurosis. Additionally, it could be seen that tm measurements in the
tibialis anterior and gastrocnemius were in general bigger for the MRI results compared to the
US results. This could partially be due to a compression of the muscle by the pressure applied
by the US transducer leading to smaller tm. PA measured with ultrasound were, on average,
17.2

� (or 36 %) smaller than PA measured with DTI. This confirms the primary hypothesis fur-
ther. However, the differences in PA between US and DTI are larger than differences reported
by Bolsterlee et al. and Bérnard et al. [13, 20]. This could be due to several reasons. A first
reason could be the aforementioned compression of the muscle by the probe. Second, joint
alignment was difficult in some patients due to their spasticity causing propensity of misalign-
ment between the probe and the muscle. A third reason could be a non-optimal orientation
of the US probe during measurements. The probe should be oriented perpendicularly to the
aponeurosis and the endpoints of a fascicle need to lie on the US image plane [13]. In some
patients, this was not the case and the aponeurosis showed a curvature which could be a
source of error when calculating the FL and PA. Lastly, the low sample size of only three mea-
surements per muscle compartment and per patient could lead to the higher variance. Even
though DTI measurements were taken in a location as close as possible to the US plane and
transducer location, a misalignment is still possible and might introduce an additional sys-
tematic error to the results. This error has not been quantified in this study but was found to
be low (FLmisalignment < 2 mm, PAmisalignment < 1.8

�) in a study on the gastrocnemius muscle
by Bolsterlee et al. and therefore disregarded [13].

The second part of this study was focused on identifying the muscle parameters (FL, PA, Vm

and PCSA) using DTI in hemiplegic stroke subjects and comparing the affected to the less-
affected side. For the first time, these 3D measurements are reported in stroke subjects in
vivo. The hypothesis was that the morphological structure changes in the more affected side
and that differences can be observed between different muscles. This hypothesis could not be
confirmed as no clear trend could be observed between the sides. However, the results showed
that the total muscle volume of the affected side was smaller by, on average, 14 %. The average
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FL showed a difference of 5.8 mm between affected to less-affected side which corresponds to
15 %. PA were, on average, different by 3.3

� (11 %) and PCSA by 5.4 cm
2 (17 %). FL, PA and

PCSA were sometimes bigger for the affected side and sometimes smaller depending on a spe-
cific muscle. Although, mean measurement of FL, PA, Vm and PCSA seemed to be adequately
similar in the affected and less-affected side, the individual pairs of measurements showed
a high individual difference which is reflected in the large standard deviations of measure-
ments (see 3.2). One reason for this could be the inhomogeneous population of the study
with differences in gender, age, weight, etc., as well as the low number of measurements per
muscle and patient used for averaging. In general, both DTI and US yielded results within the
observed range of previous cadaveric, US and DTI studies (see table B.1 in appendix B).

Using DTI-based architectural measures as a reference standard comes with some limitations.
As discussed in the appendix (A.6.1), the repeatability of tractography is acceptable but not
excellent. The signal-to-noise ratio (SNR) of DTI data is relatively low which was improved
by using a LPCA filter (see section 2.5). For the current study, it was noticed that some muscle
fascicles were not reconstructed in a plausible direction based on knowledge about muscle
structure. For instance, the anterior soleus did not show the clear bipennate structure. It
seems that this discrepancy was caused by a low SNR especially in the triceps surae mus-
cles. An analysis of the DTI data revealed that the posterior part of the leg showed an 52 %

lower signal intensity than the anterior part of the leg. This was most likely caused by the
patient position during the DTI acquisitions. The lower legs were positioned with the shin
bone in a parallel position to the MR table with a certain distance between the calf and ta-
ble. An amplifying MRI coil was only used on the anterior part of the leg. In the future,
using two coils (anterior and posterior of the lower leg) could improve the image intensity
in the posterior part of lower leg and lead to a better quality of the DTI data. The DTI re-
construction used in this study improved on conventional DTI fiber tracking algorithms by
using information of anatomical scans about the location of aponeuroses and by forcing fiber
tracts to terminate on tendons or aponeuroses. By using the median endpoint locations of
tracts passing through a small seed region, the effect of noise was further lowered. Addi-
tionally, certain constraints such as maximum angles between subsequent tract segments and
minimum and maximum fascicle lengths aimed at excluding unplausible fascicle tracts. How-
ever, only one set of threshold parameters was chosen based on studies by Bolsterlee and
colleagues [13, 10]. Bolsterlee et al. used non-isotropic voxels in their studies. In the cur-
rent study, isotropic voxels were chosen to avoid a directional bias of DT images when being
reconstructed. It is not clear how parameter ranges should be chosen to be optimal for the
voxel settings as well as for different muscles. Further studies are needed to find optimal pa-
rameters for tracking. Furthermore, muscle parameter results would become more accurate
when using more than three seed points per muscle compartment or possibly track fascicles
within the whole muscle volume to obtain averages as done by Bolsterlee et al. [12]. Pen-
nation angles seemed to vary a lot between superficial and deep pennation angles which is
why the angles could be analyzed separately. Additionally, the angles varied a lot within the
same muscle. An explanation for this could be that tracts ended in non-smooth areas of the
segmented muscle surface. To prevent this, the manual segmentation could be improved. In
this study, an expert, Taija Juutinen Finni, from the University of Jyväskylä, was consulted
to correct segmentations. Manual segmentation could be improved further by overlaying pri-
mary eigenvector maps on anatomical scans [12]. Furthermore, a (semi-)automatic muscle
segmentation algorithm which is based on anatomical scans as well as DTI scans would be
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of great benefit to obtain more accurate, reproducible measurements of muscle architecture.
The actual extent to which inaccuracies in manual segmentation have propagated to errors in
muscle architecture measurements was not determined.
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5 Conclusion

When choosing an imaging method for in vivo muscle architecture measurements, there is
no definite gold standard. Both US and DTI yield results within the observed range of ca-
daveric studies, however both methods can differ substantially from each other when looking
at individual pairs rather than mean values. Therefore, it is important to keep this in mind
when designing a study that depends on in vivo measurements and only consider using one
of the methods presented. While the DTI fascicle reconstruction method of this study has the
advantage over US of using 3D data, it comes with some limitations and is in need of further
refinement. Even though no clear differences in muscle architecture between the affected
and less-affected side could be reported, this study is, to the author’s knowledge, the first one
to study the 3D muscle architecture of hemiplegic stroke subjects using DTI. The techniques
presented will be useful in the development of personalized musculoskeletal models to study
individual subjects and musculoskeletal disorders such as stroke.
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Appendix A

State of the art

A.1 Introduction

The main aim of this master thesis is to develop a method to quantify muscle three-dimensional
(3D) morphological parameters using diffusion tensor imaging (DTI) and to compare these
parameters to the same parameters identified by using two-dimensional (2D) ultrasound (US)
imaging. Furthermore, the focus is on examining the morphological alterations of the muscles
of the lower legs of hemiplegic post-stroke patients by using DTI and US imaging. Conse-
quently, the knowledge obtained by the study has the potential to help improve the accuracy
of subject-specific musculoskeletal modeling of human movement.

Musculoskeletal modeling is a common way to investigate the disorders when parameters of
interest are not experimentally measurable [1]. One limitation to these models is the use of
generic data for mechanical properties of muscles and tendons which are typically based on
in vitro testing of animal or cadaver material. It has been indicated that this aspect limits the
accuracy of musculoskeletal models applied to an individual subject or population (e.g. stroke
patients [2], young/old individuals [3], male/female [4]). In vivo measurements of muscle
architecture can provide further insight into inter-individual differences in muscle function of
patients and could be used to personalize musculoskeletal models.

The state of the art chapter will briefly cover the functional anatomy of the lower leg and
the mobility changes caused by stroke. It will furthermore give an overview of the imaging
technologies used for obtaining the data of this study. Additionally, it will shortly summarize
existing methods for measuring morphological muscle parameters and the accuracy of those
measurements.

A.2 Functional anatomy of the lower leg

A.2.1 Muscle architecture

Skeletal muscles provide strength and protection to the skeleton by distributing loads and
absorbing shocks. They perform both dynamic work, such as locomotion or positioning of the
body segments in space, and static work, such as maintaining body posture or position [5].
The viscoelastic properties of tendons and other connective tissues in and around the muscle
help to determine the mechanical characteristics of the whole muscle. Human striated muscle

A3



APPENDIX A STATE OF THE ART

is either parallel- or pennate-fibered [6]. This means fibers are either parallel to the line of pull
or oblique to the axis of pull and insert into the tendon with an angle (angle of pennation).
The skeletal muscle architecture functionally defines the performance capacity of a muscle.
Parameters that best describe this functionality are fascicle length (FL), pennation angle (PA),
muscle thickness (tm) and physiological cross-sectional area (PCSA) [7] (see figure A.1).

FL

tm

PA

PCSA

Figure A.1: Schematic illustration of pennate muscle showing the angle of pennation (PA), muscle
thickness (tm) and physiological cross-sectional ares (PCSA) in 2D

The PCSA is a main factor in predicting the force that can be developed for each type of
muscle. In parallel-fibred muscles, the PCSA corresponds to the anatomical CSA, which is
usually measured at the site of maximum circumference [6]:

PCSAparallel =
mm

r · FL
(A.1)

In equation A.1, mm stands for muscle mass and r for muscle density. Thus, m
r = Vm is the

volume of the muscle. In comparison, the PCSA of the pennate muscle additionally depends
on the pennation angle PA (see equation A.2).

PCSApennate =
Vm

FL · cos (PA)
(A.2)

A.2.2 Anatomy of the lower leg

The lower extremities include the bones of the thigh, leg and foot as well as the hip, knee,
and ankle joints. The foot and ankle are a complex anatomical structure made of 26 bones
and 30 synovial joints. The foot contributes significantly to the whole function of the lower
leg. It supports the weight in both standing and locomotion [5]. The two main motions of
the foot are extension and flexion. For the movement of the foot at the ankle these are called
plantarflexion and dorsiflexion respectively (see figure A.2).
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Figure A.2: Dorsiflexion and plantarflexion movements with fixed shinbone (tibia)

Plantarflexion describes the action of the foot moving away from the leg or of the leg moving
away from the foot. It propels the body forwards and upwards during walking. The primary
muscles involved in this action are the gastrocnemius and soleus muscles (see figure A.3a/b),
which generate 93% of the overall force during plantarflexion [8]. The gastrocnemius and
the soleus together form the triceps surae muscle group and attach to the Achilles tendon.
The gastrocnemius is a pennate muscle that consists of a medial and lateral head and is the
most superficial muscle in the posterior compartment of the leg. The soleus is located anterior
to the gastrocnemius and is flatter and wider. The human soleus muscle is a complex multi-
pennate muscle which usually has a separate (posterior) aponeurosis from the gastrocnemius
muscle. An aponeurosis is similar to a tendon. Its sheets of fibrous tissue act as an attachment
for the muscle and transfer forces and energy of the muscle to its tendons. The soleus consists
of a medial and lateral posterior compartment and medial and lateral anterior compartment
(see figure A.3c).

Dorsiflexion is the counter movement to plantarflexion. It describes the action of the foot
moving toward the leg. It has a lower range of motion compared to plantarflexion; Approx-
imately 20

� compared to 50
� of plantarflexion. The overall force generated by dorsiflexion

is smaller as well with about 25% of the force generated by plantarflexion [9]. The primary
muscle of dorsiflexion is the tibialis anterior muscle which has the largest muscle mass of the
dorsiflexor muscles. It is assisted by the extensor digitorum longus and the extensors hallucis
longus (see figure A.3b/c). The tendon of the tibialis anterior is held against the front of the
ankle and foot by the extensor retinaculum [8].
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Calcaneus

Achilles 
tendon

Tibia

Extensor 
digitorum 
longus (EDL)
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a) Posterior view b) Anterior view c) Cross-sectional view

Tibialis

posterior

Figure A.3: Schematics of the muscles of the lower left leg: a) Posterior view, b) Anterior view, c)
Cross-sectional view: The gastrocnemius consists of a medial and lateral compartment.
The soleus consists of an anterior and posterior compartment which can both be subdi-
vided into a medial and lateral part.

A.3 Stroke and spasticity

Stroke is a medical condition that occurs when the blood flow to an area in the brain is cut off,
resulting in cell death. The skeletal muscle may undergo numerous structural and functional
alterations following such an injury to the brain [10]. Spasticity after a stroke occurs in
30% of patients with highly varying onset times of days up to months after stroke [11]. A
consensus has yet to be reached in how to define the degree of spasticity as well as finding a
general definition for spasticity. Lance defined spasticity in 1981 as follows: ”Spasticity may
be defined as disinhibition of the stretch reflex, resulting in velocity-dependent increase in
tonic stretch reflexes and increased tendon jerks.” ([12], p. 132) This definition describes
spasticity during passive movement but does not take into account the effect on voluntary
gestures. Young added neurophysiological elements to the definition of spasticity in 1994
by saying that stroke is ”a motor disorder characterized by a velocity-dependent increase in
tonic stretch reflexes that results from abnormal intra-spinal processing of primary afferent
input.” ([13] , p. S12) Post-stroke spasticity can result in a variety of symptoms (including
clonus, dystonia, muscle weakness, and abnormal reflex responses) and can evoke changes in
rheological muscle properties like stiffness, fibrosis, and atrophy [2, 11, 10]. Subsequently, it
changes the potential of the muscles to generate force.
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A.4 In vivo imaging technologies to measure morphological
parameters

A.4.1 Ultrasonography

Ultrasonography, or simply ”ultrasound”, is a technology that uses ultrasound waves to obtain
images of structures inside the body [14]. The sound waves are created by a piezoelectric
crystal when connected to a source of electrical energy and usually have frequencies over
20.000 Hz. Higher spatial resolution can be achieved by using higher frequencies but, in turn,
reduces the penetration depth of the waves inside the tissue [15]. The piezoelectric crystal is
embedded into a transducer. It sends out pulses of ultrasound waves that propagate through
the medium, here biological tissues. The waves are reflected when reaching interfaces be-
tween different mediums. The generated echo is then detected by the same piezoelectric
crystal. The image is obtained by converting the sound waves into an electrical signal which
is amplified and displayed by a receiver. There are different types of transducers. Choosing
the appropriate transducer and frequency in musculoskeletal imaging depends on the size of
the imaged structure, its relative position to the skin, and the possible occurence of interven-
ing soft tissue layers [8].

Conventional US imaging provides only 2D images (see figure A.4a for a 2D US image of the
gastrocnemius and soleus muscle). The main benefits of US are the ease of application, the
relatively low cost and the excellent temporal resolution compared to, for instance, magnetic
resonance imaging (MRI). In theory, it is assumed that the most accurate measurements of
3D muscle parameters can be achieved when the transducer is oriented in a way that the end
point of the measured fascicles lie on the US plane and that the image plane is furthermore
oriented perpendicular to the aponeurosis of the muscle [16]. Bolsterlee et al. concluded a
study in 2016 examining the optimal positioning of the transducer for measurements of the
medial gastrocnemius muscle and found that a transducer oriented perpendicular to the skin
and nearly parallel to the tibia achieves the most accurate results when compared to 3D fas-
cicle reconstruction using DTI [17].

However, misalignment of the transducer can result in errors of architectural measurements
[18]. Another disadvantage of US is that it only provides a 2D image with a limited field of
view. MRI on the other hand has a higher spatial resolution and image volume and acquires
3D images which is why MRI-based imaging for determining musculoskeletal parameters has
evolved as an alternative reference standard [17, 16].

A.4.2 Magnetic resonance imaging

Magnetic Resonance Imaging (MRI) is a tomographic imaging technique used in radiology. It
externally measures nuclear magnetic resonance (NMR) and reconstructs images of an object
based on the NMR signal [19]. MRI is based on the interactions of nuclear spins, primarily
the protons in hydrogen, with an external magnetic field. These interactions result in the
precession of the spin about the field direction.

Imaging is enabled by manipulating the bulk precession of the hydrogen spins in water, fat and
other organic molecules and then detecting and measuring this bulk precession. This process
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is achieved by using a strong magnetic field and additional gradient coils which are used to
locally vary the main magnetic field. The excited hydrogen atoms emit a radio frequency
signal, which is measured by a receiving coil. The position information is encoded by using
the already mentioned gradient coils and the contrast between different tissues is determined
by the rate at which excited hydrogen atoms return to the equilibrium state [20, 21]. An MRI
image of a cross-sectional view of the lower leg can be seen in figure A.4b.

posterior

anterior

anterior

posterior

anterior

posterior

a) b) c)

PAs

PAD

PAs

PAD

GA

SOp

Figure A.4: Comparison of muscles imaging using ultrasound, MRI and DTI: a) Ultrasound im-
age of parts of the gastrocnemius (GA) and posterior soleus (SOp) muscle. Aponeu-
roses are marked with white lines. Fascicles and their deep and superficial pennation
angles, PAD and PAS, are marked in red. b) MRI cross-sectional view of the lower
leg (see figure A.3c for anatomical information). The voxel size of acquisition was
0.84 mm ⇥ 0.84 mm ⇥ 5.00 mm. c) Corresponding DTI image overlaid on top of the MRI
image with a voxel size of 2.5 mm ⇥ 2.5 mm ⇥ 2.5 mm. The degree of anisotropy is color
coded as described above (section A.4.3).

A.4.3 Diffusion tensor imaging

Diffusion Tensor Imaging (DTI) is based on the diffusion properties of water molecules. Wa-
ter molecules undergo random translational motion driven by internal kinetic energy which
is called diffusion and characterized by a diffusion coefficient D. It is often driven by mechan-
ical pressure or a concentration gradient and has no determined directions. In an unbound
environment, the distance traveled by a water molecule during a given time is described by
the Stokes-Einstein equation and is dependent on the temperature. Inside biological tissues
this free diffusion can be restricted by many structures, such as cell membranes and myelin
sheath. The diffusion process is characterized by the apparent diffusion coefficient (ADC)
[22].

The diffusion of water attenuates the observed signal amplitude in MRI acquisitions. There is
a relationship between the spin echo signal attenuation and the diffusion process. This rela-
tionship can be measured using a standard spin echo sequence with the addition of diffusion-
sensitizing gradient pulses. Two diffusion-sensitizing gradient pulses of a duration d and a
magnitude G are placed around the 180

� radio frequency (RF) pulse. The gradient before the
180

� RF pulse adds a spatial-dependent phase shift to the spins. The 180
� pulse then flips

the signs of the spins’ phases and the second gradient pulse after has the same effect as the
first pulse. If the spins have not undergone any translational motion between both gradient
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pulses, the phase shift will cancel itself out and all spins will have the same phase as initially.
However, if a translation along the gradient axis has occurred, the extra phase shift cannot
be completely cancelled and depends on the distance of the spin movement. The signal ac-
quired by the receiver will have a smaller magnitude (see figure A.5) [22]. In routine imaging
acquisitions, the area covered by one pixel contains millions of spins and the measured sig-
nal attenuation reflects the statistical distribution of the spin displacement in this pixel. The
images acquired this way are called diffusion-weighted images (DW), whereas normal MRI
images can be called non-diffusion weighted (NDW). Comparing the DW and NDW images re-
sults in a map of ADC. The contrast in DW images depends very much on the tissue’s diffusion
properties, its relaxation time and proton density.

Figure A.5: Schematic diagram to explain the relationship between water motion and gradient appli-
cations: Each circle represents water molecules at different locations within a pixel. The
phase of each signal is represented by the vectors. If the water molecules move between
the first and second gradient, the second gradient is not able to refocus the phase. This
leads to signal loss. (The figure is reprinted from [22], p. 531, with permission from
Elsevier.)

The ADC along different axes might be different depending on geometrical configurations of
diffusion barriers that the water molecules encounter, which is why diffusion-sensitizing gra-
dients are placed along multiple axes. A diffusion tensor can be calculated by using regression
methods on a minimal set of at least one NDW image and six DW images whose gradient di-
rections are non-collinear and non-coplanar. The diffusion tensor can be used to quantify and
visualize diffusion anisotropy. Each tensor yields three real, positive eigenvalues, l, and three
corresponding eigenvectors, v. To visualize the tensor, a diffusion ellipsoid can be used. The
three eigenvectors make up the three axes of the ellipsoid with the length of each axis being
determined by its corresponding eigenvalue. The orientation of the longest axis can be found
and is assumed to represent the local fiber direction. This direction is converted to a color
at each pixel and shaded by the degree of anisotropy with the standard notation of colors
being:

• green: anterior-posterior orientation
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• red: left-right orientation

• blue: superior-inferior orientation

Figure A.4c shows a DTI image of a cross-section of the lower leg, in which the local fiber
direction is color coded as described above. The degree of diffusion anisotropy is often ex-
pressed as fractional anisotropy FA and is based on a difference of the three eigenvalues l
[23, 24].

FA =

r
1

2
·
p
(l1 � l2)2 + (l2 � l3)2 + (l3 � l1)2

q
l2

1
+ l2

2
+ l2

3

(A.3)

Fascicle reconstruction

DTI based reconstruction of muscle fascicles has evolved during the last decade as alterna-
tive reference standard to US measurements of muscle architecture. DTI-based muscle fiber
tracking is possible due to the anisotropic diffusion of water within the muscle tissue. The
reconstruction of fiber tracts is accomplished by combining principal eigenvector information
for consecutive voxels. The fibers are tracked from starting points along the aponeurosis to
the muscle border [16, 17, 25].

DTI fascicle reconstruction can be done using software such as DSI studio [26]. DSI studio
is an open-source diffusion MRI analysis tool. The DTI data is imported into DSI Studio and
diffusion tensors, eigenvalues, eigenvectors and FA maps can be extracted within the software
using a deterministic fiber-tracking algorithm [27]. The deterministic fiber tracking method
in DSI Studio has achieved the highest valid connection in an open competition among 96
other submitted methods [28]. To enable fiber tracking, a seed point is chosen within DSI
Studio and a tract is propagated in both directions in the direction of the primary eigenvector
until the tract enters a region with a FA value below a certain threshold or until the angle
between subsequent tract segments exceeds a certain angle. Another restriction ensures that
the lengths of the tracts are within a reasonable range of fascicle lengths and that at least
one tract point ends in the superficial muscle boundary region and another point in the deep
muscle boundary region.

A.5 Existing methods to estimate morphological parameters in
vivo

A.5.1 Ultrasound measurements of morphological changes in stroke patients

Several studies have examined the changes in muscle architectural parameters in post-stroke
patients and patients with cerebral palsy (CP). Rasool et al. studied the viscoelastic proper-
ties of stroke-affected muscles using US shear waves to measure the shear wave speeds in the
passive biceps brachii in both the affected and non-paretic side of hemiplegic stroke patients
[10]. They found significantly higher group and phase velocity values in stroke affected mus-
cles as well as a significant frequency dependency which led them to conclude that stroke
does not only affect the elastic but also viscous muscle properties. Their interpretation was
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that the changes in muscle properties may be attributed to an increase in the amount of con-
nective tissue, changes in quality and quantity of the extracellular matrix, an accumulation
of extracellular fat in the muscle and an increased variance in muscle fiber size and visible
fibrosis [10].

Lee et al. used US shear wave elastography as well as echo intensity measurements of the
B-mode of US of the biceps brachii of stroke patients [29] and the medial gastrocnemius and
tibialis anterior in individuals with CP [30]. They found in both studies that the shear wave
speed and the echo intensity of the affected side was on average greater than that on the
contralateral side. This indicates a higher muscle stiffness of the paretic side.

Jakubowski et al. investigated the passive material properties of stroke-impaired plantarflexor
and dorsiflexor muscles. They used shear wave US elastography in the medial gastrocnemius
and tibialis anterior and reported a significant increase in the shear wave velocity of the
stroke-impaired gastrocnemius compared to the unimpaired side. However, no significant
differences were found in the tibialis anterior muscles of both sides. They concluded that
non-uniform changes in the passive stiffness of stroke-impaired muscles occur. Therefore,
muscles need to be evaluated individually to assess alterations [31].

Lastly, Yang et al. evaluated spasticity after stroke by using ultrasound to measure mus-
cle architecture parameters. They assessed differences in the following muscle architecture
parameters in spastic and normal muscle tone patients after stroke: Muscle thickness (tm),
fascicle length (FL) and pennation angle (PA). The muscle parameters were measured using
US and both groups were assessed with respect to muscle tone using the Modified Ashworth
Scale (MAS). The affected side of the stroke patients was compared to the contralateral side
and the stroke patients were additionally compared to the normal tone control group. It was
found that the MAS, tm and PA were significantly higher in the spastic group compared to the
control group as well as in the affected side compared to the unaffected side. In contrast, the
FL was significantly lower in the spastic compared to the control group and in the affected
side compared to the unaffected side of the spastic group [32].

A.5.2 Reliability of ultrasound measurements

Kwah et al. carried out a review of 36 reliability studies of US measurements of muscle fascicle
length and pennation angles in humans. They found that the measurement of muscle FL is
reliable through a broad range of experimental conditions with the reliability being moderate
to very high (intraclass correlation coefficient ICC = 0.62 - 0.99). The overall reliability of
the PA was found to be slightly lower, but still ranged from moderate to very high (ICC =
0.51 - 1.00) [33].

A.6 Diffusion tensor measurements of muscle architecture

DTI-based muscle fiber tracking is used for muscle fascicle reconstructions (see section A.4.3).
However, little is known about the repeatability and validity of architectural measurements
such as PA or FL.
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A.6.1 Repeatability of diffusion tensor measurements

Heemskerk et al. evaluated the repeatability by analyzing data of four acquisitions on two
days for within day and between day analyses. The same approach was chosen for measure-
ments by Bolsterlee et al. In both studies the repeatability of measurements was shown to be
acceptable in within day and between day analyses [25, 16]. The intraclass coefficient was
calculated to be greater than 0.6 for both FL and PA in the study by Heemskerk et al.

A.6.2 Validation of diffusion tensor measurements

Several studies attempted to validate measurements of muscle architecture mostly involving
a direct comparison with measurements made on cadavers [33, 34]. The interpretation of
these studies is uncertain because of the difficulties involved following an individual fascicle
in anatomical specimens and the limited number of locations used by those studies. Bolsterlee
at al. proposed a validation method in 2015 based on DTI fascicle tracking. The aim of their
study was to compare ultrasound measures of FL and PA with the same measures obtained
with DTI. For this, it was necessary to align the US coordinate systems with the DTI coordinate
system. This way, they were able to compare muscle parameters in the same location using
both US and DTI for conducting the measurements. On average, ultrasound yielded slightly
longer measurements of fascicle length compared to DTI (difference < 3 mm) and similar
measurements to lengths measured on cadavers [7]. Although mean measurements did not
differ statistically, the individual pairs differed substantially (10 mm or 20 % of mean). PA
measured with US were significantly smaller than PA measured with DTI (mean difference
6
�), but considerably larger than measurements on cadavers [7].

A.7 Summary

The present study is based on the studies by Bolsterlee at al. [16, 17]. The aim of the
thesis is to develop a method to quantify muscle 3D morphological parameters from DTI and
compare the results with the same parameters identified by 2D US imaging of the lower legs
of hemiplegic post-stroke patients. In addition, it is to be examined how a stroke changes
the muscle morphological parameters by comparing the muscle architecture of the unaffected
side to the affected side of hemiplegic stroke survivors.
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Appendix B

Literature values

Table B.1: Mean fiber length (FL), angle of pennation (PA), muscle volume (Vm) and physiological
cross-sectional area (PCSA) as reported in the literature for healthy subjects, patients (if
noted), and the current study. (C Cadaveric, VUS in vivo ultrasound study, VDTI in vivo
diffusion tensor imaging study)

Source (year) Method FL [mm] PA[�] Vm [cm
3] PCSA [cm

2]
Lateral gastrocnemius
[35] (1983) C 51±10 8 ±3 - -
[36] (1991) C 52.1 7 - -
[37] (1990) C 61±23 18 - 11.5±4
[4] (2000) - female VUS 45±10 15±2 - -
[4] (2000) - male VUS 45±8 16±2 - -
[38] (2006) VDTI - 13.4±3.1 - -
[32] (2014) - stroke, spastic side VUS 35.8±4.8 25.1± 5.7 - -
[32] (2014) - stroke, normal side VUS 40.7±3.3 16.5± 4.9 - -
Current study
affected VDTI 23.5±4.3 29.4±10.7 68.6±26.1 38.1±20.5
non-affected VDTI 24.3±3.6 28.3±6.6 91.2±31.2 42.0±9.7
Medial gastrocnemius
[35] (1983) C 35±4 17 ±8 - -
[36] (1991) C 42.6 11 - -
[37] (1990) C 39±4 6 - 33.8±23.7
[4] (2000) - female VUS 48±10 20±3 - -
[4] (2000) - male VUS 45±8 21±3 - -
[16] (2015) VUS 54.6±6.6 15.8±3.3 - -
[16] (2015) VDTI 52.8±10.5 18.8±6.0 - -
[38] (2006) VDTI - 24.9±4.6 - -
Current study
affected VDTI 47.1±12.7 26.6±5.4 152.5±61.8 36.5±11.0
non-affected VDTI 36.6±7.3 27.9±3.1 170.5±57.7 52.0±11.7
Tibialis posterior
[35] (1983) C 24±7 12 ±3 - 21±5
[37] (1990) C 29±9 19 - 22.8±5.5
Current study
affected VDTI 37.7±15.5 30.2±13.4 63.5±25.4 26.6±18.3
non-affected VDTI 44.1±7.1 20.5±4.1 87.1±26.2 20.9±4.3
Tibialis anterior
[35] (1983) C 77±14 5 ±0 - 10±3
[37] (1990) C 73±6 12 - 12.7±5.9
[38] (2006) VDTI - 14.8±6.3 - -
Current study
affected VDTI 60.0±17.6 26.0±8.4 102.3±20.5 21.9±10.7
non-affected VDTI 60.3±9.5 20.8±5.1 105.2±20.9 19.2±5.1
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Table B.1 cont. : Mean fiber length (FL), angle of pennation (PA), muscle volume (Vm) and physio-
logical cross-sectional area (PCSA) as reported in the literature for healthy subjects,
patients (if noted), and the current study. (C Cadaveric, VUS in vivo ultrasound
study, VDTI in vivo diffusion tensor imaging study)

Source (year) Method FL [mm] PA[�] Vm [cm
3] PCSA [cm

2]
Soleus
[39] (1932) C 34.0 - - -
[35] (1983) C 19.5 25±7 - 58
[37] (1990) C 30.3 32 - 122±91
[38] (2006) - medial VDTI - 48.6±17.1 - -
[38] (2006) - lateral VDTI - 35.6±22.0 - -
Posterior soleus
[40] (2003) C 31-45 1-35 - -
[41] (1969) C 28.6 20 - -
[36] (1991) C 25.8 34 -
[4] (2000) - female VUS 32±10 20±3 - -
[4] (2000) - male VUS 31±7 24±3 - -
[42] (2018) - medial VDTI 38.3±7.7 38.3±7.7 146.6±29.1 41.5±8.8
[42] (2018) - lateral VDTI 35.7±7.9 34.9±4.3 141.7±47.4 40.1±12.5
Current study
affected, medial VDTI 56.3±27.1 31.1±6.1 118.9±35.6 27.6±8.1
non-affected, medial VDTI 65.9±22.7 34.2±8.9 134.2±13.0 27.4±6.6
affected, lateral VDTI 26.6±9.7 41.7±9.2 123.2±47.9 73.8±36.1
non-affected, lateral VDTI 24.9±6.9 39.8±3.9 141.6±82.5 68.8±20.8
Anterior soleus
[40] (2003) C 24-41 0.1-51 - -
[41] (1969) C 27.8 25 - -
[36] (1991) C 26.7 31 - -
[4] (2000) - female VUS 31±10 16±2 - -
[4] (2000) - male VUS 28±8 17±2 - -
[42] (2018) - medial VDTI 37.7±9.3 22.0±4.7 33.5±10.1 9.3±3.5
[42] (2018s) - lateral VDTI 37.7±10.4 27.1±4.1 40.4±14.4 10.9±4.1
Current study
affected, medial VDTI 34.9±5.3 27.8±8.4 50.2±24.6 12.7±10.8
non-affected, medial VDTI 31.9±7.1 31.2±9.3 57.0±22.2 20.9±6.4
affected, lateral VDTI 38.1±17.2 29.4±12.1 43.5±16.6 16.4±13.0
non-affected, lateral VDTI 24.0±1.3 29.3±6.4 44.0±19.5 18.6±13.2
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