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Introduction 
 

 

Muscle strain injuries  
 

The Problem 
 

Hamstring injuries are among the most frequently occurring injuries in recreational and professional 

athletes.1,2,3,4,5,6,7 For example, they account for as much as 15% of all football related injuries.  

Mild forms of muscle damage consist of mild swelling, minor discomfort and delayed onset muscle 

soreness (DOMS).8,9 Severe muscle strains result in intra and intermuscular hematoma.10,11,12  

 

Figure 1: Coronal T2-weighted MRI image of the upper leg, showing a muscle tear in the Biceps Femoris. 

Image courtesy of Jithsa Monte, Amsterdam UMC. 
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Magnetic Resonance Imaging (MRI) is routinely used for diagnosis. However, MRI and other diagnostic 

techniques are lacking sufficient sensitivity and/or specificity to inform clinical decisions on the recovery 

process which would guide a safe moment of return to play (RTP). Therefore, there is an unmet need for 

new technologies, such as quantitative MRI and ultrasonography, to provide improved readouts of 

muscle tissue injury and recovery.13,14 

Over the last decade the interest in training programs to prevent muscle injury significantly 

grew.15,16,17,18,19,20 The idea behind such programs is to design a training regime that changes the muscle 

architecture in such a way that the target muscle becomes less prone to injury. While some training has 

proven effective in reducing the incidence of hamstring injuries,10, 11 it has proven difficult to unravel the 

mechanisms behind their success due to the lack of suitable techniques to visualize and quantify 3D 

muscle architectural changes with training. Thus, there exists a need for imaging technologies, based on 

for example MRI or ultrasound, to assess changes in muscle architecture non-invasively over time.  

 

The Hamstrings 
 

The Hamstring muscle group comprises the Biceps Femoris Long Head (BFLH) and Short Head (BFSH), the 

Semitendinosus (ST) and the Semimembranosus (SM). The proximal attachment point (orego) of the 

BFLH, ST and SM is the ischial tuberosity. The BFLH and the ST have a conjoined tendon. The distal 

insertion point of the ST and SM is at the antero-medial side of the tibia at the pes anserinus. The BFLH 

and BFSH distal insertion point is at the proximal fibula. The Hamstrings muscle group acts both as hip 

extensor and knee flexor. The BFSH only acts as knee flexor because it only crosses the knee joint. It is 

assumed that the most common cause for Hamstrings injuries is excessive eccentric loading, which is the 

muscle loading during stretch that occurs during the extension of the knee and flexion of the hip. The 

BFLH undergoes the highest stretch during high-speed running, which might explain the reason of most 

injuries occurring in the BFLH.21  

Previous research based on clinical and imaging findings reported large variability in days to RTP.22 And 

even after return to play athletes have an increased risk of recurrent injury.23,24 For the treatments of 

acute Hamstrings injuries there is no consensus on criteria-based progressive rehabilitation programs and 

the time of return to play after injury. In clinical practice the full range of motion, full strength and 

functional sport specific activities are assessed in order to evaluate prognosis and monitoring recovery 
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after injury.17,25,26 A validated assessment tool using objective criteria would be needed to more 

accurately determine the moment of RTP, which may reduce the re-injury rates. 

 

Muscle Fiber Architecture 

 

Skeletal muscle consists of multiple fascicles which are surrounded by the perimysium and contain 

multiple fibers. The fibers are enclosed by the endomysium and are filled with sarcoplasm, ribosomes, 

mitochondria and protein filaments (myofibrils), with contractile or structural function, which are 

organized in sarcomeres in series surrounded by the endoplasmic reticulum. The layers of connective 

tissue are interconnected and transfer the force to the tendon that, in turn, applies it to the skeleton.  

Muscle fibers architecture is closely linked to muscle function. The most important parameters which 

describe muscle architecture are physiological cross-sectional area (PCSA), fiber length, axis of force 

generation and pennation angle.27 

 

 

Figure 2: Muscle architecture parameters: volume, fiber length, and pennation angle. The image shows 

the volumes of the upper thigh muscles (left) as obtained in chapter 2 of this thesis, a fiber fascicle in red 

(middle) relative to the deep aponeurosis of the Vastus Lateralis muscle in light blue (right). The pennation 

angle is defined as the angle between the fiber fascicle and the deep aponeurosis plane. 

 

The PCSA is the total muscle physiological cross-sectional area which is perpendicular to the muscle 

fibers27 and can be calculated as the ratio between the muscle volume and the fiber length:   
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 𝑃𝐶𝑆𝐴 =
𝑉𝑚𝑢𝑠𝑐𝑙𝑒

L𝑓𝑖𝑏𝑒𝑟
  

 Where 𝑉𝑚𝑢𝑠𝑐𝑙𝑒 is the muscle volume and 𝐿𝑓𝑖𝑏𝑒𝑟 is the fiber length. 

This measure is important because it showed to be directly proportional to the exertable force.12 Multiple 

definitions for the axes of force generation exist, depending on the muscle of interest and the number of 

dimensions involved in the measurement. In 2D it is often defined as the tendon,28 whereas in 3D as the 

line between the insertion and origin of the muscle29 or as the line through the centroids of the muscle 

along the muscle length.30 The pennation angle is the angle between the axis of force generation and the 

fibers. Muscle fiber length determines the shortening distance of a muscle and the contraction velocity.27 

In elite athletes, both ultrasound and MRI are increasingly used to diagnose and to get prognostic 

information added about the muscle physiology and injury.1 

 

Medical Imaging Techniques 

Quantitative Magnetic Resonance Imaging 
 

Magnetic resonance imaging (MRI) is a medical imaging technique that uses a high magnetic field 

(typically 3T) and the magnetic properties of the hydrogen nuclei (protons), present in mainly water and 

lipids in biological tissues, to make images of the human body. Apart from the concentration of hydrogen 

nuclei, which is referred to as proton density (PD), the signal intensity in MR images can be (made) 

dependent on a variety of other tissue properties to increase contrast between healthy and diseased 

tissue, improving its diagnostic value. The most used types of contrast are based on tissue differences in 

the T1 and T2 relaxation times, or longitudinal and transversal relaxation times, respectively.  

The T1 relaxation time is the time constant of the exponential relaxation process for spins to return to the 

equilibrium state from a non-equilibrium state. T1 represents the recovery time of the nuclear 

magnetization after excitation by the radio-frequency pulses and its value is influenced by the tumbling 

rate of water and lipids in tissue. Typically, an MR imaging protocol with a short repetition time (TR), 

which is the timeframe between successive pulse sequences applied to the same slice, is sensitive to 

tissue differences in the T1 relaxation time generating so-called T1-weighted image contrast.  
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The T2 relaxation rate is the time constant which determines the rate at which excited protons go out of 

phase with each other. T2 represents the decrease of the nuclear magnetization after excitation by the 

MRI radio-frequency pulses. An MR imaging protocol with a long echo time (TE), which is the time at 

which the electrical signal induced by the spinning protons is measured, is sensitive to tissue differences 

in the T2 relaxation time generating so-called T2-weighted image contrast. The shorter TE is, the lower is 

the electrical signal which is measured. The T2 values are highly dependent on the presence of water in 

tissue and therefore tissue edema is generally accompanied by long T2 relaxation times and high signal 

intensity on T2 weighted images. 

Processes of inflammation and edema typical of muscle strain and certain pathologies of the skeletal 

muscle result in changes of T2 relaxation time, measured with single voxel proton spectroscopy (1H 

MRS)31,32,33 or Multi Spin Echo (MSE),34,35 in combination with fat suppression techniques or advanced 

post-processing to avoid overestimation of the T2 relaxation time.36 Reduced water T2 values in skeletal 

muscle have been associated with fibrosis.37,38 

Clinical examinations of muscular diseases with MRI usually assess also the fat fraction in a volumetric 

manner with chemical shift based water fat imaging (DIXON).39 Dixon is a quantitative imaging technique 

which uses the difference between precessional frequencies of protons in water and fat to separate these 

components. In the 2-point-DIXON method firstly two images are acquired with a spin echo sequence, in 

the first one with water and fat signals in-phase (IP) and the second one out-of-phase (OP). The fat and 

the water images are obtained by subtracting and summing these IP and OP images, respectively. In the 

3-point-DIXON algorithm the measurements are more reliable because the imprecisions due to the B0 

inhomogeneities, which is static noise due to the static magnetic field, are corrected thanks to the 

contribution of individual fat spectral peaks.  

Moreover, it is important to consider the confounding effects on fat estimation of three factors. Firstly, 

the T1 relaxation, causing fat fraction overestimation, can be minimized with the optimization of 

sequence parameters. Secondly, single fat peak models have shown to underestimate the fat fraction. 

Finally, the T2* relaxation effect, which is due to signal relaxation between echoes in presence of 

macroscopic field inhomogeneities and which could cause fat overestimations in low fat ranges. This can 

be avoided by measuring more echoes and account for the T2* relaxation time in the fitting process. In 

this thesis the DIXON sequence images, more specifically the water and the out-of-phase images, were 

used as anatomical references to delineate the tendons, aponeurosis, and muscle contours. 
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Diffusion-Tensor MRI 

 

Diffusion 

 

Diffusion is the movement of particles like molecules and ions. Generally, diffusion follows the 

concentration gradient, according to Fick’s law of diffusion, from regions at high concentration to regions 

at low concentration. In absence of a concentration gradient, diffusion follows the Brownian motion of 

particles. Self-diffusion depends on viscosity and temperature, and it is described by the diffusion 

coefficient. The presence of physical barriers like biological membranes or intracellular proteins in 

biological tissues reduces the diffusion coefficient. Then the diffusion is commonly referred to by the 

apparent diffusion coefficient (ADC). 

In some tissues, like in the human brain and in the muscle tissue, diffusion is anisotropic. Diffusion tensor 

imaging (DTI) allows to describe mathematically the anisotropic characteristics of diffusion of water 

molecules in biological tissue microstructure in vivo and enables its quantification. DTI therefore allows 

for a noninvasive in vivo volumetric assessment of muscle architecture and microstructure.31,40,41  

 

Diffusion Weighted Imaging 

 

Diffusion weighted images in skeletal muscle are commonly acquired with single shot spin-echo planar 

imaging sequences (SE-EPI). In some studies, stimulated echo42,43,44,45,46 or twice-refocused spin echo 

sequences47 have been used. 

In diffusion weighted imaging the image is generally obtained by measuring the signal loss due to 

diffusing spins under the influence of two intense and brief (G) gradient pulses placed symmetrically 

around the 180o RF pulse and separated in time (Δ). These gradient pulses have a different effect on spins 

that are stationary, flowing, or diffusing. 

The pulsed gradient will have no net effect on stationary spins, as phase accumulation during the first 

gradient pulse of length δ will be compensated during the second gradient pulse. For flowing spins, the 

coherent movement during the time Δ between the gradient pulses will result in incomplete phase 

compensation and a net phase accumulation which is proportional to the spin velocity.  



Chapter 1 

 

 
 

17 

Since diffusing spins move randomly in time and direction, phase accumulation will be random as well, 

resulting in net zero phase accumulation. However, because of the random phase, the net magnetization 

will be lower proportional to the diffusion coefficient.  

The diffusion-weighted signal equals  

Sb = S0 𝑒(− b 𝐠T 𝐃 𝐠 ), 

where Sb is the diffusion weighted signal, S0 is the signal intensity without diffusion weighting, D is the 

diffusion tensor, b is the b-value indicating the strength of the diffusion weighting, and g is a vector 

indicating the pulsed gradient direction. The b value is equal to γ2G2δ2(Δ-δ/3), where G is the pulse 

gradient amplitude, δ is the pulse gradient duration, γ is the gyromagnetic ratio of the nucleus and Δ is 

the duration between the gradient pulses.48  

 

DTI 

 

In DTI diffusion-weighting gradients are applied in a minimum of 6 non-collinear directions to describe 

diffusion by a 3 x 3 diffusion tensor D. A diffusion weighted signal is measured in each direction g. The 

choice of the b-value determines the desired contrast between non-weighted and weighted images. 

 

Considerations on DTI Acquisitions 

 

The image quality achievable in skeletal muscle with DTI is affected by the sequence parameters, field 

inhomogeneities, susceptibility artifacts, the presence of fat, patient motion or image blurring due to T2* 

decay during the echo.49   

Because of the short T2 relaxation time of skeletal muscle (~30 ms), it is challenging to achieve enough 

diffusion weighting within reasonable echo time before the magnetization is lost due to T2 decay.50,51 

Therefore, the TE must be as short as possible to retain sufficient signal-to-noise (SNR) and the choice of 

the b-value is often a compromise between diffusion-weighting and SNR.52,53 In the majority of muscle 

diffusion studies, a b-value in the range of 300 and 800 s/mm2 is used. In this thesis a b-factor of 
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450 s/mm2 was used, because previous simulation studies in muscle showed an optimal value around 

400 - 500 s/mm2.54 

In DTI data acquisition the recommended number of gradient directions is at least 6, however in practice 

the number of directions used in different studies varied between 6 and 48 directions.57 Theoretically, 

more gradient directions are preferred, but practically it is equally important to have high SNR per 

diffusion direction.58 For robust and rotation invariant tensor calculation, in previous studies at least 12 

gradient directions were recommended.57 Moreover, we use a strict criterium that SNR should be at least 

25.2  

Due to the multiple directions of acquisition, the acquisition of DTI sequences is time-consuming. 

Consequently, in order to limit the acquisition time, the spatial resolution is generally low. Higher 

resolution would be needed to quantify diffusion in smaller sized muscles. Moreover, EPI readout is 

sensitive to susceptibility artifacts, like Eddy currents, which results in image distortion. During the 

acquisition, image distortion can be prevented by shimming and corrective gradients. Besides the effect 

of low signal to noise and field inhomogeneities, contamination of fat signals should be avoided in 

Diffusion Tensor Imaging.1,2,12   

 

Fat Suppression Techniques 

 

Fat suppression is relevant for a correct estimation of parameters in DTI because the diffusion coefficient 

of fat is two orders of magnitude lower than that of water38 and muscles tissue is generally surrounded by 

fat tissue. In 3T MRI the dominating lipid frequencies resonate in the range 0.5-2.75 ppm and the main 

aliphatic peak resonates at 1.3 ppm. The aliphatic group includes the methyl and methylene fat peaks.6 

The lipid frequency which resonates on the opposite side of the water signal at 5.3 ppm constitute the 

olefinic fat peak.  

The first fat suppression techniques used in this thesis targets the methylene and methyl fat peaks. The 

Spectrally Adiabatic Recovery (SPAIR) is based on chemical selective pre-saturation inversion recovery 

pre-pulses. Part of the aliphatic peak, the methylene and methyl fat peak, is suppressed. This is a robust 

technique which is insensitive to B1 inhomogeneities across the imaging volume, which can be 

particularly useful for imaging large regions of the body. 
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Secondly, we have used the slice selective gradient reversal (SSGR) technique to suppress the aliphatic fat 

peak.55,56 SSGR is based on the notion that due to chemical shift, fat is excited by the 90o pulse in a slice 

that is displaced with respect to the water slice. By reversing the polarity of the 180o pulse slice selection 

gradient, the displacement turns in opposite direction. If both slices are sufficiently separated no fat spins 

will experience both excitation and refocusing pulses, resulting in no MRI signals from fat in the image. 

This technique can provide good fat suppression at high field strengths and in the presence of magnetic 

field inhomogeneities. 

For the suppression of the olefinic fat peak, a SPIR pulse can be applied with center on the olefinic peak. 

With this approach the lipid magnetization is flipped to the transverse plane while the water 

magnetization remains along the longitudinal axis. Before the image is acquired, the inverted 

magnetization of the fat signal is dephased with spoiler gradients, whereas the water magnetization is left 

along the longitudinal axis.7  

In this thesis a combination of the SPAIR, the SSGR, and the SPIR pulse techniques was used for the DTI 

measurements to suppress the signal from both the olefinic and aliphatic fat peaks and to achieve 

uniform fat suppression. This is particularly important in musculoskeletal MRI, as B1 inhomogeneities 

caused by high magnetic susceptibility of bone and other tissues can lead to field distortions that affect 

DTI data, which relies on precise gradients and radiofrequency pulses to manipulate water molecule 

diffusion properties. 

 

DTI Indices 

 

In every voxel the acquired diffusion data are used to reconstruct the tensor with Linear Least squares 

(LLS), Weighted Linear Least squares (WLLS) or Non-Linear Least Squares (NLS). The tensor is decomposed 

in three orthogonal eigenvectors (v1, v2, v3) and corresponding eigenvalues (λ1, λ2, λ3). The direction of the 

first eigenvector v1 corresponds to the direction of the fibers of the skeletal muscle fascicle with respect 

to the scanner coordinate system. The second eigenvector v2 and the third eigenvector v3 point 

orthogonally to the first eigenvector and their average, the radial diffusivity, is thought to be the DTI 

index most sensitive to damages in muscle fibers as it reflects the diffusion of water molecules 

perpendicular to fiber orientation.13 
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Mean Diffusivity (MD) and Fractional Anisotropy (FA) can be derived from the eigenvalues. The mean 

diffusivity (MD) reflects the average diffusion in tissue, whose value in skeletal muscle is approximately 

1.6 x10-3 mm2/s.54 The fractional anisotropy (FA) is a dimensionless scalar index between 0 and 1 that 

reflects the level of diffusion directional anisotropy.40   

DTI fiber tractography is derived from the principal diffusion directions (eigenvector 1, v1) and the 

fractional anisotropy (FA) by using deterministic and probabilistic algorithms. In musculoskeletal 

applications three-dimensional muscle fiber tractography is used to assess muscle architecture 

parameters,57,58,59 whereas the diffusion indices, such as MD and FA, can be used to evaluate muscle 

tissue microstructure.30  

The DTI indices can vary due to exercise,60 injury61 and disease.62 Therefore, Diffusion weighted MRI (DWI) 

and DTI have been used to assess the effect of exercise, like mild and severe muscle damage. Previous 

studies showed correlation between the T2 relaxation time and diffusion65 and an increase of T2 relaxation 

time, MD, λ2, and λ3 directly after exercise.66 Whereas, the FA, which is sensitive to diffusion anisotropy, 

showed increased values when loads were applied. 

 

DTI Post-processing 

 

DTI parameter estimation can be subject to errors due to the presence of fat signal, low SNR and 

artefacts.54 Some errors can be addressed in post-processing.67 In the case of low SNR, the three 

eigenvalues and the MD could be underestimated whereas the FA could be overestimated.54 Based on 

previous simulation studies, SNR of the non-weighted diffusion imaging should be at least 20 for accurate 

estimations of diffusion indices and fiber orientations. In many studies noise suppression techniques are 

applied.68,69 Imaging denoising methods include spatial domain filtering or transform domain filtering. In 

this thesis the denoising was obtained with a Rician noise model and principal component analysis. 

Subsequently, the SNR map and the average SNR value in the muscle, reported as the ratio of S0 and the 

standard deviation of the Rician noise, was used as cut-off.54 

In post-processing the deformations and the susceptibility artifacts which are caused by field 

inhomogeneities can be corrected by using B0-field maps54,68 with the registration of diffusion-weighted 

images to the non-weighted images (b-value = 0 s/mm2).54 Moreover, the diffusion images are registered 

to the anatomical references in which the muscles are segmented. Due to the eddy-current induced 
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deformation of the muscle tissue, registration of the diffusion weighted images to non-diffusion-weighted 

or anatomical images can be challenging. In this thesis, registration consisted of a combination of rigid, 

affine, and b-spline registration steps. The manual segmentation of many muscles on the anatomical 

images is a time-consuming process. Therefore, several automatic and semi-automatic segmentation 

algorithms were introduced (see Chapter 2). 
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AIM OF THIS THESIS  
 

The aim of this thesis was to develop different approaches to measure muscle architectural parameters 

with Diffusion Tensor MR Images (DTI) which can be applied to study changes in muscle architecture after 

an injury prevention program.  

Chapter 1 provided a brief introduction to the topics of the thesis with a preamble on the need for 

evidence-based clinical decisions in Hamstrings injuries. An overview of the MRI techniques used in this 

thesis to assess muscle architectural parameters was presented, with a primary focus on Diffusion Tensor 

Imaging (DTI). 

The first part of this thesis addresses improvement in the analysis of skeletal muscle MRI and specifically 

DTI data to extract relevant muscle architectural parameters. In Chapter 2 a supervised framework is 

introduced to speed up the segmentations of upper leg muscles for the evaluation of diffusion tensor 

indices. This approach consisted of a transversal propagation of few manually segmented slices and the 

longitudinal propagation of different time points.  

In Chapter 3, I propose a diffusion tensor-based method to facilitate a volumetric assessment of fiber 

fascicle orientations (or ‘fiber angles’) and changes therein in leg muscle without the need for performing 

manual and labor-intensive fiber-tractography. The feasibility of this method was shown for both the 

upper- and lower-leg muscles.  

In Chapter 4, we presented a method to measure the pennation angle with fiber tractography and 

compared it with a 3D-US based method in the Vastus Lateralis muscle. 

The second part of this thesis focuses on the application of the presented technique for the measurement 

of fiber fascicle orientations (or ‘fiber angles’) in a relevant application. To this end, in Chapter 5 we 

compared the effects of two different injury prevention programs on basketball players. Changes in fiber 

fascicle orientations of the full muscle volume and fiber length in the hamstring muscles obtained with 

DTI were the primary outcome parameters. 

Finally, Chapter 6 concludes the thesis with a summary, discussion of the findings and future perspectives. 
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Abstract 
 
Diffusion tensor imaging (DTI) is becoming a diagnostic tool map muscle recovery processes following 

physical activity, like mild and severe muscle damage, and to understand muscle disease progression. 

Segmenting many individual leg muscles on the anatomical images is necessary for quantification, but 

it is still a time-consuming manual process.  

The purpose of this chapter is to illustrate a study that we performed on the impact of a supervised 

segmentation framework on the quantification of DTI indices in individual upper leg muscles, which 

would facilitate significantly the application of MRI to study longitudinal changes in muscle 

architecture in large cohorts.  

Longitudinally acquired MRI datasets (baseline, post-marathon and follow-up) of the upper legs of 11 

subjects, consisting of a DTI and Dixon acquisition, were used in this study. Supervised segmentations 

for the upper leg muscles were performed first in each single subject at baseline which was developed 

by Ogier et al. using the out-of-phase Dixon images. These segmentations were longitudinally 

propagated for the post-marathon and follow-up time points.  

In parallel, for validation purposes manual segmentations were performed on the water image of the 

Dixon for each of the time points. Dice similarity coefficients (DSCs) were calculated to compare the 

manual and semi-automatic segmentations. Bland-Altman and regression analyses were performed, 

to evaluate the impact of the two segmentation methods on mean diffusivity (MD), fractional 

anisotropy (FA) and the third eigenvalue (λ3 ). The average DSC for all analyzed muscles over all time 

points was 0.92 ± 0.01, ranging between 0.48 and 0.99. Bland-Altman analysis showed that the 95% 

limits of agreement for MD, FA and λ3 ranged between 0.5% and 3.0% for the transversal propagation 

and between 0.7% and 3.0% for the longitudinal propagations. Similarly, regression analysis showed 

good correlation for MD, FA and λ3 (r = 0.99, p <0.0001).  

In conclusion, the supervised segmentation framework successfully quantified DTI indices in the 

upper-leg muscles compared with manual segmentation while only requiring manual input of 30% of 

the slices, resulting in a threefold reduction in segmentation time. 
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Abbreviations 
 
. BFLH     

biceps femoris long head muscle 

. BFSH 
biceps femoris short head muscle 

. CNN 
convolutional neural network 

. DSC 
Dice similarity coefficient 

. DTI 
diffusion tensor imaging 

. FA 
fractional anisotropy 

. G 
gracilis muscle 

. IVIM 
intra-voxel incoherent motion 

. LoA 
limits of agreement 

. MD 
mean diffusivity 

. RF 
rectus femoris muscle 

. S 
sartorius muscle 

. SM 
semimembranosus muscle 

. SNR 
signal-to-noise ratio 

. SPAIR 
spectral attenuated inversion recovery 

. SPIR 
spectral pre-saturation with inversion recovery 

. SSGR 
slice selective gradient reversal 

. ST 
semitendinosus muscle 

. VI 
vastus intermedius muscle 

. VL 
vastus lateralis muscle 

. VM 
vastus medialis muscle 

. λ 3 
eigenvalue 3 
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Introduction 

 

MRI is extensively used in clinical evaluations of skeletal muscle to assess the location, extent and 

severity of several pathological conditions.1, 2 The common contrast mechanisms in clinical skeletal 

muscle scans consist of T1-weighted contrast to assess muscle anatomy and fat infiltration, and 

sequences that employ T2-weighted contrast to characterize muscle edema. Over the years, advances 

in MRI techniques and post-processing have expanded the MRI toolbox for assessing healthy and 

diseased muscle composition, architecture, perfusion and function in a quantitative manner, leading 

to what is known as quantitative MRI. 

Diffusion tensor imaging (DTI) is a quantitative MRI technique which has received considerable 

attention and that was introduced in the previous chapter. The orientational dependence of DTI, 

which is due to the isotropic self-diffusivity of water in tissue, allows for three-dimensional 

reconstructions of muscle fiber architecture.3, 4 As it was explained in the previous chapter, 

quantitative DTI-derived indices are heavily dependent on tissue integrity and have been shown to 

change in a variety of skeletal muscle pathologies and injuries.5, 6 Furthermore, in sport medicine, DTI 

has shown promise as a relevant tool to understand the muscle recovery process that follows physical 

activity and after injury.7, 8 

For instance, our group investigated changes in DTI indices in the upper leg muscles during recovery 

after a marathon.9, 10 Distinct changes in DTI indices were detected in muscles that appeared normal 

on T2-weighted images, demonstrating the added value of DTI as a sensitive readout of muscle 

integrity. 

The analysis of DTI acquisitions requires many post-processing steps for calculation of the DTI indices, 

which have been almost entirely automated—for more details see reference.11 However, 

segmentation of all the leg muscles, necessary for quantification, is a time-consuming manual 

process, in which the accuracy and reproducibility may be operator dependent.12 Therefore, there is 

great need for (semi-) automatic segmentation tools in the context of quantitative imaging of skeletal 

muscle. Recently, some (semi-) automatic approaches have been proposed for skeletal  

muscle12-20 and showed good correspondence, reflected by high Dice similarity coefficient (DSC) 

values, with manual segmentation. However, these approaches only focused on either a partial 

volume of the muscles or entire muscle groups rather than the full volume of individual muscles. 
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Moreover, so far little is known about the impact that (semi-) automatic segmentation approaches 

may have on quantification of imaging outcome measures in skeletal muscle, especially on DTI 

analysis. 

The purpose of the study reported in this chapter is to evaluate a supervised muscle segmentation 

framework, previously developed by Ogier et al.,21, 22 for the quantification of DTI indices in individual 

muscles. Using this tool, we aimed to assess the accuracy, feasibility and impact on the quantification 

of DTI indices considering manual segmentation as the ground truth. Also, we aimed to assess the 

corresponding reduction in work load compared with manual segmentation. 

 

Methods 

 

Participants and study set-up 

The study set-up and the MRI protocol of the study are reported in detail by Hooijmans et al.10 For 

this study we included 11 subjects who competed in the marathon in Amsterdam (The Netherlands) 

on 15 October 2017. The participants were 51 ± 6-year-old males of average fitness level. MRI 

examinations were obtained at three time points: (1) baseline (1 week prior to the marathon), (2) 

post-marathon (24-48 h after the marathon) and (3) follow-up (2 weeks after the marathon). The 

study was approved by the local medical ethics committee and all participants signed written 

informed consent. 

MRI protocol 

Participants received an MRI examination of both upper legs on a 3T MR scanner (Ingenia, Philips, 

Best, The Netherlands) using a 16-element anterior body receive coil and a 12-channel table top coil. 

Subjects were positioned in a feet-first supine position in the scanner. The data were acquired in 

three transversal stacks with 30 mm overlap, covering 498 mm proximal to distal with a field of view 

(FOV) of 480 × 276 mm2. The total duration of the scan protocol was 48 min and included diffusion-

weighted spin-echo Echo-planar imaging for DTI parameter estimations (SE-EPI, bandwidth = 31 

Hz/pixel, TR = 5,000 ms, TE = 57 ms, matrix = 160 × 92, voxel size = 3 × 3 × 6 mm3, number of slices = 

31, SENSE = 1.9, b-values (s/mm2)/no. of directions = 0/1, 1/6, 10/3, 25/3, 100/3, 200/6, 400/8 and 

600/12, fat suppression: combination of a spectral pre-saturation inversion recovery (SPIR) pulse, 

spectral attenuated inversion recovery (SPAIR) pulse and slice selective gradient reversal (SSGR)). A 
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combination of the three suppression techniques was used to suppress the signal from both the 

olefinic and aliphatic fat peaks. The signal from the olefinic fat peak at 5.3 ppm was suppressed with a 

non-selective SPIR pulse, whereas the aliphatic main peak at 1.3 ppm was suppressed using a 

combination of SPAIR and SSGR.23-25 In the SSGR consecutive opposite slice selective gradients are 

applied on consecutive radiofrequency pulses, which are centered on the water section, resulting in a 

reduction of the excited fat section and consequently of the fat signal intensity.26 For anatomical 

reference a four-point mDIXON fast field echo sequence was used (MS-FFE, bandwidth = 434 

Hz/pixel, TR = 210 ms, TE = 2.60, 3.36, 4.12 and 4.88 ms, matrix = 320 × 184, voxel size = 

1.5 × 1.5 × 6 mm3, number of slices = 31, SENSE = 2), a noise map to calculate signal-to-noise ratios 

(SNRs) (SE-EPI without diffusion weighting, TR = 5000 ms, TE = 57 ms, matrix = 160 × 160, voxel size = 3 

× 3 × 6 mm3, number of slices = 31, SENSE = 1.9, SPIR/SPAIR/SSGR), as well as a multi-turbo spin-echo 

sequence for quantitative water T2-mapping and a fat-suppressed T2-weighted scan to assess acute 

muscle damage. For the purpose of this study, the diffusion-weighted spin-echo EPI, noise scan and 

Dixon acquisitions were considered. 

DTI parameter estimations 

MR images were analyzed using QMRITools for Wolfram Mathematica 

(https://mfroeling.github.io/QMRITools). Diffusion data were de-noised using a principal component 

analysis (PCA) noise algorithm, and corrected for motion and eddy currents using affine registration 

(elastix: http://elastix.isi.uu.nl). Second, the diffusion data were registered to the anatomical space 

using sequential rigid and B-spline registration to correct for EPI distortions. The diffusion tensor was 

calculated using an intra-voxel incoherent motion (IVIM)-based iterative weighted linear least squares 

algorithm (iWLLS).27 By using IVIM correction, an anisotropic pseudo-diffusion component was 

modeled in addition to the standard diffusion tensor, to remove the perfusion biases in the diffusivity 

estimation,28 as explained in the study by Hooijmans et al..10 The third eigenvalue (λ3), mean 

diffusivity (MD) and fractional anisotropy (FA) were used as outcome parameters and shown as mean 

values over the full muscle volume. Previous studies10 have shown that λ3 is the most sensitive DTI 

parameter to training, whereas MD and FA show the highest and the lowest repeatability 

respectively.29 SNR was defined as the mean of the signal in a muscle region of interest divided by the 

standard deviation of the noise (σ). Muscles with an SNR value below 15 were excluded from the 

Bland-Altman and linear regression analyses. 
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Manual segmentation 

Manual segmentation was considered the ground truth for the comparisons with the results of the 

supervised segmentations. Manual segmentations of 10 muscles in both upper legs, i.e. biceps 

femoris short head (BFSH), biceps femoris long head (BFLH), semitendinosus (ST), semimembranosus 

(SM), gracilis (G), sartorius (S), vastus medialis (VM), vastus lateralis (VL), vastus intermedius (VI) and 

rectus femoris (RF) muscles were performed by two experts in muscle anatomy (MH, JM) on the out-

of-phase Dixon images in ITK-SNAP (www.itksnap.org). These segmentations were done for all 

subjects at baseline and the two post-marathon time points. Delineation of the muscles was done 

avoiding fascia and subcutaneous fat tissue. Additionally, they were eroded by one pixel to avoid 

partial volume effects due to fat tissue. The segmentations were subsequently registered 

(elastix: http://elastix.isi.uu.nl) to the DTI acquisitions to correct for misalignments between the Dixon 

and the lower-resolution diffusion scans. The time required for the manual segmentation of one 

dataset including the whole set of muscles in two legs for a single time point was on average 420 min. 

Supervised segmentation 

Segmentation of the muscles was performed on the out-of-phase Dixon images, as schematically 

illustrated in Figure 1. The first step of the supervised segmentation started with a manual 

segmentation of the muscles in a limited number of slices within the full muscle volume, whereas in 

the study by Ogier et al.21 muscles were delineated in the muscle belly in two slices 10 cm above the 

knee and 10 cm below the hip, respectively. Additional manual segmentations were performed in 

slices for which the muscle changes drastically in size by more than 30 pixels, and at the muscle's 

origin and insertion. Subsequently, an N4 bias correction algorithm30 was used on all data sets. After 

this, the segmentation was automatically completed based on a propagation algorithm, named 

transversal propagation, which uses both shape information from the initial manual segmentations 

and grayscale anatomical information to follow the anatomical variations of muscles along the leg, as 

described by Ogier et al..21 Because of the differences in size and shape between the 10 upper-leg 

muscles and between subjects, the number of manually segmented slices differed between muscles 

and subjects (see Section 3). We refer to the segmentation of the muscles in a single subject as the 

transversal propagation step. For the post-marathon and follow-up time points, the manual 

segmentation of selected slices could be omitted. Instead, both post-marathon and follow-up 

segmentations were obtained by automatic propagation of the baseline segmentation. This so-called 

longitudinal propagation step, implemented with the ANTs library,21 as described by Ogier et 

al.,22 consisted of a robust registration process with rigid and affine optimized transformations, 

followed by a diffeomorphic multi-level registration with B-spline regularization ρ. The registration 
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parameters were: multi-resolution levels = 4, gradient step = 0.1, shrink-factors = 6 × 4 × 2 × 1, 

smoothing sigmas = 3 × 2 × 1 × 0 voxels, number of iterations per level = 100 × 70 × 50 × 10, 

convergence threshold = 10−6, window size = 10 iterations. The knot spacing for the B-spline 

smoothing was set at 26 mm at the base resolution level of the update displacement field and it was 

reduced by a factor of two for each succeeding multi-resolution level. The described 

regularization ρ was applied at all dataset time points in order to correct for muscle shape 

deformations between two acquisition sessions, typically caused by difference in positioning and eddy 

currents. After the registration was completed, nearest-neighbor interpolation was applied to restore 

the original integer values of the segmentation labels. All the computations were performed by 

means of an Intel Xeon E5-2620 v4 processor. 

 

Figure 1: Schematic of the study set-up. DTI measurements were performed at 3 time points, i.e. at 

baseline, 24-48 hrs. post-marathon and at a 2 weeks follow-up. Manual segmentations were 

performed for 10 muscles in both upper legs at all 3 time points. At baseline, a supervised semi-

automatic segmentation was performed based on a selected set of manually segmented slices 

(transversal propagation). For the post-marathon and the follo-up time points the segmentation was 

automatically propagated without further manual input (longitudinal propagation) 

Validation 

To rate the quality of the supervised segmentation for the extraction of DTI indices, we considered 

several metrics. The volume similarity was assessed for each muscle in each dataset via the DSC31 for 

the propagated regions only, thus excluding the manually segmented slices used for input. To assess 
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differences between manual and supervised automatic segmentations on the quantification of DTI 

indices, we focused on MD, FA and λ3. These DTI indices were calculated for all upper leg muscles 

using (i) the manual segmentations, (ii) the supervised automatic segmentations excluding the 

manually delineated slices and (iii) the full supervised automatic segmentations. The latter two were 

used to evaluate both the impact of the automatic propagation on DTI parameter estimations, as well 

as to consider the final complete supervised segmentation in comparison to the manual gold-

standard segmentation. Differences between manual and automatic segmentations were assessed by 

Bland-Altman analysis and linear regression of the DTI indices. 

Segmentation time 

Individual muscles differ in their anatomical shape, aponeurosis locations, amounts of connective 

tissue and intra- and inter-muscular fat. The muscle delineation complexity therefore varied between 

different muscles and between different subjects. In the transversal propagation, the operator 

performed the manual segmentations in a selected number of slices, as described above. 

Consequently, the time required for segmentation differed between muscles and was calculated from 

the number of slices that were manually delineated compared with the total number of slices in a 

given muscle. The mean values and the standard error of the time saved as a percentage are reported 

for each muscle. 

 

Results 

 

The transversal and longitudinal supervised segmentations were successfully executed for all 11 

subjects. A transversal and longitudinal propagation of the segmentations of a representative subject 

are visualized in Figure 2, also indicating the manually segmented slices used as input for the 

transversal propagation. Figure 3 shows the comparison of the changes of the DTI indices between 

manual and supervised segmentations of three muscles for a representative subject at baseline, post-

marathon and follow-up time points. Visual assessment of the graphs showed excellent 

correspondence for the DTI indices between manual and supervised automatic segmentations. 
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Figure 2: Anterior view of upper leg muscle segmentations, where knees are at the bottom and hips at 

the top of the image. (A) Transversal slice, approximately halfway between knee and hip, showing 

segmentations of the 10 muscles considered in this study in both legs, for example, 21 slices for the 

BFLH muscle in this subject. (B) Longitudinal views of the upper legs with an example of input 

segmentations at baseline. Adjacent slices were selected as input when muscle shape changed. (C) 

Propagations resulting from the transversal propagation step. (D) The full volumes obtained with the 

transversal propagation step 

 

 

Figure 3: Comparison of the manual and supervised semi-automatic segmentations of the mean values 

of λ3, MD and FA for the BFLH, RF and VL muscles of a representative subject at baseline, post-

marathon and follow-up time points 
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DSC values 

DSC values calculated for the comparison between manual segmentation and the supervised 

segmentations of all analyzed muscles, excluding the manually segmented slices, for the three time 

points are shown in Figure 4. For the transversal propagation step, the DSC values for different 

subjects and muscles ranged between 0.62 and 0.95 (Figure 4 left), with 70% of the DSC values above 

0.90. The DSC values for the volumes obtained through the longitudinal registration process ranged 

between 0.48 and 0.98 (with 68% above 0.90) for the post-marathon time point and between 0.59 

and 0.99 (with 76% above 0.90) at follow-up (Figure 4 middle, right). In the transversal propagation 

the muscles that scored the highest and lowest DSC values were VI (0.94 ± 0.01) and G (0.87 ± 0.07) 

respectively. Similarly, in the longitudinal propagations the muscles with the highest and lowest DSC 

values were VI (post-marathon 0.95 ± 0.03, follow-up 0.96 ± 0.03) and G (post-marathon 0.82 ± 0.16, 

follow-up 0.88 ± 0.11). 

 

Figure 4: DSCs for the supervised segmentations compared with the manual segmentations for the 

baseline (4A in blue), post-marathon (4B in red) and follow-up (4C in yellow) time points for all the 

segmented muscles. The numbers correspond to the muscles listed in Figure 2. Each dot reflects an 

individual subject and the group mean and standard deviation are shown in black 

Linear regression analysis 

The G and S muscles were excluded from this part of the analysis because of low SNR (<15) in the 

diffusion images. The linear regression of mean λ3, MD and FA in the 16 muscle volumes (two legs, 

eight muscles each) obtained with supervised automatic segmentation versus the values obtained 

with manual segmentation, excluding the S and G muscles, resulted in r2 values of 0.99 and p < 0.0001 

for all indices at all time points (Figure 6 top, baseline; Figure 7 top, post-marathon; Figure 8 top, 

follow-up). By including the muscles with low SNR (S and G muscles) r2 values were lower, 0.98 (λ3), 

0.91 (MD) and 0.99 (FA) at baseline, respectively (p < 0.0001), whereas at post-marathon r2 values 

were 0.96 (λ3), 0.91 (MD) and 0.94 (p < 0.0001) and at follow-up r2 values were 0.95 (λ3), 0.95 (MD) 

and 0.99 (FA) (p < 0.0001). 
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Bland-Altman analysis 

Bland-Altman analysis were carried out for the three different time points separately by considering 

the mean values of MD, FA and λ3 of each segmented muscle with sufficient SNR of each participant. 

The derived 95% limits of agreement (LoAs) are reported in Table 1. At baseline, the 95% LoA ranged 

between 0.5% and 1.5% in the full volumes and between 0.7% and 3% excluding manual 

segmentations (Figure 6 bottom). The bias ranged between −0.0008 and 0.0010. At post-marathon 

and follow-up, the LoA ranged between 0.7% and 3.1% (Figure 7 bottom and Figure 8 bottom) with 

the bias between −0.0005 and 0.0016. The best agreement was presented by λ3. At baseline, some 

distinct outliers were observed in the Bland-Altman plots (Figure 7). Outliers in λ3 corresponded to the 

BFLH right leg. Some outliers in MD were generated by the right and left SM and the left RF. When 

including the manually segmented slices no outliers were observed. 

Table 1: 95% LoAs, the LoA percentage with respect to the mean resulting from the Bland-Altman 

analysis and the bias of the DTI parameters of the supervised and manual muscle segmentations at the 

THREE time points 

DTI parameter Baseline full volume Baseline excluding manual 

segmentations 

Post-marathon Follow-up 

λ3  

(10−3mm2/s) 

[−0.008 

0.008] 

0.5% 0.0003 [−0.016 

0.020] 

0.7% 0.0010 [−0.016 

0.019] 

0.7% 0.0016 [−0.012 

0.014] 

0.7% 0.0011 

MD  

(10−3mm2/s) 

[−0.023 

0.023] 

1.2% −0.0008 [−0.030 

0.031] 

1.8% 0.0002 [−0.026 

0.031] 

1.7% 0.0023 [−0.032 

0.034] 

1.8% −0.0003 

FA (—) [−0.003 

0.003] 

1.5% −0.0003 [−0.006 

0.005] 

3.0% −0.0004 [−0.006 

0.005] 

3.0% −0.0005 [−0.006 

0.005] 

3.1% 0.0007 

 

Input slices and segmentation time 

The percentage of slices for which manual segmentation was required at baseline, prior to transversal 

and longitudinal propagation, is shown in Figure 5. On average only 30% of the slices needed to be 

manually segmented at baseline, thus resulting in more than three times faster segmentations at 

baseline and 10 times faster for the three time points. The BFSH of the right leg required the most 

manual segmented slices, the BFLH of the left leg the fewest. Figure 5 shows that the numbers of 

manually segmented slices of the same muscle in the right and left legs are in the same range. 
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Furthermore, for the longitudinal segmentation the reduction in time is even greater, as these 

required no additional manual segmentations. 

 

Figure 5: Percentage of segmented slices used for transversal propagation at baseline for the individual 

muscles. The BFSH of the right leg (blue) required the most manual segmented slices; the BFLH of the 

left leg (red) the fewest. Each point represents the mean and the range of the segmentation 

acceleration. The dotted line represents the average acceleration time. 

 

 

Figure 6: Linear regression analysis (top) and Bland-Altman plot (bottom) at baseline of diffusion 

indices λ3 (10−3mm2/s), MD (10−3 mm2/s) and FA (—) comparing manual segmentation with those 

resulting from the transversal propagations. 
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Figure 7: Linear regression analysis (top) and Bland-Altman plot (bottom) post-marathon of diffusion 

indices λ3 (10−3mm2/s), MD (10−3 mm2/s) and FA (—) comparing manual segmentation with those 

resulting from the longitudinal propagations 

 

 

Figure 8: Linear regression analysis (top) and Bland-Altman plot (bottom) at follow-up of diffusion 

indices λ3 (10−3mm2/s), MD (10−3 mm2/s) and FA (—) comparing manual segmentation with those 

resulting from two longitudinal propagation steps 
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Discussion 

 

DTI is becoming increasingly popular to study muscle injury and disease, as the diffusion indices 

provide a direct window into muscle fiber integrity and architectural organization.4, 5 For quantitative 

analysis of changes in diffusion values, segmentation of individual muscles is required. Such 

segmentations are often performed manually,12 which is a time-consuming, laborious and an 

operator-dependent process. This study aimed to evaluate the impact of a supervised semi-automatic 

segmentation framework on the quantification of DTI indices in the upper leg muscles. Compared 

with the conventional manual segmentation approach, similar DTI indices were found using this 

supervised semi-automatic segmentation framework, as represented by high LoAs and r2 values. 

Furthermore, this study showed that the segmentation time of the entire muscle volume can be three 

times faster for a single time point without significant impact on the quantification of DTI indices, 

which we believe is an important step to more widespread application of DTI to study muscle injury 

and disease. In addition, the time saving for multiple time points is even larger (10-fold for three time 

points), given that no further manual delineations are needed. 

The Dice similarity coefficient was, with a few outliers, consistently high when comparing manual and 

supervised segmentations. These results agree with the previous results that were obtained by Ogier 

et al.,22 who reported a DSC of 0.91 for the transversal propagation and 0.88 for the longitudinal 

propagation. Interestingly, for most of our muscles, with the exception of the smaller muscles with a 

more changeable cross-sectional area in the proximal-distal direction (S and G muscles), even better 

similarity indexes were found. We have not yet characterized with certainty the reasons why some 

muscles are less well propagated at post-marathon and follow-up in comparison with baseline, but 

the factors that might have influenced the results are the differences in the semi-automatic and 

automatic segmentation methods applied, the muscle shape deformation between two acquisition 

sessions and the muscle size, because both G and S, the two smallest muscles in the upper leg, 

showed the lowest Dice coefficient. However, more importantly, in this longitudinal study we also 

evaluated the impact of automatic segmentation on the quantification of the muscle DTI indices. The 

Bland-Altman analysis resulted in excellent LoA values (maximum of 3% for FA) and low bias 

(maximum of 0.4% for FA in the transversally propagated volumes). These ranges can be compared 

with the changes in muscle DTI parameters that are normally expected in muscle injury and disease. 

For example, changes in DTI indices reported after physical activity, such as a triathlon8 or a 

marathon,9 are generally larger than the 95% LoAs reported above. Also, the changes in DTI indices 
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observed in the presence of musculoskeletal diseases, as shown in the study by Maggi et al.7 in 

patients with muscular dystrophy (FA varies by 8.4%), are larger than the 95% LoA found in our work. 

In the study by Sigmund et al.6 in dermatomyositis patients, MD in the quadriceps muscles varied by 

1.7%, which is smaller than the 95% LoA we found over all analyzed muscles. However, in our work 

the quadriceps muscles showed the best correspondence with manual segmentation. Consequently, 

when considering our LoA for quadriceps muscles only, even these changes could be quantified. 

However, this would not be the case for the other muscle groups. This indicates that by using the 

proposed semi-automatic segmentation method the changes in DTI indices that are due to physical 

activity and certain diseases, such as muscular dystrophy, remain detectable, whereas smaller 

changes due to other pathologies, such as dermatomyositis, cannot be detected in all muscle groups. 

It is furthermore interesting to review some of the input requirements and time savings using this 

supervised semi-automatic segmentation framework. At baseline, only 30% of the slices were 

required as input for the supervised segmentation compared with the full manual segmentation, 

reducing the time spent for manual delineation of muscle outlines for a full segmentation of 10 

muscles in both upper legs from 840 min to 140 min. Furthermore, the segmentations of the post-

marathon and follow-up time points were obtained directly from the baseline, without additional 

need of manual delineation of the muscles. This makes the segmentation process in larger cohort 

studies much more manageable, especially in longitudinal studies. However, for this comparison, we 

did not include the computer processing time for the transversal and longitudinal propagation steps 

that can be executed without further user interaction in the background. These steps do require time, 

which strongly depends on the computer processor (ie of the order of 120 min for the transversal 

propagation and 300 min for the longitudinal propagation using an Intel Xeon E5-2620 v4 processor). 

For the transversal propagation at baseline it was important that a sufficient number of slices were 

manually segmented in those regions with large changes in muscle cross-section, typically at the 

muscle origin and insertion. The selection of these slices based on muscle shape variations is a 

subjective factor in the transversal segmentation process that could lead to user-dependent 

performance. In fact, in comparison with the study by Ogier et al.22, for the sake of robustness we 

segmented a higher percentage of slices manually than strictly necessary, leading to less reduction in 

segmentation time (70% in our study as compared with 85% by Ogier et al.). This difference is mainly 

due to the fact that in this study the supervised semi-automatic segmentation framework was applied 

to segment the full muscle volume, while in the study by Ogier et al. the most distal muscle regions 

(10 cm above the knees) were not segmented. 
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Over the past years, some other semi-automatic and fully automated segmentation methods for 

skeletal muscle have been proposed. These methods use non-rigid multi-atlas registration or 

convolutional neural networks (CNNs) and have primarily focused on specific locations in the upper 

leg muscles13-15 rather than full volumetric analysis.16 Furthermore, these methods have also been 

used to determine muscle volume and to extract fat fractions. One of these previous studies, by 

Kemnitz et al.,14 compared active shape model (ASM) and active contour model (ACM) approaches at 

mid-thigh level and showed that the precision of the technique was higher for the quadriceps muscles 

(DSC values of 0.93 and 0.94) than for the hamstring muscles (DSC values of 0.87 and 0.89) and lowest 

for the S muscle (DSC values of 0.74 and 0.82). These findings are in agreement with our results, 

where we found high DSC values for the quadriceps and hamstring muscles and lowest for the G and S 

muscles. The CNN approach proposed by Kemnitz et al.13, 15 proved to be the fastest approach, less 

than 1 s per slice, and was also very precise (average DSC value 0.98). However, it is important to note 

that both methods described above have been trained only for a particular anatomical location rather 

than for the segmentation of the full volume of individual muscles; moreover, no volumetric analysis 

was reported. Another approach that has been used is the AMRA automatic segmentation technique 

developed at Linköping University. This approach is based on non-rigid multi-atlas registration on 

water fat Dixon images18 and was used to evaluate automatic quantification of fat fraction and 

volume increases in the quadriceps muscle group16. This study18 showed very good correlation with 

the manual segmentation of the estimated volumes of the quadriceps muscles, with r = 0.98 

and p < 0.0001. These values are in the same range as what we found for the DTI indices determined 

in individual muscles rather than in a muscle group. Unfortunately, no information is given concerning 

other muscle groups or individual muscles. 

This study has some limitations. First, the manual segmentation of the input slices was performed 

only once, by two albeit expert observers, because the manual segmentation is very time consuming 

and laborious, and requires quite some experience and anatomical knowledge. Therefore, the intra-

observer reproducibility was not tested at this point. Second, thus far, we have only focused on the 

impact of supervised segmentation on DTI quantification using whole muscle segmentations. The 

impact of semi-automatic segmentation on quantification could vary along the proximo-distal muscle 

axis and therefore affect more localized assessments in a different manner. Additionally, in this work 

only healthy muscle tissue has been evaluated. Pathophysiological changes due to injury or disease 

alter image contrast and could impact the performance of the supervised semi-automatic 

segmentation framework. Future studies will include localized muscle damage to evaluate how well 

the propagation algorithms perform under these circumstances. 
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Conclusion 

 

The purpose of the present study was to evaluate a supervised muscle segmentation framework 

developed by Ogier et al.,21, 22 for the quantification of DTI indices in individual muscles of the thighs. 

Using this tool, we assessed the accuracy, feasibility and impact on the quantification of DTI indices in 

comparison with manual segmentation as well as the reduction in work load compared with manual 

segmentation. Linear regression and the Bland-Altman analysis of the DTI indices showed good 

agreement between the results obtained with manual segmentation and the results obtained with 

the supervised muscle segmentation framework. The work load and segmentation time were reduced 

threefold at baseline compared with manual segmentation and the segmentation of post-marathon 

and follow-up time points was completely automated. The proposed semi-automatic segmentation 

method for the detection of changes in DTI indices that are due to physical activity and diseases 

proved fast, feasible, accurate, reproducible and less operator dependent. 
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Abstract 

The purpose of this chapter is to illustrate a DTI-based method which was developed to quantitatively 

assess fiber angles (or ‘fiber fascicle orientations’) and changes therein in leg muscles without the 

need for performing manual and labor-intensive fiber-tractography, to facilitate longitudinal studies 

on muscle fiber architectural adaptations in healthy subjects. Please note that in this thesis the terms 

‘fiber angles’ and ‘fiber fascicle orientations’ are used interchangeably. 

The upper legs of five volunteers were scanned twice on the same day. The right lower legs of five 

volunteers were scanned twice with the ankle in three positions, i.e. -15° dorsiflexion, 0° neutral 

position, and 30° plantarflexion. The MRI protocols consisted of a noise scan, a 3-point mDixon scan 

and a DTI scan. Fiber-angle color maps were generated for four muscles in the upper legs and two 

muscles in the lower leg. Voxel-wise fiber angles (θ) were calculated from the angle between the 

principal eigenvector of the diffusion tensor and a reference line defined between the origo and 

insertion points of each muscle. Bland-Altman analysis, intraclass correlation coefficient (ICC), 

coefficient of variation (CV%), minimal detectable change (MDC), standard error (SE) and Friedman 

test were used for assessing the feasibility of this method and in order to have an indication of the 

repeatability and the sensitivity. 

Bland-Altman analysis showed good repeatability (CV%<10 and 0.7≤ICC≤0.9) with exception of the 

Tibialis Anterior (TA) muscle in dorsiflexion position(CV%: 12.2) and the Semitendinosus (ST) muscle 

(left leg) (CV%: 11.4). The best repeatability metrics were found for the Soleus (SOL) muscle in neutral 

position (CV%: 2.6). Changes in average θ in TA and SOL with ankle positions were observed in 

accordance with expected agonist and antagonist functions of both muscles. For example, for the 

anterior left compartment the change in fiber angle Δθ with respect to the neutral position Δθ = -1.6° 

± 0.8° and 2.2 ± 2.8° (p = 0.008), for dorsiflexion and plantarflexion, respectively. 

Our method facilitates fast inspection and quantification of muscle fiber angles in the lower and 

upper leg muscles in rest and detection of changes in lower-leg muscle fiber angles with varying ankle 

angles. 
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Introduction 

 
Muscle fiber architecture is a dominant determinant of muscle functioning in terms of tension, 

exertable force, response to physical exercise, as well as vulnerability to muscle injury and disease.1 

Biomechanical metrics for muscle force prediction include muscle contractile volume, fiber length and 

fiber angles (pennation angles). The study of changes in muscle architecture following intervention, 

training and response to therapy allows for a better understanding of the relationship between 

muscle architectural adaptations and function.2,3 

In clinical practice, the most commonly used definition of pennation angle is the two dimensional (2D) 

pennation angle between the muscle fascicles and the aponeurosis or tendon4 in a specific location of 

the muscle. Another used definition of pennation angle in 2D is the angle between the muscle 

fascicles and the line of action of the tendon.4 This definition is useful but it lacks three-dimensional 

information of the full muscle volume. A quantitative volumetric assessment is needed when there is 

no a priori knowledge concerning the location of expected changes in muscle architecture due to 

training or response to treatment. Less common in clinical practice but very useful in biomechanics 

for the estimation of muscle force are the definitions of pennation angle in three-dimensional 

volume, in which the pennation angle is defined between the muscle fascicles and the line of action of 

the muscle5 which in turn can be subject to different definitions. 

Traditional 2D ultrasound presents technical limitations which impede a straightforward volumetric 

assessment of the muscle architecture. In the last decade newer techniques have been introduced in 

order to obtain 3D muscle images of muscle fibers such as three-dimensional ultrasonography 

(3D-US)5-7 and diffusion tensor imaging (DTI) in magnetic resonance imaging (MRI).8 

Magnetic resonance imaging (MRI) and particularly diffusion tensor imaging (DTI) allows for a non-

invasive quantification of muscle macro- and microstructural parameters.8 Especially, in sport 

medicine, DTI has shown promise as a relevant tool to understand the muscle recovery process that 

follows physical activity and after injury.9 Moreover, the inherent 3D nature of MRI facilitates the 

assessment of muscle fiber architecture in a volumetric way, for the majority of the body’s muscles. 

DTI has been used previously for the quantification of muscle fiber angles according to different 

definitions. These studies showed congruity between the direction of the first eigenvector of the 

diffusion tensor ε1 and histology-defined fiber angles in skeletal10-13 and cardiac muscle.14-16 Over the 

past decade various studies focused on estimating pennation angles in individual muscles based on 
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DTI-based fiber tractography, different line of action definitions and manual aponeurosis 

delineation.16-18 Fiber tractography is a non-invasive 3D modeling technique used to investigate the 

muscle microstructure, local collagen fiber alignment, and the 3D collagen network. It is obtained 

from DTI by combining the main diffusion direction ε1 and the fractional anisotropy FA of adjacent 

voxels in order to obtain tracts representing the muscle fibers and based on both deterministic and 

probabilistic algorithms generally relying on assumptions concerning the muscle physiology that 

translates in stopping criteria like the step size, the turning angle, the FA range, tract density and the 

maximum tract length. However, accurate and reproducible aponeurosis delineation on MR images is 

difficult19 and fiber tractography outcomes are promising but subject to variability due to different 

algorithms and the stopping criteria. Furthermore, these stopping criteria and tracking settings often 

require optimization for individual subjects, muscles16,20,21 and locations within the muscle which is a 

time-consuming process. This hampers reproducibility of the pennation angle measurements, 

particularly needed in longitudinal studies. Consequently, there is a need for a simple, semi-

automated and robust method to quantify pennation angle in skeletal muscle. Ideally, such a method 

should be independent on the positioning of the subject in the MRI scanner, easily applicable, 

objective and based on non-deformable anatomical structures. Such a method will specifically 

facilitate longitudinal studies on muscle fiber architectural adaptations due to training and response 

to treatment. 

The purpose of this study was to develop and evaluate the feasibility of a DTI-based method to 

quantitatively assess fiber angles and changes therein in whole leg muscle volumes in a 

straightforward manner, without the need to perform fiber tractography or tendon delineation, in 

order to facilitate longitudinal studies on muscle fiber architectural adaptations due to training or 

response to treatment. 

Methods 

 

Study design 

 
We evaluated the repeatability and sensitivity of the method in the upper (experiment 1) and lower 

leg (experiment 2) muscles. The study was approved by the local institutional research board IRB and 

the medical research committee of the Amsterdam UMC and written informed consent was provided 

by all subjects prior to the study. 
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Experiment 1 (Upper leg) 

The upper legs of five (N = 5) healthy volunteers (3 male, 2 female, age range 20 to 40) were scanned 

twice on the same day with a 3T Philips Ingenia MRI scanner (Philips Healthcare, Best, the 

Netherlands), using a 16-channel anterior coil and the 10-channel table posterior coil. Subjects were 

positioned in feet-first supine position. The data were acquired in three transverse stacks with 30 mm 

overlap, covering 498 mm proximal to distal with a field of view (FOV) of 480 x 276 mm2. The MRI 

protocol consisted of a noise map to calculate signal-to-noise ratios (SNR) (SE-EPI without diffusion 

weighting, TR = 4630 ms, TE = 53 ms, matrix = 160 × 160, voxel size = 3 × 3 × 6 mm3, number of slices = 

31, SENSE = 1.5), a 3-point mDixon scans as anatomical reference (sequence = FFE, TR = 8.0 ms, 

TE1/ΔTE = 1.33/1.1 ms, voxel size = 1.5 x 1.5 x 3.0 mm3) and a DTI scan for diffusion parameter 

estimation (sequence = SE-EPI, TR = 4630 ms, TE = 53 ms, voxel-size = 3 x 3 x 6 mm3, SENSE = 1.5, 

number of gradient directions = 48, diffusion b-value = 450 s/mm2). Slice-selection gradient reversal 

(SSGR) and spectrally adiabatic inversion recovery (SPAIR) were used for fat suppression.22 The scan 

time per stack was 7 min for the DTI scan, 2 min for the Dixon scan and 30 s for the Noise scan. The 

participants were taken out of the MRI scanner in between the two sessions for about 15 minutes to 

rest. 

Experiment 2 (Lower leg) 

The right lower legs of five (N = 5) male healthy volunteers (age range: 21–43) were scanned with a 3T 

Philips Achieva MRI scanner (Philips Healthcare, Best, the Netherlands) using a 16-channel torso coil. 

A custom-built device was used to place the ankle in three different positions, i.e. -15° dorsiflexion, 0° 

neutral, and 30° plantarflexion, to induce passive lengthening and shortening of the muscles in the 

lower leg. MRI measurements of the lower leg for the three ankle positions were performed in one 

examination. The MRI protocol consisted of a 3-point mDixon scan (sequence = FFE, TR = 7.7 ms, 

TE1/ΔTE = 2.1/1.7 ms, voxel-size = 1.0 x 1.0 x 2.5 mm3, FOV = 192x156 mm2), the DTI scan (sequence 

= SE-EPI, TR = 11191 ms, TE = 51.63 ms, voxel-size = 3 x 3 x 5 mm3, SENSE acceleration factor = 1.5, 

number of gradient directions = 12, diffusion b-value = 400 s/mm2, FOV = 192x156 mm2) and a noise 

scan obtained by repeating the DT-MRI scan with a single volume and setting the power of the RF to 

zero. Slice-selection gradient reversal (SSGR) and spectrally adiabatic inversion recovery (SPAIR) were 

used for fat suppression.22 The scan time for each ankle position was 11 min. Example anatomical 

reference and diffusion images for the lower leg are shown in Figure 1. Each volunteer was examined 

on the same day in two separate scanning sessions, with at least 30 min in between. The dataset was 

also used to assess fiber length by Mazzoli et al..23 
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Figure 1: Graphical representation of steps to create 3D angle (θ) color maps. (A) An mDixon scan (top) 

was used as anatomical reference to segment the muscles. Example diffusion-weighted image 

(bottom) with b-value = 450 s/mm2. DTI was used for voxel-wise calculation of the principal diffusion 

direction, corresponding to the muscle fiber direction. (B) Reference points and schematical drawing of 

the reference line. The fiber angle was defined as the angle of the principal diffusion direction with the 

reference line, which in this example was defined by manually drawing points to anatomical landmarks 

(indicated by the blue crosshair and red points) on the tibia bone on the mDixon images. (C) Axial and 

longitudinal cross sections of the lower leg with the fiber angles of the SOL muscle as a color-coded 

overlay. 

 

DTI post-processing 

The DTI data were analyzed with QMRITools for Wolfram Mathematica (Wolfram Research, Inc., 

Mathematica, Version 12, Champaign, IL).24 Data processing consisted of 1) noise suppression, with 

Principal Component Analysis algorithm (PCA), 2) affine registration of the diffusion-weighted images 

to the non-weighted diffusion images to correct for eddy current-induced image distortions 

3) b-spline registration to the mDixon water anatomical images to correct for susceptibility induced 

deformations.25 Directional diffusion data were fitted to a tensor model with an iterative weighted 

linear least square algorithm (iWLLS).26 The principal eigenvector ε1 of the diffusion tensor in each 

voxel, corresponding to the muscle fiber angles, was calculated by an eigen decomposition. The SNR 

was calculated as the mean of the signal in a muscle ROI divided by the standard deviation of the 

noise (σ) as calculated from the noise scan. Datasets with SNR below 25 were excluded from further 

analysis.26 
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Segmentation 

In the lower leg, to facilitate segmentations, the mDixon out-of-phase images were re-sampled to a 

resolution of 1 x 1 x 1 mm3. Manual delineation of the muscles was done in the resulting 25 slices 

using ITK-SNAP 27 on the images obtained with the ankle in neutral position. The segmentations were 

then transferred to all six datasets (three positions x two measurements) by registering the down-

sampled mDixon images to full resolution out-of-phase mDixon images using rigid registration 

followed by non-linear b-spline registration, as previously described by Mazzoli et al..23 

For the upper leg, we segmented the biceps femoris long head (BFLH) and the semitendinosus (ST) 

muscles. Additionally, the maps of the upper legs were divided in 5 proximal to distal sub-regions of 

equal length, i.e., 0–20%, 20–40%, 40–60%, 60–80%, and 80–100% of the muscle length by using 

Matlab R2016b (MathWorks, Natick, MA, USA). For the lower leg, the Soleus (SOL) and the Tibialis 

Anterior (TA) muscles were selected, because these are antagonist muscles and we expect differences 

in fiber angles with different ankle positions. Figure 1 illustrates the segmentation of the SOL with the 

ankle in neutral position. For a more detailed regional analysis of muscle fiber angles in a multi-

pennate muscle, the SOL muscle was further segmented into four compartments, i.e., two anterior bi-

pennate compartments and two posterior uni-pennate compartments, following anatomical 

landmarks such as tendon sheets and muscle borders. The segmentation was manually executed by 

LS (four years of experience) in the upper legs muscles and in the compartments of the lower leg. The 

full muscle volumes of the lower leg muscles were manually drawn by VM (seven years of 

experience). The manual delineation took about three hours per muscle. 

Fiber angle color maps 

To calculate fiber angles and generate color maps of the fiber angles (θ) in the full muscle volume, the 

following strategy was applied. First, a reference line was defined in ITK-SNAP based on two 

anatomical landmarks identified in the out-of-phase images by a trained person according to a muscle 

specific definition, as schematically illustrated in Figure 1. For the upper leg (experiment 1), two 

reference lines were defined between the origo and insertion points of the BFLH and the ST, 

respectively (Figure 1A), according to the definition of line of action of a muscle by Delp et al. 28 For 

the lower leg (experiment 2), a single reference line was defined for both the SOL and the TA muscles 

by a point on the tibia plate and the most distal and posterior point of the diaphysis (Figure 1B). The 

intra-observer variability of the fiber angle maps deriving from the placement of the reference line 

was evaluated. 
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The voxel-wise fiber angles (θ) were subsequently calculated in MATLAB R2016b (The MathWorks 

Inc., Natick, MA, USA) from the direction of the principal eigenvector of the diffusion tensor ε1 and 

the vector describing the direction of the reference line A using Ɵ = 𝑎𝑐𝑜𝑠 ( 
𝐴 Ɛ1

|𝐴| |Ɛ1|
 ), with the 

constraint of Ɵ < 90° in order to ensure unique angles. 

Statistical analysis 

Bland-Altman analysis, the Coefficient of Variation (CV%) and the Intraclass Correlation Coefficient 

(ICC) were used to represent and to assess the repeatability of the fiber angles maps quantified with 

our analysis method and expressed as mean value for the full muscle volumes of twenty and thirty 

individual upper and lower leg muscles respectively. The CV% is defined as the standard deviation 

divided by the mean.29 An intra-subject CV% < 10 was considered an index of good repeatability. The 

ICC is defined as the variance of intra-subjects measurements divided by the total variance of inter-

subjects and intra-subjects measurements and in this study for test-retest reliability it was calculated 

with a two-way random effects, with measures of absolute agreement.30 Values of ICC between 0.6 

and 0.75 were considered moderately good, 0.75≤ICC≤0.9 was considered very good, ICC>0.9 was 

judged very good, and ICC = 0.9 was rated excellent. The Bias is calculated as the mean of the errors 

between the two measurements. In this context the bias does not represent the trueness of the 

method in respect to a gold-standard,31 but it is intended as a measure of the repeatability of the 

method. The coefficient of repeatability CR can be calculated as 1.96 (or 2) times the standard 

deviation of the differences between the two measurements, it is a precision measure which 

represents the value below which the absolute difference between two repeated test results may be 

expected to lie with a probability of 95%. Additionally also the Standard Error of the estimate (SE) and 

the Minimal Detectable Difference (MDD) were calculated in order to compare with other studies. 

The SE is calculated by taking the standard deviation and dividing it by the square root of the sample 

size,32 it indicates how large the prediction errors of the estimates is for the dataset.33 MDD is 

measured as the standard error of measurement multiplied by 1.96 and √2.30 The MDD indicates the 

smallest change that can be detected statistically. 

Fiber angle maps and distribution plots are used to evaluate the ability of the method to assess 

differences in fiber angles between the three ankle positions in the full volumes of the SOL and the TA 

muscles and in the four muscle compartments of the SOL muscle. Furthermore, Friedman tests were 

used to assess differences in fiber angles between the three ankle positions in the four muscle 

compartments of the SOL muscle. Post-hoc analysis with Wilcoxon signed ranks test was used to 

determine which of the compartments differed in fiber angles. All statistical analysis were performed 
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in SPSS (IBM SPSS Statistics for Windows, Version 26 Armonk, NY: IBM Corp) and the significance level 

was corrected for multiple comparisons and set at p = 0.017. 

 

Results 

 
All scans were successfully completed and all DTI datasets had signal to noise ratio SNR > 25, to allow 

for accurate tensor calculations.26 The average SNR in the muscles in the non-diffusion-weighted 

images in experiment 1 (upper legs) was above 25 (range 25–70), whereas for experiment 2 (lower 

legs) it was above 30 (range 30–70). The fiber angle color maps were calculated and Figure 1C shows 

representative cross-sections of the lower leg with overlays of the SOL muscle, color-coded according 

to the fiber angle (θ) to illustrate the 3D nature of our approach. 

The intra-observer variability for placing the reference line in the BFLH, ST and lower leg were 1.0±0.4 

voxels and 0.4±0.6 voxels respectively. 

The Bland-Altman analysis of the whole-muscle mean fiber angle (θ) in the ST and BFLH of the right 

and left upper legs and the TA, SOL and anterior right, anterior left, posterior right and posterior left 

compartments of the SOL muscle in the lower leg are shown in Figure 2. The mean angle, the Bland-

Altman analyses on the full muscle volumes and on the SOL anatomical compartments, the bias and 

SD, the CR, the mean CV%, MDD, ICC and SE are listed in Tables 1 and 2. For experiment 1 (upper leg 

muscles), the bias was -0.6 ± 2.9° in the right leg BFLH and -0.9 ± 1.7° in the left leg BFLH, with 

Coefficient of Repeatability (CR) ±5.7 and ±7, respectively. For the ST, the bias was -1.6 ± 2.8° for the 

right leg and -1.8 ± 3.7° for the left leg, with CR ±5.5 and ±7.1 for right and left, respectively (Table 1). 

For the SOL muscle in experiment 2, the bias between the two measurements in neutral, dorsiflexion, 

and plantarflexion position was 0.8 ± 0.8°, 0.3 ± 1.4°, and 0.6 ± 2.0° with CR ±1.8, ±1.5, and ±3.9 

(Table 2). For the TA muscle, the bias was 2.1 ± 1.8°, 3.5 ± 3.6°, 1.0 ± 0.6° with CR between ±7.0, ±3.6, 

±1.2, for neutral, dorsiflexion and plantarflexion positions, respectively (Table 2). 
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Figure 2: Bland-Altman analysis for the repeated measurements M1 and M2 of the whole volume 

average fiber angles θM1 and θM2 for (A) Biceps Fermoris, (B) Semitendinosus, (C)Tibialis Anterior, 

and (D) Soleus muscles. θM1 and θM2 are the repeated measurements. The light blue line indicates the 

bias and the dashed lines indicate the Bias±Coefficient of Repeatability (CR), i.e., ±1.96 x standard 

deviation (SD). 

 

Table 1: Quantitative results of Bland-Altman analysis of repeated measurements of fiber angles θ (o). 
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Table 2:  Quantitative results of Bland-Altman analysis of repeated measurements of fiber angles θ (o). 

 

 

The ability of the method to detect differences in muscle fiber angles along the length of the muscle 

was assessed in the ST muscle. Fiber angle color maps of the ST muscles overlayed on the anatomical 

MR image together with the mean fiber angles in the 5 proximal to distal sub-sections are shown 

in Figure 3. The average measured fiber angle for the ST was 22.1 ± 4.1°. The muscle fiber angle 

distribution along the muscle length was highly subject dependent, with one subject having 

particularly high fiber angles in the medial portion (40–60%) of the ST muscle. Nevertheless, an 

average fiber angle distribution of the ST muscle was determined for all subjects, showing a parabolic 

curved angle distribution (Figure 3). 



Chapter 3 

 

 58 

 

Figure 3: (A) 3D fiber angle color maps of the right (top) and left (bottom) semitendinosus (ST) muscles 

in sagittal and transversal views. (B) The mean fiber angle θ of the left and right ST muscles in five 

evenly distributed regions proximally to distally along the muscle length and normalized to the lowest 

value. The black curve represents the mean angle of the 10 measurements (5 subjects measured 

twice). 

 

The evaluation of the method’s ability to detect small changes in fiber angles due to different ankle 

position using the fiber angle color maps and fiber angle distribution plots in the full muscle volumes 

of the TA and SOL muscles and in the four sub-compartments (two anterior (left & right) and two 

posterior (left & right)) of the SOL muscle is shown in Figure 4 and Figure 5, respectively. Figure 

4 shows, in line with the agonist and antagonist function of the TA and SOL muscles, that the fiber 

angle distribution of the full muscle volumes shift to higher θ for the TA muscle (20.0°) and lower θ for 

the SOL muscle (21.4°) in dorsiflexion position, whereas the distribution shifts to lower θ for the TA 

muscle (16.0°) and higher θ for the SOL muscle (23.8 ± 2.9°) in plantarflexion position. Furthermore, 

regional differences in θ between ankle positions are visible in the fiber angle color maps for both the 

TA and the SOL muscles. For example, the anterior and posterior compartments of the SOL muscle 

become more distinctly visible during contraction (plantarflexion) as white and red patchy areas. 

Because of the complex multi-pennate architecture of the SOL muscle, we performed a detailed 
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assessment of the changes in fiber angles with ankle position for the four sub-compartments. In nine 

out of ten measurements, the fiber angle distribution of the left compartments shifted to higher fiber 

angles with changing ankle position from dorsiflexion to plantarflexion, whereas the fiber angle 

distributions of the right compartments remained largely the same (Figure 5). 

 

 

Figure 4: Fiber angle distributions of the TA and SOL muscles with different foot positions and fiber 

angle color maps for a representative subject. (A) Schematic drawing of dorsiflexion and plantarflexion 

position of the foot (B) Fiber angle color maps of the TA muscle overlayed on a mid-belly slice of the 

Dixon water image for the three foot. 
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Figure 5: Fiber angle distributions of the SOL muscle with dorsiflexion and plantarflexion foot positions 

for a representative subject. The SOL muscle is segmented in 4 volumes with (A) the left 

anterior, (B) the right anterior, (C) the left proximal, and (D) the right proximal compartments. Color 

maps of the fiber angles are shown as overlays on a mid-muscle belly water Dixon image. 

 

The normalized changes of the mean fiber angles Δθ for dorsiflexion and plantarflexion with respect 

to the neutral position are summarized for the four compartments of the SOL muscle in Figure 6. The 

anterior and posterior left sub-compartments of the SOL muscle showed statistical difference 

between the three ankle positions, with the lowest angles in dorsiflexion position and highest angles 

in plantarflexion position. Table 3 shows the mean angle θ, the mean angle change Δθ and the p-value 

of the Friedman and Wilcoxon test in dorsiflexion and plantarflexion for 10 subjects in the four sub-

compartments of the SOL muscle (anterior right, anterior left, posterior right, and posterior left). 
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Figure 6:  Mean fiber angles θ in the four sub-compartments of the SOL muscle as function of foot 

position. The fiber angles are shown for the (A) left anterior, (B) right anterior, (C) left posterior, 

and (D) right posterior compartments. Gray solid lines are the data for the individual subjects, whereas 

the open square symbols are group averaged and standard deviation. 

 

 

 

Table 3: The mean measured fiber angle (θ) in three ankle positions (dorsiflexion, neutral and 

plantarflexion), the mean change of angle (Δθ) in dorsiflexion and plantarflexion normalized in respect 

to the neutral position and the p-value of the Friedman Test and the post-hoc correction are reported 

among 10 subjects in the four compartme. 
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The changes were statistically significant in the anterior and posterior left compartments (p = 0.008 

and p = 0.007) and in the anterior right compartment (p = 0.045) of the SOL muscle. The more 

detailed post-hoc analysis showed significant differences Δθ = 2.2 ± 2.8° in fiber angles between the 

neutral and the plantarflexion positions in the anterior left sub-compartment of the SOL muscles 

(p = 0.009), in which the bias was 0.1 ± 1.0° and 0.6 ± 1.5°, whereas the CR was ±1.5 and ±3.9, 

suggesting that plantarflexion position contributed majorly to this main effect. 

 

Discussion 

 
In this study we presented a DTI-based method to quantitatively assess fiber angles and changes 

therein in whole leg muscle volumes. We found that our method for quantification of fiber angle is 

feasible in the mean angle of the full volumes of both the lower and upper leg muscles. Furthermore, 

we showed that our method is sensitive to detect fiber angle differences along the length of the 

muscle and between different ankle positions. 

Key to our method is that we defined the fiber angle in 3D and with respect to a reference line. This 

approach differs from the definition of 2D pennation angle which is the acute angle between the 

fascicles and the muscle aponeurosis or tendon.34 The reference line is determined using two points, 

which are systematically defined on the basis of well visible anatomical landmarks, such as bones and 

tendons. The definition of the anatomical landmarks is set for each muscle, in the upper legs they 

were at the origo and insertion points, according to a simple definition of the line of action of the 

muscles,28,35 whereas in the lower leg the reference line was based on the tibia bone. Consequently 

the reference line is rotationally invariant, which guarantees its high correspondence in a longitudinal 

follow up of the same subject, even in cases with severe remodeling. 

The measurement of the pennation angle in the BFLH and the ST muscles are in line with previous 

ultrasound studies that reported a pennation angle of 20.74 ± 2.53° as average of N = 8 locations in 

the BFLH muscle36 and 18.07° in the ST muscle for control subjects at rest.34 

Moreover, the ultrasound and cadaver study by Tosovic et al.37 reported the same muscle angle 

curved distribution as the one we reported for the BFLH and the ST muscles. 

Our calculated fiber angles showed good repeatability in both the upper legs and the lower leg 

muscles because presented CV<10 and ICC ≥0.7, with exception of the ST (left leg) and the TA muscle 
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in dorsiflexion. The results are comparable to the repeatability reported in other DTI and US studies. 

In fact, in previous validation studies differences of 3.0 ± 7.3° between 2D ultrasound and human 

dissection in BFLH were not considered significant, while changes of 6° were observed with knee and 

hip rotations of up to 90°.38 Moreover, we believe that the goodness of the repeatability depends on 

the expected changes in the specific clinical application of the method. For instance, previous 

ultrasound studies in the BFLH muscle after intervention reported a difference in the pennation angle 

in the BFLH between re-injured and non-reinjured subjects of only 1.4° at the halfway point between 

the ischial tuberosity and the knee joint fold.39 We think the ability to measure such change with and 

MRI-based method would be difficult. A possible improvement can be achieved by dividing the 

muscle length evenly and measuring the mean angle in the medial regions of the muscle length. 

Of all analyzed muscles and positions, the muscle in the right upper leg and the TA in the dorsiflexion 

ankle position showed the largest CR. This might be due to the fact that there are shading artifacts in 

the left upper leg due to B1 inhomogeneity with the 3T wavelength. The lower repeatability of the TA 

muscle in dorsiflexion could be due to the fact that this ankle position was not well tolerated by all 

subjects resulting in some difficulty to control ankle position during and between measurements. 

Froeling et al.26 and Heemskerk et al.,21 in the assessment’s study of the reproducibility of DTI indices, 

identified as causes of lower repeatability multiple factors like the variations in anatomy (arms, legs) 

and muscles, repositioning, SNR and inclusion of non-muscle tissue, such as adipose tissue and blood 

vessels. 

The good repeatability of our method is in line to the repeatability presented in studies on other fiber 

tractography based methods to quantify muscle pennation angle.16-18 Previous studies have shown 

that the tractography repeatability is not optimal yet and that differences in the stopping criteria and 

the algorithm can influence the pennation angle calculation.39,40,41,42  

Recent work by Bolsterlee and colleagues16,17 showed that anatomically constrained tractography can 

deal with some of the variations introduced by fiber tractography. To the best of our understanding, 

the exclusion of the fiber tracts was done on the basis of specific criteria such as the fiber length. 

Therefore, only a certain ratio of seeds, which was different for each muscle, led to successfully 

tracked fibers.17 Furthermore, Bolsterlee et al. fitted fiber tracts to different polynomial orders, which 

resulted in minor mean absolute differences of the pennation angle between 0.5° and 1.9°. In two 

different studies by Bolsterlee and colleagues the angles in the individual compartments of the SOL 

muscle have been measured according to two different definitions. 
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In the first study,17 the angles were measured with respect to the long axis of the muscle, defined as a 

line connecting a proximal and a distal point on the anterior surface of the muscle between medial-

anterior and lateral-anterior compartment. In the medial-anterior, lateral-anterior, medial-posterior 

and lateral-posterior the measured angles were 22°, 27°, 38°, 34° in plantarflexion with ankle angle 69 

± 12° and 17°, 18°, 24°, 24° in dorsiflexion with ankle angle of 108 ± 7°. The pennation angles were 

larger in muscle plantarflexion than in dorsiflexion, like in our study. The difference with our 

measurements in the posterior compartments of the SOL muscle is due to the different degrees of 

flexion of the ankle, which varied between 19° and 56° instead of 45°. 

In the second study by Bolsterlee and colleagues,16 the pennation angle was defined as 90° minus the 

mean angle between a vector parallel to the endpoint’s slope and the normal vectors of all triangles 

of the surface model within a radius of 1.5 mm around the endpoint. The pennation angle was the 

mean of the angles that the fascicle made with the deep and superficial aponeuroses. In this study the 

left foot was placed in neutral position with ankle angle 87 ± 3° with respect to the horizontal plane 

by mean of an MRI compatible foot plate. This study reported very similar results to the ones we 

measured: 19.0°, 20.0°, 24.6°, 21.2° in the medial posterior, medial anterior, lateral posterior and 

lateral anterior compartments. 

This anatomically constrained method showed a good intra-class correlation coefficient (ICC) between 

0.8 and 1 for pennation angle in the gastrocnemius muscle, but lower than in our study for the TA 

muscle with ICC of 0.6 and the anterior compartments of the SOL muscle in neutral position with ICC 

of 0.91, 0.14, 0.93, 0.60 in the medial-posterior, medial-anterior, lateral-posterior and lateral-anterior 

compartments. The lower repeatability in the TA muscle and anterior compartment of the SOL muscle 

compared to the other muscles is in line with our findings in the Bland Altman analysis. Even though 

the method with anatomical constraints proved repeatable and relatively insensitive to tracking 

parameters in the gastrocnemius muscle, it was not equally repeatable in the other muscles and 

several seed points (60%) and voxels of the full volume were excluded in order to obtain anatomically 

correct fibers. 

In another study by Fouré and colleagues, a different fiber tractography based method was used18,40 

and they defined 3D pennation angles between the principal axis of each muscle and the local muscle 

fiber direction. The principal axis was determined via a principal component analysis on the three-

dimensional coordinates of each muscle segmentation mask. The local muscle fiber direction was 

taken from the first and last points of a fiber-tract in the muscle. Finally, the pennation angles were 

weighted over all fiber tracts within each voxel.39 The calculated angle for the SOL muscle in eight 
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young healthy subjects in 15°-20° plantarflexion was 43 ± 3° and 29 ± 6° for the superficial and deep 

compartments, respectively, which is around double of the value we found. These values are difficult 

to compare firstly because the SOL muscle was divided only in two compartments instead of four 

compartments, secondly because the change in angle between different positions was not assessed 

and finally, because in our experiment we used a reference line based on the tibia bone instead of the 

centroid of the muscle mask segmentation. Nevertheless, the difference between the superficial and 

deep compartment is comparable to the difference we found between the anterior right and the 

posterior right compartments of the SOL muscle in plantarflexion. 

Furthermore, this method showed good reproducibility, reflected by low coefficient of variances 

between two measurements.18 The mean CV% = 5.5 and 6.6 for the superficial (posterior) and the 

deep (anterior) SOL muscle and mean CV% = 8.4 for the TA. 

The study investigated changes in pennation angle due to gender but not changes due to the effect of 

ankle position. 

In our study, the evaluation of the effect of ankle positions on fiber angles showed significant 

differences in fiber angles between the neutral and the plantarflexion positions in the anterior left 

sub-compartment of the SOL muscles, suggesting that plantarflexion position contributed majorly to 

the statistical difference between the three ankle positions. 

Our observations in the full volumes of both lower leg muscles are in agreement with biomechanical 

predictions. The fiber angle is expected to decrease during passive lengthening and to increase during 

passive shortening.43,44 Previous work by Sinha et al., using a method based on the first eigenvector 

with polar coordinates in respect to the magnet z-axis on six healthy subjects, reported changes in the 

fiber angles of the SOL muscle medialis up to 48° and 41° respectively in the anterior and in the 

posterior sub compartments between neutral (ankle angle 90°) and plantarflexion (ankle angle 

120°).45 This change is much larger than we measured and is probably due to the different definition 

of pennation angle used and the area analyzed. 

In contrast, changes in fiber angles between ankle positions in the sub-compartments of the SOL 

muscle we report here compare very well to those reported by Bolsterlee et al. who found changes in 

pennation angles in the range of approximately 5° to 14° for the different compartments of the SOL 

muscle.16 Previous studies showed that architectural patterns during muscular shortening can be 

heterogeneous in the muscle and between subjects43,44 and that changes in muscle architecture due 

to ankle position may not follow a linear relationship.46,47  
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Our approach used the definition of pennation angles in the 3D volume of upper leg muscles with 

respect to a simple definition of the muscle’s line of action in the upper legs with extended legs and in 

respect to the tibia bone in the lower leg. This measurement can be used to calculate the muscle 

force28,35 as well as to monitor global or local changes of muscle fiber angles following, training or 

therapeutic intervention. 

On the other hand, if a 2D definition of pennation angle would be desired instead in a specific region 

of the muscle the method here presented allows fast calculation of fiber angles with respect to new 

reference lines or planes conforming to other pennation angle definitions. 

A limitation to our study is that we did not provide direct comparison with an independent technique 

like ultrasound, which can be considered the most established technique for the determination of 

fiber angles in skeletal muscle. 

 

Conclusions 

 

In this study we have presented a method to assess fiber angles in skeletal muscle and changes 

therein. Our study indicated that fiber angle quantification in full 3D volumes and in specific muscle 

compartments of individual muscles is feasible with this method. Additionally, this method is sensitive 

enough to detect fiber architecture changes in lower leg muscles due to different foot positions. 

These results warrant the application of our method to longitudinally monitor changes in fiber angles 

following training intervention. 
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Supporting Information 

Supplementary Table 1: Mean of repeated measurements of fiber angles θ (o) in the BFLH muscle of 

the right leg. 

M1 M2 

20.2 19.7 

22.1 23.4 

29.1 31.1 

21.0 25.1 

19.3 15.5 

 

Supplementary Table 2: Mean of repeated measurements of fiber angles θ (o) in the BFLH muscle 
of the left leg. 

M1 M2 

20.2 20.8 

32.4 33.4 

26.8 28.0 

28.2 30.1 

16.4 14.1 
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Supplementary Table 3: Mean of repeated measurements of fiber angles θ (o) in the ST muscle of 
the right leg. 

M1 M2 

17.9 18.4 

18.6 19.9 

20.8 25.7 

19.5 23.1 

29.5 27.1 
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Supplementary Table 4: Mean of repeated measurements of fiber angles θ (o) in the ST muscle of the 
left leg. 
 

M1 M2 

17.2 18.2 

18.5 22.6 

14.5 19.8 

23.3 24.8 

23.4 18.5 

 

Supplementary Table 5: Mean of repeated measurements of fiber angles θ (o) in the SOL muscle. 

Dors T1 Dors T2 Neu T1 Neu T2 Plant T1 Plant T2 

17.4 17.3 18.1 17.0 19.3 18.7 

20.1 19.2 21.7 21.6 26.8 24.0 

22.1 23.1 25.31 23.3 25.5 25.4 

18.8 20.1 20.9 20.5 23.7 26.1 

18.0 18.9 18.6 18.2 19.6 17.6 

 

Supplementary Table 6: Mean of repeated measurements of fiber angles θ (o) in the TA muscle. 

Dors T1 Dors T2 Neu T1 Neu T2 Plant T1 Plant T2 

14.6 14.0 14.8 13.0 13.1 13.0 

29.4 20.2 18.9 19.6 18.6 17.8 

19.6 15.5 18.3 15.3 15.3 14.0 

22.4 22.2 19.9 15.8 18.7 16.9 

17.4 14.2 16.3 14.0 14.8 13.8 
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Supplementary Table 7: Mean of repeated measurements of fiber angles θ (o) in the SOL muscle 
anterior right compartment. 

Dors 1 Dors 2 Neu 1 Neu 2 Plant 1 Plant 2 

15.2 16.7 17.3 15.8 16.3 16.6 

24.0 18.0 16.6 17.4 16.3 13.7 

19.3 15.9 16.7 16.9 17.5 16.3 

18.6 21.4 17.6 15.7 15.9 16.2 

13.2 13.3 12.0 12.9 11.6 12.3 

 

Supplementary Table 8: Mean of repeated measurements of fiber angles θ (o) in the SOL muscle 
anterior left compartment. 

Dors 1 Dors 2 Neu 1 Neu 2 Plant 1 Plant 2 

18.87 18.45 20.58 20.34 22.76 21.71 

23.13 19.33 19.37 17.99 29.49 20.55 

20.94 21.84 18.61 20.74 21.64 21.9 

22 19.31 23.5 20.41 23.26 21.79 

19.03 11.89 14.1 12.58 14.2 13.35 

 

Supplementary Table 9: Mean of repeated measurements of fiber angles θ (o) in the SOL muscle 
posterior right compartment. 

Dors 1 Dors 2 Neu 1 Neu 2 Plant 1 Plant 2 

23.6 25.7 24.1 23.8 24.7 25.2 

26.7 21.1 26.0 28.0 33.0 28.4 

28.0 26.6 26.5 25.6 29.4 27.5 

23.2 24.1 24.1 22.6 29.0 26.1 

22.9 24.0 23.5 22.8 23.2 13.3 
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Supplementary Table 10: Mean of repeated measurements of fiber angles θ (o) in the SOL muscle 
posterior left compartment. 

Dors 1 Dors 2 Neu 1 Neu 2 Plant 1 Plant 2 

19.4 18.8 17.6 17.1 18.9 18.4 

28.7 25.4 23.1 22.9 23.1 19.3 

22.9 22.5 21.0 20.3 20.9 21.8 

24.1 26.6 21.6 20.5 22.0 19.3 

19.4 13.3 19.3 18.4 19.0 19.1 
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Abstract 
 

Purpose 

Traditional muscle classifications have proven inadequate in comprehending the intricate relationship 

between structure and function in skeletal muscles. To accurately measure muscle parameters, it is 

necessary to explore alternative techniques. This study aims to assess the agreement between 3D 

ultrasound (3D-US) and Diffusion-Tensor Imaging (DTI) in measuring muscle fiber pennation angle and 

fiber length in the Vastus Lateralis muscle (VL). By doing so, this research endeavors to enhance our 

understanding of the strengths and limitations associated with these techniques. 

Methods 

On the same day, nine subjects underwent MRI scans of their upper legs and 3D ultrasound (3D-US) 

acquisitions of the Vastus Lateralis (VL) muscle. The MRI datasets included both Diffusion-Tensor 

Imaging (DTI) and Dixon acquisitions. The 3D-US acquisitions were performed using a 5-cm linear 

probe in B-mode at a frequency of 30 Hz. The pennation angle, which refers to the angle between the 

aponeurosis and the muscle fascicles passing through the central point at two-thirds of the muscle 

belly in the mid-longitudinal plane, was obtained using both imaging modalities. To compare the 

pennation angles between the two modalities, Bland-Altman analyses, paired t-tests, and intra-class 

correlation coefficient (ICC) were employed. 

Results 

The 3D ultrasound (3D-US) measurements revealed an average pennation angle of 18.7 ± 3.9° and a 

fiber length of 77.6 ± 15.4 mm. In contrast, the DTI fiber-tractography based approach yielded an 

average pennation angle of 21.9 ± 5.2° and a fiber length of 59.6 ± 15.4 mm. The t-test analysis for 

the pennation angle yielded a p-value of 0.11 and an ICC-value of 0.34. For fiber length, the t-test 

resulted in a p-value of 0.05, and ICC analysis indicated that there was no significant correlation. 

Conclusions 

There was limited agreement between individual subject measurements of the Vastus Lateralis (VL) 

muscle’s pennation angle and fiber length obtained from 3D ultrasound (3D-US) and Diffusion-Tensor 

Imaging (DTI). 
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Introduction 

 

The architectural organization of muscle fibers with respect to the whole muscle volume differs 

among individual skeletal muscles.1 One can roughly classify muscles based on their shape and muscle 

fiber architecture, amongst others into fusiform, unipennate, bipennate, and triangular.2 However, to 

understand the details on the structure-function relationship of skeletal muscle in health and disease, 

such general classifications are often inadequate. For one thing the muscle does not act in isolation as 

contractile forces are transmitted to bones via muscle-tendon junctions and tendons.3 Moreover, 

each person is unique and inter-subject differences in muscle shapes and sizes can be substantial. 

Therefore, there is a great need for accurate measurements of muscle architectural parameters, such 

as volumes, fiber orientations, and fiber lengths.  

 

The most frequently used image modality for the assessment of muscle fiber orientations and lengths 

is 2D B-mode ultrasound imaging. 2D-ultrasound is easy to apply, relatively low cost and it offers 

excellent temporal resolution. However, it is challenging to align the imaging plane with the line of 

pull or muscle fiber axis, and it is generally difficult to correctly infer 3D architecture from 2D imaging. 

Alternatively, both Diffusion-Tensor MR Imaging (DTI) and 3D-ultrasound (3D-US) facilitate a 3D 

assessment of muscle fiber orientations and lengths.  

 

3D-US technique is based on the acquisition of a series of 2D images of the muscle by mean of a 2D 

B-mode probe sweeping on the muscle surface, which 3D movement is recorded using an external 

tracking device. Subsequently, the 2D images are registered to form a 3D image.4,5,6 3D-US facilitates 

scanning of a full volume of superficial muscles in any position or posture. 

 

DTI is a dedicated magnetic resonance imaging technique (MRI) capable of quantifying the self-

diffusion of water in tissues. In skeletal muscle tissue diffusion is directionally anisotropic because 

muscle cells are long and approximately cylindrically shaped. Water diffuses therefore more easily 

along the axis of a muscle fiber than in a transverse direction. From the directional anisotropy one can 

infer that the local muscle fiber orientation on a voxel-by-voxel basis and fiber bundles can be 

reconstructed over longer distances by means of fiber-tractography algorithms.7,8,9 With DTI one can 

quantify the architecture of multiple muscles belonging to the same anatomy, for example upper or 

lower legs, simultaneously in a single scan session. However, the physical confinement of most MRI 

scanners generally limits examinations to a supine or prone body position. 
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So far little is known about how muscle architectural parameters assessed with 3D-US and DTI 

compare and only a few studies have compared 2D-US with DTI.10,11 The purpose of this study was 

therefore to determine the muscle fiber pennation angle and fiber length of the Vastus Lateralis (VL) 

muscle using both techniques. The VL muscle was chosen as a ‘model’ muscle since this muscle was 

previously studied and well validated using 3D-US in cadavers.4  

 

Methods 

 

Study setup 

Nine healthy participants (age range: 22-64 years; 5 males) volunteered to participate in this study. 

Prior to participation, participants were informed about the experimental procedures of the study 

and provided written informed consent. The study was conducted according to the principles of the 

Declaration of Helsinki and was approved by the departmental ethics committee of the Vrije 

Universiteit, Amsterdam, the Netherlands (VCWE-2020-122). We acquired 3D-US and MRI on the 

same day in two different institutes (Vrije Universiteit and Amsterdam UMC, Amsterdam, the 

Netherlands) with average of 10 ± 2 hours in between both scans. Participants were instructed not to 

perform any physical activity one day prior the examinations. 

 

Data Acquisition 

MRI 

MRI of the upper legs was performed in supine position with the legs stretched (stretched) at 3T 

(Philips Ingenia, Philips Healthcare, Best, the Netherlands) using a 16-channel anterior coil and a 

10-channel table posterior coil. MRI comprised of the acquisition of 3 stacks in order to cover the legs 

from knee to hip. The examination consisted of a Dixon scan as anatomical reference (sequence = 

FFE, SENSE, TR = 8 ms, TE1/ΔTE = 1.33/1.1 ms, FOV = 480x276x186 mm3, voxel size = 

1.5x1.5x3.0 mm3), a DTI scan (sequence = diffusion-weighted SE-EPI; 48 gradient directions, 

b-value = 0 and 400 s/mm2, FOV = 480x276x186 mm3, voxel size = 3.0x3.0x6.0 mm3, TR = 4630 ms, 

TE = 53 ms, fat-suppression = SPAIR and SSGR, number of signal averages (NSA) = 3, SENSE and half 

scan) and a noise-estimation scan (similar to diffusion scan without RF and gradients).  
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The 3 stacks of images were joined and further processed using QMRITools for Mathematica.9 A 

principal component analysis (PCA) method was used for noise suppression. SNR was defined as the 

mean of the signal in a muscle region of interest divided by the standard deviation of the 

noise (σ). Scans with SNR lower than 25 were excluded from further analysis. Subsequently, DTI 

images were registered to the Dixon scan using rigid, affine, and b-spline steps in Elastix.12 More 

details on the processing of the DTI data can be found in several other papers.13, 14,15 Finally, the 

diffusion tensor was calculated in each voxel using an iterative weighted linear least squares (iWLLS) 

method.  

3D-ultrasound 

3D-US acquisition of the right leg’s VL muscle morphology was obtained on the same day as the MR 

acquisitions, with a hip angle of 90o and a knee angle of 0o. The hip angle here is defined as the angle 

between the thigh and the torso. To prevent displacement or rotation, the lower leg was strapped 

and secured to the bench. Images were acquired from the participant’s right leg in B-mode (30 Hz) 

using a 5-cm linear probe attached to an ultrasound machine (Arietta Prologue, Hitachi L-55, Hitachi 

Ltd., Tokyo). Muscle morphology of the VL was obtained using 3D ultrasound imaging, as described 

previously.4 Location and orientation of the ultrasound probe were collected over time using a cluster 

marker that was connected to the ultrasound probe and a motion capture system (Optotrak Certus; 

Northern Digital, Waterloo, ON, Canada).16 Ultrasound sweeps of the VL were collected in longitudinal 

direction, starting from the lateral border of the muscle and scanning from the distal to proximal end 

of the muscle with the probe in transverse orientation. Subsequent sweeps were taken medially from 

the previous sweep with around 1-cm overlap. An external trigger marked the start of each scan and 

was used to synchronize position data with the ultrasound B-mode images to enable the construction 

of a 3D voxel array to reconstruct the whole VL muscle using customized 3D image-processing 

software (Matlab, MathWorks, Natick, MA, USA).  

 

Estimation of the outcome parameters 

3D-US 

To quantify the pennation angle and the fiber length with 3D-US, the Medical Interaction toolkit 

(MITK)17 was used.  Firstly, the muscle length was calculated by defining the origin and the distal 

musculotendinous junction of the VL muscle in the 3D reconstructed images. Subsequently, VL 

pennation angle was determined at 2/3 of the proximal to distal muscle length in the mid-longitudinal 

fascicle plane18 (Figure 1B).  The mid-longitudinal fascicle plane describes a theoretical plane that 
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represents the direction of muscle fibers within a muscle. It is determined by considering the vector 

from the origin to the distal end of the VL muscle belly, along with a straight line that connects the 

tangent on the deep aponeurosis to its projection on the muscle’s cross-section at two-thirds of the 

distance between the proximal and distal parts of the muscle (green line in Figure 1A). In this plane 

fiber fascicles are visible in full length (Figure 1B). The pennation angle was defined as the angle 

between the fibers running through the center of the muscle and the distal deep aponeurosis. To 

quantify the fiber lengths, the distance between the insertions of the fibers running through the 

center of the muscle to the deep and superficial aponeurosis was measured. Both outcomes were the 

average of five repeated measurements.  

 

 

Figure 1: 3D-US pennation angle quantification. (A) Example of a transversal cross section through the 

3D-US dataset of the VL muscle. On the transversal plane the longitudinal plane through the muscle 

center (green line) and its projection on the deep aponeurosis (yellow line) are shown. (B) Longitudinal 

plane through the center of the VL muscle. The pennation angle and the fiber length are determined at 

2/3 of muscle length. 

 

MRI 

To quantify the pennation angle and fiber length in MRI we used the muscle DTI toolbox for Matlab 

developed by Damon et al.8. Our methodology involved several steps. First, the boundaries of the VL 

muscle were manually delineated in the DIXON water image. This step was necessary to create a 

binary image mask that prevented fiber tracts from extending beyond the muscle region.  Next, a 

region of interest (ROI) was manually drawn on the deep aponeurosis of the VL muscle, at a location 

that corresponds to two-thirds of the muscle’s proximal to distal length. This anatomical positioning 

matched the approach used for the 3D-US measurements (Figure 2A). Once the ROI was established, 

fiber tracts were propagated from the seed points within the ROI. These tracts reconstructed a 
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bundle of fibers that extended from the aponeurosis to the lateral border of the muscle (Figure 2B). 

To mitigate the influence of noise and image artifacts, each fiber was smoothed using a polynomial fit. 

This smoothing process enabled interpolation of the fiber tract positions at a higher resolution than 

the original tracts. Following the smoothing step, we quantified the pennation angle and fiber length. 

The pennation angle was determined as the average angle of the fiber bundle in relation to the 

aponeurosis (Figure 2C). Additionally, the average fiber length of the bundle was measured. We used 

the default settings of the software8 for the selection of the fiber propagation algorithm, ensuring 

consistency with established conventions.  

 

Muscle thickness is an indicator of muscle strength and power production and it can be used to 

evaluate the muscle size and the induced training performance of a muscle.19 In order to assess the 

impact of errors in measurement of pennation angle and fiber length with the proposed different 

methods, the equation thickness = fiber length ∙ sin 𝜗  was used to calculate VL muscle thickness, 

where 𝜗 is the pennation angle.  

 

 

Figure 2: DTI-based pennation angle and muscle fiber length measurements. (A) Transversal cross 

section of anatomical Dixon image. The VL muscle and the deep aponeurosis in cyan color are 

indicated. (B) Examples of fiber tractography bundles (red and blue fibers) in the mid-belly of the VL 

muscle at approximately 2/3 of the proximal to distal muscle length. (C) Schematic of determination of 

the pennation angle in the VL muscle using DTI. The pennation angle is defined as the complementary 

angle between the fiber bundle and the surface normal (red arrow) to the deep aponeurosis 

(cyan-colored surface). 
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Statistical Analyses  

Statistical analyses were performed in GraphPad and SPSS (IBM SPSS Statistics for Windows, Version 

26 Armonk, NY: IBM Corp). To visualize the distribution of the data, a box plot analysis was 

performed, in which the median, quartiles and any outliers present in the data were displayed. The 

bias and paired t-test analysis, the Bland-Altman analysis and the Intraclass correlation coefficient 

(ICC) were used to represent and to assess the accuracy of the fibertractography-based pennation 

angle and fiber length with respect to the 3D-US based measurements. The Limits of Agreement 

(LoAs) of the Bland-Altman analysis were calculated as ±1.96 x standard deviation (SD). The bias was 

calculated as the mean of the errors between the two measurements.20 

 

The ICC is defined as the variance of intra-subjects’ measurements divided by the total variance of 

inter-subject and intra-subject measurements. For reliability it was calculated with a two-way random 

effect, with measures of absolute agreement.20, 21 Values of ICC below 0.50 were considered poor, 

between 0.50 and 0.75 was considered moderate, between 0.75 and 0.90 good, and above 0.9 

excellent. Negative values of the ICC indicate no correlation and are reported here as 0. 

 

Results 

 

The nine subjects completed the MRI and 3D-US sessions successfully. All DTI datasets had a signal to 

noise ratio (SNR) greater than 25, above the criterium for accurate tensor calculations.22,23  

 

Figure 3A illustrates the comparisons of VL pennation angles between 3D-US and DTI based on 

individual measurements and distributions. The average pennation angle measured with 3D-US was 

18.7 ± 3.9°, exhibiting a right-skewed data distribution. Conversely, the average pennation angle 

measured using the DTI fiber-tractography approach was 21.9 ± 5.2°, with a normal data distribution 

and a larger interquartile range compared to 3D-US measurements, indicating higher inter-subjects 

variability. While the pennation angles measured with 3D-US and DTI showed close agreement for 

most subjects, there were significant differences observed for at least 3 subjects, with the DTI 

measurements yielding larger values. 

 

Figure 3B demonstrates the comparison of VL fiber lengths between 3D-US and DTI. The average fiber 

length measured with 3D-US was 77.6 ± 15.4 mm, and the data distribution exhibited left-skewness 

with scattered data points. In contrast, the average length measured using DTI fiber-tractography was 
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59.7 ± 15.4 mm, with a right-skewed data distribution and a larger interquartile range compared to 

the 3D-US measurements. Similar to the pennation angle, considerable differences in fiber lengths 

between 3D-US and DTI were observed for individual subjects, where DTI measurements resulted in 

smaller values. 

 

Figure 3C presents the comparison of muscle thickness between 3D-US and DTI based on individual 

measurements and distributions. The average muscle thickness measured with 3D-US was 

24.2 ± 3.5 mm, with a left-skewed data distribution. In contrast, the average muscle thickness 

measured with DTI was 21.5 ± 4.7 mm, and the data distribution was normal. Similarly to fiber length, 

DTI measurements of VL muscle thickness resulted in smaller values than 3D-US measurements. 

 

 

Figure 3: 3D-US and DTI-based (A) pennation angles (°), (B) fiber lengths (mm) and (C) muscle 

thickness (mm) for all subjects. The boxplots indicate the interquartile ranges (the middle 50% of 

measurements), the median marks indicate the median values, and the upper and lower whiskers 

represent scores outside the middle 50% of measurements. Whereas the blue data points and grey 

lines are the measurements for the individual subjects. 

 

Bland-Altman Analysis 

Bland-Altman analysis were carried out for pennation angle, fiber length and muscle thickness. The 

derived 95% limits of agreement (LoA) and the bias are shown in Figure 4 with black solid line and 

dashed lines respectively.  

 

The Bland-Altman analysis revealed a non-significant bias in the DTI-derived pennation angles as 

compared to those from 3D-US of 3.2 ± 5.2o (p = 0.11) (Figure 4A; Table 1). A larger bias in the DTI-

derived fiber lengths as compared to those from 3D-US of -18 ± 24 mm (p = 0.052) was found (Figure 

4B; Table 1). Figure 4C shows a bias of -2.7± 4.2 mm (p = 0.09) between the DTI and 3D-US estimation 

of the VL muscle thickness. 
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Figure 4: Bland-Altman analysis. (A) 3D-US versus DTI-based pennation angles (°). (B) 3D-US versus 

DTI-based fiber lengths (mm). (C) 3D-US versus DTI-based muscle thickness(mm).The black solid line 

indicates the bias and the dashed lines indicate the Bias ± Limits of Agreement (LoA), i.e., ±1.96 x 

standard deviation (SD). 

 

ICC 

The intraclass correlation coefficient with absolute agreement between DTI and 3D-US measurements 

were calculated for pennation angle and fiber length. The reported values (see Table 1) show poor 

agreement between the two different measurement modalities.  

Table 1 lists the values for the mean ± standard deviation, bias and the percentage of the Limits of 

Agreement (LoA) following from the Bland-Altman analyses, the p-value following from the paired 

t-test, as well as the intraclass correlation coefficients with absolute agreement (ICC). 
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Table 1: VL muscle pennation angle, fiber length, and muscle thickness measurements by 3D-US and 

DTI. Values for mean ± standard deviation, bias, and p-value of the measurements with DTI and 3D-US 

acquisitions, the percentage of the Limits of Agreement (LoA) with respect to the mean resulting from 

the Bland-Altman analysis, and intraclass correlation coefficient (ICC) are listed. 

 

 Pennation Angle Fiber Length Muscle thickness 

 3D-US DTI 3D-US DTI 3D-US DTI 

mean ±  

standard deviation 
18.7 ± 3.9° 21.9 ± 5.2° 77.6 ± 15.4 mm 59.6 ± 15.4 mm 24.2 ± 3.5 mm 21.5 ± 4.7 mm 

bias (DTI – 3D-US) 

p-value 

3.2 ± 5.2°  

(p = 0.10) 

-17.9 ± 21 mm 

(p = 0.05) 

-2.7 ± 4.2 mm 

(p = 0.09) 

LoA (%) 8.3° (40%) 46 mm (67%) 8.3 mm (40%) 

ICC  

(95%-confidence 

interval) 

0.29 

-0.23<ICC<0.76 

0 (-0.11) 

-0.44<ICC<0.4 

0.41 

-0.15<ICC<0.81 

 

Discussion 

 

The primary aim of this study was to evaluate the non-invasive measurement of the pennation angle 

in the VL muscle with two 3D imaging modalities, i.e., 3D-US and DTI. The 3D-US technique for 

measuring pennation angle in the VL muscle has been validated with cadaveric specimens,4 and 

therefore we decided to consider 3D-US as the baseline measurement with which to compare the DTI 

based pennation angle and fiber length measurement methods. The DTI based data for quantifying 

fiber architecture –based on diffusional properties of water in tissue– is inherently different to the 

ultrasound data in terms of 3D image resolution and type of data, i.e., vector field instead of intensity 

based. Therefore, we applied different post-processing steps to arrive at pennation angle and muscle 

fiber lengths for the VL. 

 

Taken together, the main finding is that the 3D-US and DTI measurements of the VL muscle pennation 

angle and fiber length show rather poor agreement on an individual subject basis. 
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Although Bland-Altman analysis revealed that the group-averaged values for the VL pennation angle 

measured by 3D-US and DTI were not significantly different (Figure 4), differences for several 

individual subjects were large and amounted even to 13.2o for one subject. The large differences for 

individual subjects resulted in a poor ICC value. DTI was used by several groups24,25,26 to quantify 

pennation angles in the VL muscle. Noehren et al. observed pennation angles of 16.4 ± 2.94o and 

15.3 ± 2.84o comparing STEAM and TSRE MRI acquisition sequences.24 Herman et al. reported a 

pennation angle of 18.7o in the stretched leg position,25 while Valaparla et al. measured a pennation 

angle of 23.78 o.26 Previous 2D-US studies with stretched leg position reported lower values than 

those found in this study ranging between 2o and 18o.27,28 

 

For most subjects, the DTI-based pennation angle was higher than the one obtained by 3D-US. These 

differences might be explained from the different postures –seated with stretched legs versus lying 

supine in the MRI scanner– which could result in different amounts of tension or slack of the VL 

muscle fibers leading to a different fiber angle. Another explanation would be that for the 3D-US the 

pennation angle is evaluated in a mid-longitudinal fascicle plane (Figure 1A),29 whereas for DTI the 

pennation angle is calculated from the inner-product of the fiber directions and the aponeurosis 

plane (Figure 2C). In case that the mid-longitudinal fascicle plane is not perfectly aligned with the 

fibers, the angle calculated with DTI will be consequently higher than the one calculated from 3D-US. 

From the point of reproducibility, choosing the muscle mid-longitudinal fascicle plane as a plane of 

reference might be advantageous, as this plane can be chosen based on well-visible anatomical 

landmarks. However, from a biomechanics perspective, knowledge on the precise 3D architecture of 

the muscle fibers –including fiber lengths and physiological cross-sectional areas– would be likely 

preferred. 

 

Previous studies on 2D-US pennation angle measurements confirmed that the orientation of the 

image plane can cause a variation in the pennation angle estimates when chosen either parallel with 

the fiber orientation or oriented perpendicular to the aponeurosis.30 Alternatively, pilot studies are 

needed to establish the optimal orientation of the 2D imaging plane for a specific muscle. For 

example, in the study by Bolsterlee et al. the optimal orientation of the image plane with 2D-US for 

the Gastrocnemius muscle was established based on MRI acquisitions, before pennation angle 

measurements.31 

 

The group-averaged value for the VL fiber lengths measured by 3D-US was considerably higher than 

that measured by DTI. Moreover, differences between individual subjects were large, reflected in a 



Chapter 4 

 

 

 
87 

high LoA (%) value and low ICC. The fiber lengths measured by 3D-US are consistent with those 

reported in other studies.19,32 Mpampoulis et al. measured fiber lengths of 73 ± 7 mm in the high-

power muscles group and 65 ± 8 mm in the low-power muscles group.19 Bohm et al. identified an 

optimal VL fascicle length of 94  ±  11  mm (the length at which the muscle can produce the most 

efficient contraction), which would vary slightly during walking (86  ±  14  mm) and running 

(101  ±  19  mm).32 However, the fiber length values measured by DTI seem clearly underestimated, 

although it is worth noting that Noehren et al. reported even shorter VL fiber lengths of 

30.8 ± 7.5 mm and 27.2 ± 7.9 mm, measured using STEAM and twice-refocused spin echo (TRSE) DTI 

acquisition sequences, respectively.24 Whereas intra-subject differences in pennation angles might be 

explained from differences in posture or slightly different definitions, the low fiber lengths measured 

by DTI must have a methodological origin. Previous studies have demonstrated that different hip joint 

angles between 0 o and 60 o do not significantly affect fiber length and pennation angle in the VL 

muscle.33 Hence, we think that the average fiber length by DTI in a number of subjects was 

underestimated due to incomplete fiber tractography and prematurely terminated fibers at artifacts 

near muscle boundaries. These problems might be alleviated by a combination of higher imaging 

resolution, increased SNR, and improved shimming to avoid susceptibility-related artifacts near the 

leg and muscle boundaries. However, such improvements are not trivially implemented and may only 

be achieved at the cost of increased scan time and limited 3D spatial coverage, and moreover may 

require an RF receiver coil optimized for upper leg imaging.  

 

Both 3D-US and DTI have their pros and cons. The post-processing of the DTI images involved 

registration of the diffusion-weighted images to anatomical Dixon images, manual segmentations of 

aponeurosis and muscle volume, and fiber tractography to establish the 3D course of a bundle of 

muscle fibers. Instead, the 3D-US involved in-painting of a 3D volume by sweeping a linear ultrasound 

probe across the muscle and 3D position tracking with an external device, which involved several 

registration steps.4 DTI is difficult to perform with a bend knee position, even if this fits in the physical 

confinement of the scanner bore. This is because it is difficult to perform magnetic field shimming of 

the leg at an angle with the main magnetic field direction leading to inhomogeneities and image 

distortions. 3D-US can, in principle, be performed in any posture.  

Conclusions 

 

In this study we compared the measurements of the pennation angle and fiber length of the VL 

muscle in healthy volunteers using validated 3D-US and DTI fiber-tractography methods. The 3D-US 
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and DTI measurements of the VL muscle pennation angle and fiber length show poor agreement on 

an individual subject basis.  
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The second part of this thesis focuses on the application of the techniques presented in the previous 

chapters for the measurement of fiber angles in a relevant application.   

To this end, in this chapter we illustrate a study on the comparison between the effects of two 

different injury prevention programs on basketball players. Changes in fiber fascicle orientations of 

the full muscle volume and fiber length in the hamstring muscles, as obtained with DTI, were the 

primary outcome parameters.  

In this chapter the fiber angles are referred to as fascicle orientations.  

Abstract 

The aim of this study was to evaluate the effect of a Nordic hamstring exercise or Diver hamstring 

exercise intervention on Biceps femoris long head, semitendinosus and semimembranosus muscle's 

fascicle length and orientations through diffusion tensor imaging (DTI) with magnetic resonance 

imaging. 

In this three-arm, single-center, randomized controlled trial, injury-free male basketball players were 

randomly assigned to a Nordic, Diver hamstring exercise intervention or control group. The primary 

outcome was the DTI-derived fascicle length and orientation of muscles over 12 weeks. 

Fifty-three participants were included for analysis (mean age 22 ± 7 years). Fascicle length in the 

semitendinosus over 12 weeks significantly increased in the Nordic-group (mean [M]: 20.8 mm, 95% 

confidence interval [95% CI]: 7.8 to 33.8) compared with the Control-group (M: 0.9 mm, 95% CI: −7.1 

to 8.9), mean between-groups difference: 19.9 mm, 95% CI: 1.9 to 37.9, p = 0.026. Fascicle orientation 

in the Biceps femoris long head over 12 weeks significantly decreased in the Diver-group (mean: -2.6°, 

95% CI: −4.1 to −1.0) compared with the Control-group (mean: −0.2°, 95% CI: −1.4 to 1.0), mean 

between-groups difference: -2.4°, 95% CI: −4.7 to −0.1, p = 0.039. 

The Nordic hamstring exercise intervention did significantly increase the fascicle length of the 

semitendinosus and the Diver hamstring exercise intervention did significantly change the orientation 

of fascicles of the Biceps femoris long head. As both exercises are complementary to each other, the 

combination is relevant for preventing hamstring injuries. 

 



Chapter 5 

 

 93 

Introduction 

 

Exercise-based interventions are effective in lowering hamstring injury rates.1 There is strong 

evidence from a meta-analysis that a 12-week Nordic hamstring exercise intervention can reduce 

hamstring injury rate by on average 51%.2 Although effective in daily practice, the underlying 

preventive mechanism is yet not fully unraveled.3 

A suggested preventive mechanism of the Nordic hamstring exercise intervention are changes in 

muscle fiber architecture on two-dimensional (2D) ultrasonography.4 Lengthening of the Biceps 

femoris long head fascicles of up to 2 centimeters is reported.5-10 If the increased fascicle length 

involves an increased number of sarcomeres in series, it might positively affect flexibility and so 

reduce the risk of sarcomere overstretching.11-13 A change in pennation angle of the Biceps femoris 

long head might be the other preventive mechanism, but the evidence is conflicting.6-10 Other 

reported (functional) results of the intervention is an increase in eccentric hamstring 

strength,14, 15 and increased anatomical cross-sectional area of the semitendinosus.5 

The semitendinosus is significantly more recruited than the Biceps femoris long head during the knee-

orientated Nordic hamstring exercise.16, 17 The majority of injuries involve, however, the Biceps 

femoris long head and occur at relative long muscle length, with hip flexed, and knee extended.18-

21 This has led to the discussion whether the Nordic hamstring exercise is the most appropriate 

preventive exercise.22-24 Hip-orientated hamstring exercises (e.g., Romanian deadlift, single-leg 

deadlift and Diver hamstring exercise) are suggested as alternatives, as hip exercises are executed at a 

longer muscle length with a relatively higher muscle activation pattern for the Biceps femoris long 

head.19 The Diver hamstring exercise is a simple hip-orientated hamstring exercise that requires no 

additional equipment, performed over a range of motion at longer muscle lengths, compared with 

the Nordic hamstring exercise.19 Effects of the Diver exercise on 2D ultrasound muscle fiber 

architecture of the Biceps femoris long head, semitendinosus and semimembranosus are unknown. 

Limitations of 2D ultrasound in Nordic hamstring exercise studies are that findings are predominantly 

limited to Biceps femoris long head,5-9 based on a single fascicle and these measurements are highly 

operator dependent.5, 7-9, 25 There is furthermore no literature, supporting the generalizability of 

changes in muscle fiber architecture in the Biceps femoris long head to other hamstring muscles. The 

effect of the Nordic hamstring exercise intervention on the muscle fiber architecture of the 

semitendinosus and semimembranosus is unknown. 
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A novel method for evaluating muscle fiber architecture is diffusion tensor imaging (DTI). Diffusion 

tensor imaging is a non-invasive quantitative magnetic resonance imaging (MRI) technique that 

measures the motion of water molecules in tissue. Water diffusion in healthy muscle tissue is 

anisotropic, which means that the majority of water molecules diffuse along the longitudinal axis of 

the muscle fibers.26 With custom-built DTI data analysis methods and tractography software, fascicle 

length and orientation can be reliably determined in lower limb muscles.27-30 

The aim of this study was to evaluate the effect of the Nordic hamstring exercise and Diver hamstring 

exercise on muscle fascicle length and orientation in the Biceps femoris long head, semitendinosus 

and semimembranosus through DTI. Secondary aims were to evaluate the effect of these hamstring 

exercises on strength, flexibility, and individual hamstring muscle volume. 

 

Materials and Methods 

 

Study design 

 

The study was a three-arm, single-center, randomized controlled trial performed in a university 

medical center in the Netherlands. The study was registered in the Netherlands Trial Register 

(NL7248) on July 13th, 2018, approved by the medical research ethics committee of the Academic 

Medical Center Amsterdam (NL63496.018.17) and was in accordance with the Declaration of Helsinki. 

Due to the COVID-19 pandemic, some participants were unable to attend a second measurement 

session because of shut down of the MRI facility by Dutch governmental sanctions. The study protocol 

was amended and approved by the medical ethics review committee on April 22nd, 2020. The COVID-

19 amendment voluntarily extended the intervention period of 12 weeks for the already enrolled 

participants to a maximum of 24 weeks. The effect of an extended intervention period on the primary 

outcome measures was expected to be marginal as the intervention effect reaches a certain ceiling 

with time.7 Patients or the public were not involved in the design, or conduct of this study. At the start 

of this study, no comparable studies using DTI were available. Therefore, sample size calculation was 

based on an ultrasonographically determined 16% (19 mm) increase in fascicle length of the Biceps 

femoris long head, following eccentric training.31 With an approximate effect size of 1.2, power of 

80% and an alpha of 0.05, a sample size of 24 participants per group were needed. 
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Participants 

 
Participants were recruited from both recreational active and elite basketball teams, via promotion at 

sports and hospital facilities as well as social media platforms. Detailed information about the study 

procedure, participant rights, and contact information for further questioning was sent via email or 

handed over in paper-form before screening for inclusion. Inclusion criteria were 16  years of age or 

older, basketball player and capable of doing an active exercise program. Exclusion criteria were a 

hamstring injury within the past year and contraindication for the MRI device (e.g., claustrophobia 

and pacemaker). All participants gave written consent before the start of data collection. 

Procedure & Randomization 

 
All participants were registered in a data management program by the coordinating researcher (JS) 

(CastorEDC, CIWIT B.V., Amsterdam, the Netherlands). The participants were randomized by a 

computer-generated scheme (Microsoft Excel ASELECT function) and allocated to a Nordic-group, 

Diver-group or Control-group by two researchers (GR or JS). The allocation of participants of the same 

team was made in cluster randomization and allocation of the individual participants were 

randomized as single entities. All participants took part in two measurement sessions, a baseline 

measurement in the week preceding the start of the intervention and a follow-up measurement 

within 7 days after the 12-week intervention period.7 Participants were included for analysis if they 

attended both baseline and follow-up measurement sessions. Blinding of participants to their exercise 

and to the presence of another group was not guaranteed an feasible when they were part of the 

same club. 

Intervention & Compliance 

 
For both the Nordic and Diver-group, a 12-week intervention protocol was prescribed, translated 

from proven-effective preventive intervention protocols.32, 33 The number of sessions is described in 

Table 1. Protocol details were provided via mail, including a step-by-step description and link to a 

videotaped example.34 The intervention was unsupervised and participants were advised to execute 

the exercise at the end of a training yet free to choose appropriate moments. The Control-group 

allocated participants were asked to continue their usual training regime. In all groups, participants 

were asked to postpone the start of additional hamstring strengthening exercises to after the follow-

up measurement session. In case of participants were already performing hamstring exercises, they 

were asked to continue their training regime. Compliance with the intervention was evaluated 
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through online questionnaires. A more detailed description of the online compliance questionnaire is 

included in Appendix S1. 

TABLE 1: Exercise protocol for Nordic hamstring exercise and Diver hamstring exercise intervention. 

Week no. Sessions per week 
(frequency) 

Number of sets 
per session 

Repetitions 
per seta 

1 1 2 5 

2 2 2 6 

3 2 3 6 

4 2 3 6, 7, 8 

5 2 3 8, 9, 10 

6–12 2 3 10, 9, 8 

Study Preparation and Data Collection 

Hamstring Strength and Flexibility 

At baseline and 12 -week follow-up, hamstring strength was assessed in a prone position, with the 

knee to 15° and 90° of knee flexion, as determined by visual estimation. The tester placed a handheld 

dynamometer (MicroFET2, HOGGAN Scientific) at the heel of the participant and applied force to the 

heel, gradually increasing in 3–5 s. Participants were instructed to resist the applied force (break test). 

The highest peak force of three attempts in both knee flexion angles was documented for both 

positions in Newton. Hamstring flexibility was acquired with the passive leg raise and the active knee 

extension test in degrees.35 

Magnetic Resonance Imaging 

Magnetic resonance imaging datasets were acquired on a 3 Tesla MRI scanner (Ingenia, Philips, Best). 

All participants were examined in supine position and feet first using a 16-channel receive coil and 

12-channel receive coils located in the scanner table. An elastic band around the feet and sandbags at 

the lateral side of the lower legs were used to minimize movement and reproduce scanner placement 

between measurement sessions. The data were acquired in a multi-stack protocol covering the full 

upper leg region. The scan protocol consisted of four axial proton density weighted Dixon scans for 
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complete anatomical mapping of the hamstring muscles from proximal ischial origin to the most distal 

insertion on the tibia. Three axial diffusion-weighted (DWI) and axial noise scans corresponded with 

the three most proximal Dixon sequences and covered all of the hamstring's muscle tissue. The noise 

scans were for the purpose of data-quality assessment. The acquisition parameters are provided in 

Appendix S1. 

Primary Outcome Measures 

The two primary outcome measures were change in fascicle length (e.g., fiber tract lengths 

representing fascicle length in millimeters) and fascicle orientation (e.g., angle between DTI 

parameter eigenvector 1 and a reference line representing the intramuscular tendon in degrees) of 

the Biceps femoris long head, Semitendinosus and the semimembranosus over 12 weeks, obtained 

with DTI and fiber tractography.36 

Secondary Outcome Measures 

Secondary outcome measures were change in isometric hamstring strength (15° and 90° knee 

flexion), hamstring flexibility (passive leg raise and active knee extension) and individual hamstring 

muscle volume (in cubic centimeters) over 12 weeks. 

Data Analysis 

Magnetic ResonanceIimaging & Processing 

Magnetic resonance imaging datasets were processed using QMRITools (www.qmritools.com) for 

Mathematica (Wolfram Research, Inc., Mathematica, Version 12.1, Champaign).37 The DWI data were 

de-noised using a principal component analysis noise algorithm and corrected for motion and Eddy 

currents using affine registration.38, 39 The diffusion data were then registered to the anatomical space 

using sequential rigid and B-spline registration to correct for EPI-distortions. The individual stacks of 

the Dixon and the diffusion scans were merged with an overlap of five slices without motion 

correction. The diffusion tensor was calculated using an iterative weighted linear least squares 

(iWLLS) algorithm. Each dataset was manually segmented in ITK-SNAP on the axial scanner 

reconstructed Dixon water image, on a slice by slice basis for the Biceps femoris long head, 

Semitendinosus and the semimembranosus by two examiners, JS and KH (Figure 1A,B).40 The proximal 

and distal borders were manually determined by identifying the first and last slice containing a pixel of 

the segmented muscles by one examiner, JS. The individual longitudinal muscle length was obtained 

from the sum of number of slices. The volumes of individual muscle segmentations in ITK-SNAP were 
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stored as secondary outcome measure in cubic centimeters (cm3). An average signal-to-noise ratio 

was calculated per muscle segmentation with the noise scan as DTI signal divided by the noise. 

 

Figure 1: Overview of methods to measure fascicle length and muscle fascicle orientation from 

anatomical and diffusion tensor imaging (DTI) scans. (A) Transverse slice of the mDixon scan (water 

image) at 50% of the longitudinal muscle length of the Biceps femoris long head, showing the Biceps 

femoris long head (I), Semitendinosus (II) and semimembranosus (III) by manual segmentation. In 

yellow an example of the axial region of interest for fiber tractography; all tracts running through this 

window are used for data analysis. (B) Posterior view of the three-dimensional (3D) reconstruction of 

the manually segmented hamstring muscles. (C) Muscle architecture reconstructions of the Biceps 

femoris long head. Inset: detailed view of the architecture; yellow window is the axial region of interest 

at 50% of the individual muscle length; full-red tracts run through axial window and are used for data 

analysis; solid black diagonal line represents the length of one tract. (D, E) Muscle architecture 

reconstructions of the Semitendinosus and semimembranosus. Darker tracts are tracts running 

through axial region of interest at 50% of the individual muscle length. (F) Posterior view of the three-
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dimensional reconstruction of the Biceps femoris long head with transverse slices of the mDixon scan 

(in-phase image) at 40% and 60% of the longitudinal muscle length. (G) A 3D reference line is placed 

on the mid-intramuscular tendon at 40% and 60% longitudinal muscle length with respect to a global 

xyz-orientation. (H) Muscle architecture reconstructions of the Biceps femoris long head. Inset: detailed 

view within the Biceps femoris long head region of interest, each cube representing a voxel containing 

a black arrow with the angle ϴ between first DTI eigenvector and reference line (pink) in degrees. 

Primary Outcome Measure: Fascicle Length 

Fiber tractography of the individual segmented hamstring muscles was performed using software 

(vIST/e; Eindhoven University of Technology, Eindhoven, the Netherlands). Fiber tracts were created 

through an automatically generated axial region of interest at 50% longitudinal muscle length within 

each muscle segmentation (Figure 1C–E) and for each muscle, the number of tracts were stored for 

analysis. The longitudinal center was defined per individual muscle at 50% of the individual 

longitudinal length. The endpoints of fiber tracts were defined by the borders of segmentation or by 

stopping criteria of the tractography software (step size of 0.05 per voxel, maximum turning angle per 

step = 5°, minimal FA = 0.1).41 These criteria were chosen conservatively to guarantee that the 

majority of the reconstructed fibers span the full length of intramuscular tissue from proximal to 

distal. For each participant's measurement session and muscle, the resulting fiber tracts distribution 

was fitted with a skewed-normal distribution to obtain a mean tract length in millimeters, 

representing the mean fascicle length of the specific hamstring muscle in millimeters. Fiber 

tractography and assessment of legitimacy of fiber tracts was carried out by one of the examiners 

(GS) who was blinded for group randomization. Datasets for which the stitching areas of the stacks 

caused distinct non-anatomically plausible irregularities in tracts were excluded. 

Primary Outcome Measure: Fascicle Orientation 

Fascicle orientation maps were determined for the volume of the Biceps Femoris long head, 

Semitendinosus and semimembranosus individually.30 The orientation maps consisted of one angle 

per voxel within the hamstring muscles, with respect to a reference line, placed on the proximal 

intramuscular tendon of the individual hamstring muscle. To create a reference line, two xyz-

coordinates were manually placed in the middle of the intramuscular tendon by one examiner (JS) in 

the axial in-phase Dixon image, at 40% and 60% of the longitudinal muscle length (Figure 1G). The 

fascicle orientation between the DTI eigenvector 1 and the reference line were calculated in each 

voxel (Figure 1H) by one of the examiners (LS) who was blinded for group randomization. Because of 

skewed distributions in fascicle orientations in all three muscles, median fascicle orientations were 
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determined in whole muscle volumes for statistical analysis while excluding the stitching areas of the 

stacks. These stitching areas sometimes contained distinct erroneous fascicle orientations due to the 

stitching algorithm. 

Reliability 

We refer to Appendix S1 for the reliability assessment of the manual segmentation, longitudinal 

muscle length and placement of the reference lines. 

Statistical Analysis 

Statistical analyses were performed using IBM SPSS Statistics (IBM SPSS Statistics for Windows, 

Version 27.0. Armonk, NY: IBM Corp). Descriptive statistics were used to describe participant 

characteristics at baseline, which included: age, height and mass. Adjustments were made for 

baseline variables that influenced the primary outcome with p < 0.10. For analysis of the primary 

outcome measures fascicle length and orientation, a general linear model for repeated measures was 

used (repeated within-subjects factors: Muscle, non-repeated between-subjects factor: Intervention). 

In a per-protocol sensitivity analysis of the primary outcome measures, we included the Control-group 

and compliant participants of the Nordic and Diver-group. For analysis of the secondary outcome 

measures hamstring strength and flexibility, a univariate general linear model was used (between-

subjects factor: Intervention). For analysis of muscle volume, a linear model for repeated measures 

was used with the same factors as the analysis of the primary outcome measures. Absolute changes 

from baseline to follow-up were included in all tests to test for the effect of the intervention on the 

between-group differences over 12 weeks. For all repeated measures tests, when sphericity was 

violated (Mauchly's test p < 0.05), the Greenhouse–Geisser correction was used as an adjustment 

method. The level of significance was set at an alpha of 0.05 for the main and interaction effects. 

When appropriate, the level of significance was Bonferroni-adjusted in pairwise post-hoc 

comparisons. 

Results 

Data Collection 

Between September 2018 and March 2020, 100 non-professional competitive basketball players 

showed interest in participating, from which 72 participants met the inclusion criteria and were 

allocated to a Nordic-group (n = 24), Diver-group (n = 24), and Control-group (n = 24) (Figure 2). One 

participant in the Diver-group withdrew before the baseline measurement session. Due to the 
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COVID-19 lockdown, 20 participants (Nordic-group, n = 3; Diver-group, n = 6; Control-group, n = 11) 

could not attend the 12-week follow-up measurement session as planned. They were instructed to 

voluntarily proceed with their exercise protocol, or regular training regime in the Control-group. The 

median intervention time of these participants was 12.5 weeks (range: 12–17). Two participants 

withdrew their interest in participation because continuation of the intervention was not desired 

(Diver-group, n = 1; Control-group, n = 1). Fifty-three participants (Nordic-group, n = 19; Diver-

group, n = 16; Control-group, n = 18) completed a measurement session at baseline and follow-up. 

Thirty-nine datasets were used for primary outcome measure fascicle length (Nordic-group, n = 13; 

Diver-group, n = 13; Control-group, n = 13) as 14 datasets were excluded because of distinct 

non-anatomical irregularities in fascicle tracts in the stitching areas. Example of irregularities is 

provided in Appendix S1. All 53 datasets were used for the primary outcome fascicle orientation. 

Detailed results about the reliability tests are presented in Appendix S1, and for detailed results about 

the scan quality and number of tracts for the fascicle length calculation we refer to Appendix S1. 

 

Figure 2: Flow diagram of participants through the study. 
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Baseline Characteristics 

Baseline characteristics are illustrated in Table 2. No adjustments of baseline variables were made for 

the primary outcome analysis, as these variables were not statistically associated with fascicle length 

and fascicle orientation per individual muscle (p > 0.10). 

Table 2: Baseline characteristics. 

Participant characteristics at baseline 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) 

Age (years) 19.7 ± 3.1 25.3 ± 8.9 22.1 ± 6.2 

Height (cm) 190.9 ± 8.4 189.8 ± 10.1 192.1 ± 10.1 

Mass (kg) 84.9 ± 10.3 86.3 ± 12.9 87.3 ± 12.6 

Primary outcome measures at baseline 

 
Nordic-group (n = 13) Diver-group (n = 13) Control-group (n = 13) 

Fascicle length (mm) 

Biceps femoris 66.4 ± 10.4 66.0 ± 15.7 74.8 ± 22.9 

Semitendinosus 137.8 ± 31.4 139.5 ± 42.9 169.3 ± 32.4 

Semimembranosus 103.5± 16.7 84.5 ± 22.2 95.7 ± 24.3 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) 

Muscle fascicle orientation (°) 

Biceps femoris 27.1 ± 2.2 27.7 ± 3.7 27.0 ± 4.6 

Semitendinosus 17.2 ± 2.6 16.7 ± 4.3 17.5 ± 3.5 
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Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) 

Semimembranosus 21.0 ± 3.0 22.2 ± 3.7 22.5 ± 3.8 

• Note: Values are means ± SD. 

• Abbreviations: °, degrees; cm, centimeters; kg, kilograms; mm, millimeters. 

Primary Outcome Measures 

Fascicle Length of the Biceps Femoris Long Head, Semitendinosus and Semimembranosus 

There was a significant interaction effect for type of intervention and muscle on between-group 

differences over 12 weeks for fascicle length (F(4, 70) = 2.6, p = 0.047). Detailed results are presented 

in Table 3 and illustrated in Figures 3 and 4. The predefined pairwise post-hoc comparisons revealed 

that the fascicle length in the Semitendinosus over 12 weeks significantly increased in the 

Nordic-group (mean [M]: 20.8 mm, 95% confidence interval [95% CI]: 7.8, 33.8) compared with the 

Control-group (M: 0.9 mm, 95% CI: −7.1, 8.9), mean between-groups difference: 19.9 mm, 95% CI: 1.9, 

37.9, p = 0.026. Other post-hoc comparisons were non-significant. Detailed results of all post-hoc 

comparisons are presented in Appendix S1. 

Table 3: Results for primary and secondary outcome measures between-groups. 

Primary outcome measures absolute Δ over 12 weeks 

 
Nordic-group (n = 13) Diver-group (n = 13) Control-group (n = 13) p # 

Fascicle length (mm) 

Biceps femoris 4.0 ± 13.6 4.7 ± 12.9 4.6 ± 16.1 0.047 

Semitendinosus 20.8 ± 20.4a 5.3 ± 19.3 0.9 ± 13.3a 

Semimembranosus −1.7 ± 20.1 5.3 ± 25.7 2.5 ± 14.5 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) p # 
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Primary outcome measures absolute Δ over 12 weeks 

 
Nordic-group (n = 13) Diver-group (n = 13) Control-group (n = 13) p # 

Muscle fascicle orientation (°) 

Biceps femoris −1.6 ± 2.9 −2.6 ± 2.9a −0.2 ± 2.4a 0.019 

Semitendinosus −0.7 ± 3.8 0.4 ± 4.1 −1.1 ± 2.8 

Semimembranosus 0.7 ± 1.9 1.9 ± 4.2 0.3 ± 2.7 

Secondary outcome measures absolute Δ over 12 weeks 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) p* 

Strength (N) 

15° knee flexed 18.6 ± 35.7 16.1 ± 25.5 7.3 ± 42.6 0.605 

90° knee flexed 7.3 ± 30.0 4.0 ± 26.2 −1.4 ± 31.0 0.665 

Flexibility (°) 

Passive leg raise −4.7 ± 23.8 −1.7 ± 7.7 5.9 ± 21.1 0.240 

Active knee 

extension 

1.5 ± 6.5 0.9 ± 7.8 1.2 ± 7.2 0.965 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) p # 

Muscle volume (cm3) 

Biceps femoris −2.9 ± 11.3 3.5 ± 12.6 −7.2 ± 12.0 0.158 

Semitendinosus −4.6 ± 10.9 2.1 ± 17.1 −4.0 ± 8.3 
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Secondary outcome measures absolute Δ over 12 weeks 

 
Nordic-group (n = 19) Diver-group (n = 16) Control-group (n = 18) p* 

Semimembranosus −3.5 ± 7.6 6.8 ± 17.6 −5.3 ± 13.4 

• Note: Values are means ± SD. 

• Abbreviations: °, degrees; mm, millimeters; N, Newton; p#, probability value interaction 

effect; p*, probability value univariate analysis for factor Intervention; Δ, change. 

• a Post-hoc pairwise comparisons p < 0.05. 
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Figure 3: Changes in fascicle length and fascicle orientation for the Nordic, Diver and control group 

over 12 weeks. (A–C) Individual dots represent change of muscle's fascicle length in millimeters over 

12 weeks per participant, dashes represent group average. (D–F) individual dots represent changes in 

muscle fascicle orientation in degrees over 12 weeks per participant, dashes represent group average. 

†, post-hoc pairwise comparisons p < 0.05. 

 

 

Figure 4: Fascicle length and fascicle orientation for each participant of the Nordic, Diver and control 

group over 12 weeks. (A–C) Gray lines represent individual change in muscle's fascicle length in 

millimeters over 12 weeks per participant. (D–F) Gray lines represent individual change in muscle 

fascicle orientation in degrees over 12 weeks per participant. Diamonds; baseline values, triangles; 
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follow-up values, circles; group average and standard deviation, *; post-hoc pairwise 

comparisons p < 0.05. 

 

Fascicle Orientation of the Biceps Femoris Long Head, Semitendinosus and Semimembranosus 

There was a significant interaction effect on the type of intervention and muscle on the between-

group differences over 12 weeks for fascicle orientation (F(4, 100) = 3.1, p = 0.019). Detailed results 

are presented in Table 3 and illustrated in Figures 3 and 4. The predefined pairwise post-hoc 

comparisons revealed that the angle of fascicle orientation in the biceps Femoris long head over 12  

weeks significantly decreased in the Diver-group (mean: -2.6°, 95% CI: −4.1, −1.0) compared to the 

Control-group (mean: -0.2°, 95% CI: −1.4, 1.0), mean between-groups difference: -2.4°, 95% CI: −4.7, 

−0.1, p = 0.039. Other post-hoc comparisons were non-significant. Detailed results of all post-hoc 

comparisons are presented in Appendix S1. 

Per-protocol Analysis in the Compliant Participants 

When considering only the participants considered to be compliant (Nordic-group, n = 13; 

Diver-group, n = 14), the between-group analysis showed that there was no significant interaction 

effect on the type of intervention and muscle on the between-group differences over 12 weeks for 

fascicle length (F(4, 58) = 1.7, p = 0.147). There was a significant interaction effect on the type of 

intervention and muscle on the between-group differences over 12 weeks for fascicle orientation 

(F(4,84) = 3.1, p = 0.011). Detailed results of participant's individual intervention compliance and per-

protocol analysis are presented in Appendix S1. 

Secondary Outcome Measures 

There were no significant between-group changes over 12 weeks for the secondary outcome 

measures. Detailed results are presented in Table 3. 

 

Discussion 

 
In this three-arm randomized controlled trial among amateur basketball players, a 12-week Nordic 

hamstring exercise intervention, compared with usual training, did significantly increase the fascicle 

length of the semitendinosus by 14% (2 cm). A 12-week Diver hamstring exercise, compared with 
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usual training, did significantly decrease the angle of fascicle orientation of the biceps Femoris long 

head 9% (2.4°). Both outcome parameters were obtained with DTI of the upper legs. 

 

Compared to Literature 

Since no studies reported the effect of exercise interventions on hamstring muscle fiber architecture 

with the use of quantitative DTI, comparisons with existing literature is limited to 2D ultrasound 

studies. For fascicle length, previous 2D ultrasound studies described an increment of up to 2 cm of 

the biceps Femoris long head following a Nordic hamstring exercise intervention.5, 7-9 This observation 

in the biceps Femoris long head was not confirmed by our results. We did show a significant 

increment of fascicle length of 2 cm in the semitendinosus, compared to the Control-group. So far, no 

literature exists on the evaluation of fascicle length of the semitendinosus and Semimembranosus to 

evaluate the effect of hamstring exercises. The calculated fascicle lengths for biceps Femoris long 

head and semitendinosus are in the same range as mean fascicle lengths from human cadaveric 

specimens.42 The main difference between ultrasound and DTI studies is that with ultrasound, the 

fascicle lengths are predominantly calculated on only one fascicle of interest in a 2D plane in the 

central part of the muscle.5, 7-9 A recent ultrasound study reported adaptation of fascicle length in 

response to Nordic hamstring exercise training in the distal but not in the central portion of the biceps 

Femoris long head.43 In our study, fascicle lengths were calculated on 100–150 fiber tracts per muscle. 

Diffusion tensor imaging provides a more comprehensive overview of the geometry of the fascicles in 

3D, taking into account the curvature of fascicles. Simplification to a 2D plane in conventional 

ultrasound might underestimate fascicle length calculations. 

For ultrasonographically determined fascicle orientation in 2D (e.g., pennation angle), there is 

conflicting evidence of an effect of the Nordic hamstring exercise intervention.6-10 Both an increase of 

and decrease of approximately 1–2° have been reported.6-10 We did not find any significant effect of 

the Nordic hamstring exercise intervention on the angle of fascicle orientation in any of the three 

hamstring muscles. For the Diver hamstring exercise intervention, our finding was a decrease in angle 

of the biceps Femoris long head fascicle orientation and this has not been studied before. 

The reliability of measuring the fascicle length in hamstring muscles with DTI and tractography 

software was reported once.44 These measurements were limited to the biceps Femoris long head. 

They reported good reliability and relative large MDC of 3.5 cm, using a simple and non-modifiable 

inbuilt manufacturer MRI tractography software.44 In our analysis, predefined stopping criteria per 

muscle, manually selected endpoints (e.g., segmentations of the hamstring muscles) and tractography 
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software specially developed for research purposes were used, resulting in MDCs for respectively 

fascicle length and orientation of <1 cm and 1°.28 

The semitendinosus muscle is affected by the Nordic hamstring exercise and the Biceps Femoris long 

head by the Diver hamstring exercise. The Diver hamstring exercise is part of a proven-effective 

rehabilitation protocol after an acute hamstring injury, executed at longer muscle lengths.19 Absolute 

training volume of the intervention protocol in the Diver-group was matched to a proven-effective 

Nordic hamstring exercise intervention.33 Besides eccentric loading, the hamstring muscles are also 

acting as a stabilizer across the Diver hamstring exercise.45 Difference in relative muscle load is not 

specified in literature. Which exercise(s) an athlete should perform might depend on the desired goal 

and the (un)injured state of the athlete. Since the Biceps Femoris long head is most frequently 

injured, strength training specifically for this muscle would be a rational decision.18 The Nordic 

hamstring exercises intervention has, however, shown its preventive potential in RCTs, increasing 

eccentric hamstring strength.2 Training the semitendinosus is possibly behind the success of the 

Nordic hamstring exercise, protecting the more vulnerable biceps Femoris long head.46 As both 

exercises are complementary to each other, the combination might be relevant for preventing 

hamstring injuries. 

This study has several strengths. First, our DTI approach allows for the assessment of full muscle 

architecture in 3D in the upper leg muscles. Muscle imaging with 2D ultrasound presents a simplified 

interpretation of the complex geometry of human muscles fascicles. Second, muscle fiber 

architecture of all three hamstring muscles were evaluated at the same time. Third, the RCT study 

design minimalized risk of bias. 

This study has several limitations. First, compliance to the intervention protocol in both the Nordic-, 

and Diver-group and participant drop-out did affect the outcome measures which was not taken into 

account in the sample size calculation. However, compliance rates were in a comparable range as in 

previous RCTs reporting preventive effects.47 Our reported compliance was sufficient to detect an 

effect on muscle fiber architecture. Second, although training volume was matched between 

intervention groups, exercise intensity and consequently training stimuli is considered different 

between exercises. Lower levels of hamstring muscle activity is measured for hip-orientated exercises 

in general compared to the Nordic hamstring exercise.16, 45, 48 Third, the observed non-anatomical 

irregularities in fascicle tracts in stitching areas between MRI datasets was the reason for excluding 11 

datasets in primary analysis. Together with the exclusion of non-compliant participants, the low 

number of fascicle length assessments is a risk for false negative outcome of the results (type II error) 

in the per-protocol analysis. Fourth, compression of the hamstring muscles in a supine position in the 
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MRI scanner might potentially affect fascicle orientation. Although there might be a general effect of 

scanner position on absolute fascicle length and orientation, it should not influence the measured 

difference over time. Fifth, inclusion was restricted to uninjured basketball players, which might limit 

generalizability to other sports and injured athletes. Furthermore, if participants were already 

performing hamstring exercises at start of the intervention period, they were no not asked to pause 

their training temporarily. Sixth, blinding to the allocated exercise intervention for participants was 

not possible due to the nature of the content of the exercise. Seventh, isometric strength testing is 

possibly lacking test specificity. An increase in isokinetic eccentric strength would be expected, 

however the use of a measurement device for such parameter was not feasible within this study. 

Future Directions 

A combination of Diver hamstring exercises with Nordic hamstring exercises might potentially 

increase the preventive effect. A three-armed randomized controlled trial (with a combination group: 

Nordic + Diver hamstring exercise, Nordic hamstring exercise only and a control group) should assess a 

possible additional value. Analyzing muscle fiber architecture with DTI has the potential for evaluating 

changes following exercises directed to performance enhancement, prevention and muscle injury 

recovery in the hamstring and other muscles. 

 

Conclusion 

 
The Nordic hamstring exercise intervention increases the fascicle length of the semitendinosus. The 

Diver hamstring exercise intervention decreased the angle of fascicle orientation of the Biceps emoris 

long head. No effect was found for fascicle length and orientation of the Semimembranosus. The 

combination of exercises might be relevant for preventing hamstring injuries. 

Perspective 

The effect of exercises on hamstring muscle fiber architecture is predominantly evaluated for the 

most frequently injured Biceps Femoris long head. A comprehensive overview of the effect of the 

Nordic and Diver hamstring exercises on the hamstring muscle's three-dimensional fiber architecture 

through diffusion tensor imaging is described. Our findings suggest that the success behind the Nordic 

hamstring exercise could be more of a complementary nature; training the semitendinosus protects 

the more vulnerable Biceps Femoris long head. By showing that both interventions had a different 
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effect on the muscle's individual fiber architecture, we recognized that exercises have a 

heterogeneous effect on hamstring muscles. As both exercises are complementary, applying them in 

combination could become relevant for preventing hamstring injuries. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 5 

 

112 
 

References 

1. Vatovec R, Kozinc Ž, Šarabon N. Exercise interventions to prevent hamstring injuries in athletes: a 
systematic review and meta-analysis. Eur J Sport Sci. 2020; 20(7): 992- 1004. 

2. Van Dyk N, Behan FP, Whiteley R. Including the Nordic hamstring exercise in injury prevention 
programmes halves the rate of hamstring injuries: a systematic review and meta-analysis of 8459 
athletes. Br J Sports Med. 2019; 53(21): 1362- 1370. 

3. BMJ Medicine Talk:  Eccentric Hamstring Exercises–they Work in Practice but Not in 
Theory? In Van Dyk N, Opar DA Soundcloud; 2014. 

4. Yagiz G, Akaras E, Kubis H-P, Owen JA. Heterogeneous effects of eccentric training and nordic 
hamstring exercise on the biceps femoris fascicle length based on ultrasound assessment and 
extrapolation methods: a systematic review of randomised controlled trials with meta-
analyses. PLOS One. 2021; 16(11):e0259821. 

5. Bourne MN, Duhig SJ, Timmins RG, et al. Impact of the Nordic hamstring and hip extension 
exercises on hamstring architecture and morphology: implications for injury prevention. Br J 
Sports Med. 2017; 51(5): 469- 477. 

6. Seymore KD, Domire ZJ, DeVita P, Rider PM, Kulas AS. The effect of Nordic hamstring strength 
training on muscle architecture, stiffness, and strength. Eur J Appl Physiol. 2017; 117(5): 943- 953. 

7. Presland JD, Timmins RG, Bourne MN, Williams MD, Opar DA. The effect of nordic hamstring 
exercise training volume on biceps femoris long head architectural adaptation. Scand J Med Sci 
Sports. 2018; 28(7): 1775- 1783. 

8. Lovell R, Knox M, Weston M, Siegler JC, Brennan S, Marshall PWM. Hamstring injury prevention in 
soccer: before or after training? Scand J Med Sci Sports. 2018; 28(2): 658- 666. 

9. Alonso-Fernandez D, Docampo-Blanco P, Martinez-Fernandez J. Changes in muscle architecture of 
biceps femoris induced by eccentric strength training with nordic hamstring exercise. Scand J Med 
Sci Sports. 2018; 28(1): 88- 94. 

10. Mendiguchia J, Conceição F, Edouard P, et al. Sprint versus isolated eccentric training: 
comparative effects on hamstring architecture and performance in soccer players. PLOS 
One. 2020; 15(2):e0228283. 

11. Brockett CL, Morgan DL, Proske UWE. Human hamstring muscles adapt to eccentric exercise by 
changing optimum length. Med Sci Sports Exerc. 2001; 33(5): 783- 790. 

12. Proske U, Morgan DL. Muscle damage from eccentric exercise: mechanism, mechanical signs, 
adaptation and clinical applications. J Physiol. 2001; 537(2): 333- 345. 

13. Wan X, Li S, Best TM, Liu H, Li H, Yu B. Effects of flexibility and strength training on peak hamstring 
musculotendinous strains during sprinting. J Sport Health Sci. 2021; 10(2): 222- 229. 

14. Medeiros DM, Marchiori C, Baroni BM. Effect of Nordic hamstring exercise training on knee 
flexors eccentric strength and fascicle length: a systematic review and meta-analysis. J Sport 
Rehab. 2021; 30(3): 482- 491. 

15. Bautista IJ, Vicente-Mampel J, Baraja-Vegas L, Segarra V, Martín F, Van Hooren B. The effects of 
the Nordic hamstring exercise on sprint performance and eccentric knee flexor strength: a 
systematic review and meta-analysis of intervention studies among team sport players. J Sci Med 
Sport. 2021; 24(9): 931- 938. 

16. Hegyi A, Peter A, Finni T, Cronin NJ. Region-dependent hamstrings activity in Nordic hamstring 
exercise and stiff-leg deadlift defined with high-density electromyography. Scand J Med Sci 
Sports. 2018; 28(3): 992- 1000. 

17. Bourne MN, Williams MD, Opar DA, Al Najjar A, Kerr GK, Shield AJ. Impact of exercise selection on 
hamstring muscle activation. Br J Sports Med. 2017; 51(13): 1021- 1028 

18. Koulouris G, Connell DA, Brukner P, Schneider-Kolsky M. Magnetic resonance imaging parameters 
for assessing risk of recurrent hamstring injuries in elite athletes. Am J Sports 
Med. 2007; 35(9): 1500- 1506. 



Chapter 5 

 

 113 

19. Askling CM, Tengvar M, Thorstensson A. Acute hamstring injuries in Swedish elite football: a 
prospective randomised controlled clinical trial comparing two rehabilitation protocols. Br J Sports 
Med. 2013; 47(15): 953- 959. 

20. Schache AG, Wrigley TV, Baker R, Pandy MG. Biomechanical response to hamstring muscle strain 
injury. Gait Posture. 2009; 29(2): 332- 338. 

21. Heiderscheit BC, Hoerth DM, Chumanov ES, Swanson SC, Thelen BJ, Thelen DG. Identifying the 
time of occurrence of a hamstring strain injury during treadmill running: a case study. Clin 
Biomech (Bristol, Avon). 2005; 20(10): 1072- 1078. 

22. Bourne MN, Timmins RG, Opar DA, et al. An evidence-based framework for strengthening 
exercises to prevent hamstring injury. Sports Med. 2018; 48(2): 251- 267. 

23. Oakley AJ, Jennings J, Bishop CJ. Holistic hamstring health: not just the Nordic hamstring 
exercise. Br J Sports Med. 2018; 52(13): 816- 817. 

24. Giakoumis M  To Nordic or not to Nordic? A different perspective with reason to appreciate 
Semitendinosus more than ever. 2020 

25. Klimstra M, Dowling J, Durkin JL, Macdonald M. The effect of ultrasound probe orientation on 
muscle architecture measurement. J Electromyogr Kinesiol. 2007; 17(4): 504- 514. 

26. Heemskerk AM, Damon BM. Diffusion tensor MRI assessment of skeletal muscle 
architecture. Curr Med Imaging Rev. 2007; 3(3): 152- 160. 

27. Lee D, Li Z, Sohail QZ, Jackson K, Fiume E, Agur A. A three-dimensional approach to pennation 
angle estimation for human skeletal muscle. Comput Methods Biomech Biomed 
Engin. 2015; 18(13): 1474- 1484. 

28. Oudeman J, Mazzoli V, Marra MA, et al. A novel diffusion-tensor MRI approach for skeletal muscle 
fascicle length measurements. Physiol Reports. 2016; 4(24):e13012. 

29. Bolsterlee B, D'Souza A, Herbert RD. Reliability and robustness of muscle architecture 
measurements obtained using diffusion tensor imaging with anatomically constrained 
tractography. J Biomech. 2019; 86: 71- 78. 

30. Secondulfo L, Hooijmans MT, Suskens JJ, et al. A diffusion tensor-based method facilitating 
volumetric assessment of fiber orientations in skeletal muscle. PLOS One. 2022; 17(1):e0261777. 

31. Timmins RG, Ruddy JD, Presland J, et al. Architectural changes of the biceps Femoris long head 
after concentric or eccentric training. Med Sci Sports Exerc. 2016; 48(3): 499- 508. 

32. Petersen J, Thorborg K, Nielsen MB, Budtz-Jorgensen E, Holmich P. Preventive effect of eccentric 
training on acute hamstring injuries in men's soccer: a cluster-randomized controlled trial. Am J 
Sports Med. 2011; 39(11): 2296- 2303. 

33. Van Der Horst N, Smits D-W, Petersen J, Goedhart EA, Backx FJG. The preventive effect of the 
Nordic hamstring exercise on hamstring injuries in amateur soccer players. Am J Sports 
Med. 2015; 43(6): 1316- 1323. 

34. Sportsinjuryclinic. Hamstring Exercises–Norwegian Curl Nordic Curl Glute Ham Raise. YouTube. 
Published 2011. Accessed 

35. Hansberger BL, Loutsch R, Hancock C, Bonser R, Zeigel A, Baker RT. Evaluating the relationship 
between clinical assessments of apparent hamstring tightness: a correlational analysis. Int J Sports 
Phys Ther. 2019; 14(2): 253- 263. 

36. Oudeman J, Nederveen AJ, Strijkers GJ, Maas M, Luijten PR, Froeling M. Techniques and 
applications of skeletal muscle diffusion tensor imaging: a review. J Magn Reson 
Imaging. 2016; 43(4): 773- 788. 

37. Froeling M. QMRTools: a Mathematica toolbox for quantitative MRI analysis. J Open Source 
Software. 2019; 4(38): 1204. 

38. Klein S, Staring M, Murphy K, Viergever MA, Pluim J. Elastix: a toolbox for intensity-based medical 
image registration. IEEE Trans Med Imaging. 2010; 29(1): 196- 205. 

39. Veraart J, Novikov DS, Christiaens D, Ades-Aron B, Sijbers J, Fieremans E. Denoising of diffusion 
MRI using random matrix theory. NeuroImage. 2016; 142: 394- 406. 



Chapter 5 

 

114 
 

40. Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active contour segmentation of 
anatomical structures: significantly improved efficiency and 
reliability. NeuroImage. 2006; 31(3): 1116- 1128. 

41. Forsting J, Rehmann R, Froeling M, Vorgerd M, Tegenthoff M, Schlaffke L. Diffusion tensor 
imaging of the human thigh: consideration of DTI-based fiber tracking stop 
criteria. MAGMA. 2020; 33(3): 343- 355. 

42. Kellis E, Galanis N, Kapetanos G, Natsis K. Architectural differences between the hamstring 
muscles. J Electromyogr Kinesiol. 2012; 22(4): 520- 526. 

43. Pincheira PA, Boswell MA, Franchi MV, Delp SL, Lichtwark GA. Biceps femoris long head 
sarcomere and fascicle length adaptations after 3 weeks of eccentric exercise training. J Sport 
Health Sci. 2022; 11(1): 43- 49. 

44. Behan FP, Vermeulen R, Smith T, et al. Poor agreement between ultrasound and inbuilt diffusion 
tensor MRI measures of biceps femoris long head fascicle length. Translational Sports 
Med. 2019; 2(2): 58- 63. 

45. Severini G, Holland D, Drumgoole A, Delahunt E, Ditroilo M. Kinematic and electromyographic 
analysis of the Askling L-protocol for hamstring training. Scand J Med Sci 
Sports. 2018; 28(12): 2536- 2546. 

46. Schuermans J, Van Tiggelen D, Danneels L, Witvrouw E. Biceps femoris and semitendinosus–
teammates or competitors? New insights into hamstring injury mechanisms in male football 
players: a muscle functional MRI study. Br J Sports Med. 2014; 48(22): 1599- 1606. 

47. Ripley NJ, Cuthbert M, Ross S, Comfort P, McMahon JJ. The effect of exercise compliance on risk 
reduction for hamstring strain injury: a systematic review and meta-analyses. Int J Environ Res 
Public Health. 2021; 18(21):11260. 

48. Hegyi A, Csala D, Peter A, Finni T, Cronin NJ. High-density electromyography activity in various 
hamstring exercises. Scand J Med Sci Sports. 2019; 29(1): 34- 43. 
  



Chapter 5 

 

 115 

APPENDIX 

SUPPLEMENTARY MATERIAL 

Content Supplementary Material 

1. Compliance  

2. Magnetic resonance imaging acquisition parameters 

3. Reliability tests 

4. Example of irregularities in fascicle tracts 

5. Scan quality and number of tracts per muscle 

6. Pairwise post hoc analysis 

7. Per-protocol sensitivity analysis  



Chapter 5 

 

116 
 

Supplementary Material 1. Compliance  

Compliance with the intervention was evaluated through online questionnaires bi-weekly and one 

overall questionnaire at the end of the intervention period. Participants in the Nordic-, and Diver-

group were asked in their bi-weekly questionnaire how often they had performed the Nordic 

hamstring exercise in the two preceding weeks (number of completed sessions as answer). In the 

overall questionnaire, participants were asked if they had followed the provided exercise protocol 

(yes/no as a possible answer, and in case of no, how many weeks they had followed the exercise 

according to the exercise protocol). A detailed description of questions is presented in Supplementary 

Table 1. Compliance was dichotomized into compliant (at least once per week) and non-compliant 

(less than once per week) by a decision tree, as illustrated in Supplementary Figure 1.  

 
Supplementary Table 1. Online questionnaires (biweekly and at the end of intervention period) to 
assess compliance. 

When Question 

Biweekly 

Question 1 
In the two preceding weeks, how often did you execute the exercises according to the provided 
exercise protocol? This is regarding the number of sessions, not about the specific number of sets per 
training: Number (0-4) 

Evaluation at the end of intervention period 

Question 1 Each week, I executed the prescribed exercises at least one time per week: Yes/No 

Question 2 If not, specify how many weeks you did execute the prescribed exercises: Number (0-12) 

 
 

 
Supplementary Figure 1. Decision tree to categorize compliance.   
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Supplementary Material 2. Magnetic resonance imaging acquisition 
parameters 
 
Supplementary Table 2. Magnetic resonance imaging parameters. 

Parameter PD weighted Dixon 
Diffusion tensor 
imaging 

Noise 

Acquisition GRE SE-EPI SE-EPI*  
Field of view (mm3) 276 x 480 x 186  480 x 276 x 186 480 x 276 x 186 
Voxel size (mm3) 1.5 x1.5 x 3.0 3.0 x 3.0 x 6.0 3.0 x 3.0 x 6.0 
Time of first echo/Echo time 1.33/1.1 -/53 -/53 
Number of echoes 6  - - 
Repetition time (ms) 8.0 4630 4630 
Sensitivity encoding factor - 1.5 1.5 
Number of signal averages - 3 - 
Fat suppression - SSGR & SPAIR - 
Gradient directions -  48 - 
B values (mm2/s) - 0(1)/450(48) - 
Acquisition time (min) 01:28 08:34 00:12 

PD; proton-density, GE; Gradient Echo, SE-EPI; Spin-Echo Echo-Planar Imaging, SE-EPI*; Spin-Echo 
Echo-Planar Imaging without diffusion weighting, SSGR; Slice-Selection Gradient Reversal, SPAIR; 
Spectrally Adiabatic Inversion Recovery.  
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Supplementary Material 3. Reliability tests 

Methods 

The reliability of DTI derived fascicle lengths of lower limb muscles showed moderate to good 

repeatability, with a minimal detectable change (MDC) with the same tractography software ranging 

between 0.4 and 0.9 cm.8 The reliability of 1) manual segmentation on the primary outcome 

measures, 2) the assessments of the longitudinal muscle length and 3) placement of the reference 

lines on fascicle orientation were calculated.  

 

For inter-observer reliability, the manual segmentations were performed by a second examiner (JS), 

while blinded for the first assessment of the first examiner (KH). For intra-observer reliability, the 

manual segmentations were repeated by one examiner (JS), with a 1-week interval between 

examinations. For inter-observer reliability of the longitudinal muscle length, the proximal and distal 

borders were determined by a second examiner (OK), while blinded for the first assessment of the first 

examiner (JS). For inter-observer reliability of the manual placement of the reference line in the 

fascicle orientation, manual placement of the reference lines on the intramuscular tendon were 

placed by a second examiner (OK), while blinded for the first assessment of the first examiner (JS). For 

intra-observer reliability, the placement of the reference lines was repeated by one examiner (JS) with 

a 6 weeks interval between examinations.  

 

ICCs were calculated with a two-way mixed model and absolute agreement. An ICC less than 0.50 was 

considered as poor reliability, 0.50 to 0.75 as moderate reliability, 0.75 to 0.90 as good reliability, and 

greater than 0.90 as excellent reliability. Five random datasets were included for the intra- and inter-

observer reliability of manual segmentation on primary outcome measures fascicle length and fascicle 

orientation. All baseline measurements were included for the inter-observer reliability in the 

determination of the proximal and distal muscle border. All baseline measurements were included for 

the intra- and inter-observer reliability and calculation of the MDC for the placement of the reference 

line. With the intra-observer ICC and standard error of the mean (SEM as: standard deviation 

(SD) × √(1 − ICCintra)) the MDC was calculated as: 1.96 × √(2) × SEM, for the biceps femoris long 

head, semitendinosus and Semimembranosus.  
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Results 

Excellent reliability was found for the manual segmentations on the intra-observer reliability for 

fascicle length calculation and intra- and inter-observer reliability of fascicle length calculations. Good 

reliability was found for the manual segmentations on the inter-observer reliability for fascicle length 

calculation. Detailed results are described in Supplementary Table 3. Excellent reliability was found for 

both the intra and inter-observer reliability of determining the proximal and distal borders of the 

individual hamstring muscles. Detailed results are described in Supplementary Table 4. Excellent 

reliability was found for both the intra and inter-observer reliability of calculating the muscle fascicle 

orientation. Detailed results of inter, intra intraclass correlation coefficient (ICC) and minimal 

detectable change per hamstring muscle are described in Supplementary Table 5. 
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 Supplementary Table 3. Results of intra- and inter-observer reliability of manual segmentation on 
primary outcome measures. 
 Muscle intra-observer      Inter-observer      

  ICC 95% confidence interval   ICC 95% confidence interval   

Fascicle length 0.94 ( 0.83 to 0.98 )   0.90 ( 0.63 to 0.97 )   

Fascicle orientation 1.00 ( 1.00 to 1.00 )   1.00 ( 1.00 to 1.00 )   

                              

ICC; Intraclass correlation coefficient. 
 
Supplementary Table 4. Results of inter-observer reliability in determination of the proximal and distal 
muscle borders per individual hamstring muscle. 
 Muscle Inter-observer 

Proximal muscle border 
    Inter-observer 

Distal muscle border 
    

  ICC 95% confidence interval   ICC 95% confidence interval   

Biceps femoris 1.00 ( 1.00 to 1.00 )   0.99 ( 0.99 to 0.99 )   

Semitendinosus 1.00   n.a.     0.99 ( 0.99 to 0.99 )   

Semimembranosus 1.00 
  

n.a. 
  

  1.00 ( 1.00 to 1.00 )   

                              

ICC; Intraclass correlation coefficient, n.a.; not applicable. 
 
Supplementary Table 5. Results of intra and inter-observer reliability and minimal detectable change in 
muscle fascicle orientation per individual hamstring muscle. 
 Muscle Intra-observer     Inter-observer      Minimal detectable  

Change (degrees)  

  ICC 95% confidence interval   ICC 95% confidence interval     

Biceps femoris 1.00 ( 0.99 to 1.00 )   0.99 ( 0.98 to 1.00 )   0.69  

Semitendinosus 0.99 ( 0.98 to 0.99 )   0.99 ( 0.98 to 0.99 )   1.00 

Semimembranosus 0.99 ( 0.97 to 0.99 )   0.98 ( 0.96 to 0.99 )   1.15 

                                

ICC; Intraclass correlation coefficient. 
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Supplementary Material 4. Example of irregularities in fascicle tracts 
 

  
Supplementary Figure 2. Fiber tracts in the semitendinosus muscle of the left leg. (A) correct fiber 

tracking, sagittal view. (B) Distorted fiber tracking, posterior view. (C) Distorted tracking, sagittal view.   
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Supplementary Material 5. Scan quality and number of tracts per 
muscle  
 
The mean signal-to-noise ratio combined for baseline and follow-up, was (mean ± standard deviation) 
29 ± 6, 34 ± 6, 32 ± 6 for the biceps femoris long head, semitendinosus and Semimembranosus 
respectively.  
 
The mean number of tracts for fascicle length calculation, combined for baseline and follow-up, was 
144 ± 94, 149 ± 77, 106 ± 81 for the biceps femoris long head, semitendinosus and Semimembranosus 
respectively. A detailed description of number of tracts per group and hamstring in Supplementary 
Table 5. 
 
Supplementary Table 6. Number of tracts per group and hamstring muscle at baseline and follow-up. 
Primary outcome measures  Nordic-group Diver-group Control-group  Group 

average 

      Baseline Follow-up Follow-up Follow-up Baseline Follow-up   

Number of 
tracts in fiber 
tractography 

Biceps femoris 145 ± 107 155 ± 86 138 ± 93 124 ± 103 151 ± 98 150 ± 67 144 ± 94 

Semitendinosus 178 ± 78 184 ± 99 130 ± 54 162 ± 64 116 ± 65 126 ± 65 149 ± 77 

Semimembranosus 103 ± 64 69 ± 48 115 ± 102 96 ± 77 113 ± 79 135 ± 89 106 ± 81 

                    
 

    
 

    
 

              

Values are means ± standard deviations. 
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Supplementary Material 6. Pairwise (post hoc) comparisons 
 
Supplementary Table 7. Results of the pairwise post hoc comparison for primary outcome measure 
fascicle length. 
Muscle Intervention A Intervention B Mean difference 

A-B (mm) 

 
95 % confidence  
interval (mm) 

 p 

Biceps femoris long head Nordic-group Diver-group -0.7 ( -15.0 to 13.7 ) 1.000 

 Nordic-group Control-group -0.6 ( -15.0 to 13.7 ) 1.000 

 Diver-group Control-group 0.0 ( -14.0 to 14.1 ) 1.000 

Semitendinosus Nordic-group Diver-group 15.5 ( -2.5 to 33.4 ) 0.112 

 Nordic-group Control-group 19.9 ( 1.9 to 37.9 ) 0.026 

 Diver-group Control-group 4.4 ( -13.2 to 22.0 ) 1.000 

Semimembranosus Nordic-group Diver-group -6.9 ( -27.7 to 13.8 ) 1.000 

 Nordic-group Control-group -4.2 ( -24.9 to 16.6 ) 1.000 

 Diver-group Control-group 2.8 ( -17.5 to 23.1 ) 1.000 

        
 

 

mm; millimeter, p; probability value pairwise comparisons with Bonferroni correction 
 
Supplementary Table 8. Results of the pairwise post hoc comparison for primary outcome measure 
fascicle orientation. 
Muscle Intervention A Intervention B Mean difference 

A-B (°) 

 
95 % confidence  
interval (°) 

 p 

Biceps femoris long head Nordic-group Diver-group 1.0 ( -1.3 to 3.2 ) 0.872 

 Nordic-group Control-group -1.4 ( -3.6 to 0.8 ) 0.354 

 Diver-group Control-group -2.4 ( -4.7 to -0.1 ) 0.039 

Semitendinosus Nordic-group Diver-group -1.2 ( -4.2 to 1.9 ) 1.000 

 Nordic-group Control-group 0.4 ( -2.5 to 3.3 ) 1.000 

 Diver-group Control-group 1.5 ( -1.5 to 4.6 ) 0.658 

Semimembranosus Nordic-group Diver-group -1.2 ( -3.7 to 1.2 ) 0.682 

 Nordic-group Control-group 0.4 ( -2.0 to 2.8 ) 1.000 

 Diver-group Control-group 1.6 ( -0.9 to 4.1 ) 0.352 

        
 

 

°; degrees, p; probability value pairwise comparisons with Bonferroni correction 
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Additional within-group comparisons (paired samples t-tests, without Bonferroni correction) are 
presented below in Supplementary Table 9 and 10.   
 
 
 
Supplementary Table 9. Results of the within-group pairwise comparison for primary outcome measure 
fascicle length. 
Muscle  Mean difference ± standard deviation: 

Follow-up – Baseline (mm) 
p 

Biceps femoris long head    

 Nordic-group 3.83 ± 13.63 0.351 

 Diver-group 4.69 ± 13.02 0.218 

 Control-group 4.54 ± 15.95 0.325 

Semitendinosus    

 Nordic-group 20.83 ± 20.22 0.004 

 Diver-group 5.38 ± 19.29 0.334 

 Control-group 0.85 ± 13.29 0.822 

Semimembranosus    

 Nordic-group -1.67 ± 18.84 0.776 

 Diver-group 5.31 ± 25.71 0.471 

 Control-group 2.38 ± 14.30 0.559 

mm; millimeter, p; probability value pairwise comparisons 
 
 
 

Supplementary Table 10. Results of the within-group pairwise comparison for primary outcome 
measure fascicle orientation. 
Muscle  Mean difference ± standard deviation: 

Follow-up – Baseline (°) 
p 

Biceps femoris long head    

 Nordic-group -1.60 ± 2.74 0.020 

 Diver-group -2.56 ± 2.89 0.003 

 Control-group -0.18 ± 2.44 0.754 

Semitendinosus    

 Nordic-group -0.71 ± 3.80 0.429 

 Diver-group 0.46 ± 4.09 0.662 

 Control-group -1.08 ± 2.84 0.125 

Semimembranosus    

 Nordic-group 065 ± 1.36 0.053 

 Diver-group 1.87 ± 4.25 0.099 

 Control-group 0.28 ± 2.69 0.661 

°; degrees, p; probability value pairwise comparisons 
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Supplementary Material 7. Per-protocol sensitivity analysis 
 
Supplementary Table 11. Results compliance questionnaires per participant. 

 

 

  

Participant Statement I.  Statement II. Statement III. Statement IV. (Non-)compliant  

Nordic_A N/a  Yes: 4/6 11/16 Compliant 

Nordic_B Yes    Compliant 

Nordic_C Yes    Compliant 

Nordic_D Yes    Compliant 

Nordic_E No No: 0 No: 1/6  Non-compliant 

Nordic_F N/a N/a No: 0/6  Non-compliant 

Nordic_G Yes    Compliant 

Nordic_H N/a N/a Yes: 5/6 Yes: 20/20 Compliant 

Nordic_I Yes    Compliant 

Nordic_J Yes    Compliant 

Nordic_K N/a No: n/a No: 1/6  Non-compliant 

Nordic_L N/a No: n/a No: 2/6  Non-compliant 

Nordic_M No No: 1 Yes: 5/6 Yes: 13/20 Compliant 

Nordic_N N/a N/a No: 1/6  Non-compliant 

Nordic_O N/a N/a Yes: 3/6 No: 4/12 Non-compliant 

Nordic_P N/a N/a Yes: 6/6 17/24 Compliant 

Nordic_Q Yes    Compliant 

Nordic_R N/a N/a Yes: 6/6 20/24 Compliant 

Nordic_S Yes    Compliant 

Diver_A Yes    Compliant 

Diver_B N/a N/a No: 0/6  Non-compliant 

Diver_C Yes    Compliant 

Diver_D Yes    Compliant 

Diver_E Yes    Compliant 

Diver_F Yes    Compliant 

Diver_G Yes    Compliant 

Diver_H Yes    Compliant 

Diver_I Yes    Compliant 

Diver_J Yes    Compliant 

Diver_K Yes    Compliant 

Diver_L Yes    Compliant 

Diver_M N/a No: n/a No: 1/6  Non-compliant 

Diver_N Yes    Compliant 

Diver_O Yes    Compliant 

Diver_P N/a N/a Yes: 6/6 19/24 Compliant 
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Supplementary Table 12. Results per-protocol sensitivity analysis. 
Primary outcome measures  Nordic-group (n = 13) 

  
Diver-group (n = 14)  Control-group (n = 18)   

  Follow-up Absolute Δ 
over 12 weeks 

Follow-up Absolute Δ 
over 12 weeks 

Follow-up Absolute Δ 
over 12 weeks 

p 

Fascicle length Biceps femoris 72.7 ± 9.7 2.5 ± 17.0 68.8 ± 15.8 4.5 ± 13.5 79.4 ± 24.8 4.6 ± 16.1 0.147 

(mm) 
 

Semitendinosus 168.1 ± 52.2 24.1 ± 22.8 144.4 ± 44.4 8.4 ± 16.5 170.2 ± 29.6 0.9 ± 13.3 
 

    Semimembranosus 109.7 ± 18.0 2.5 ± 22.8 89.7 ± 21.7 6.2 ± 26.6 98.1 ± 25.9 2.5 ± 14.5 
 

           
 

  
 

  
 

   
 

    
 

  
 

Muscle fascicle Biceps femoris 25.5 ± 3.4 -1.5 ± 3.2 25.1 ± 3.3 -3.0 ± 2.8 26.8 ± 4.2 -0.2 ± 2.4 0.011 

orientation (°) Semitendinosus 16.2 ± 4.1 -0.3 ± 3.6 17.7 ± 2.7 0.5 ± 4.3 16.4 ± 4.0 -1.1 ± 2.8 
 

    Semimembranosus 21.6 ± 3.5 0.8 ± 1.4 23.6 ± 3.3 1.1 ± 2.9 22.7 ± 3.5 0.3 ± 2.7 
 

                               
 

          

Values are means ± standard deviations, Δ; change, p; probability value interaction effect, mm; 
millimeter, °; degrees. 

 
  



Chapter 5 

 

 127 

References 
 
1. Froeling M. QMRTools: a Mathematica toolbox for quantitative MRI analysis. Journal of Open 

Source Software. 2019;4(38):1204. 
2. Klein S, Staring M, Murphy K, Viergever MA, Pluim J. elastix: A Toolbox for Intensity-Based Medical 

Image Registration. IEEE Transactions on Medical Imaging. 2010;29(1):196-205. 
3. Veraart J, Novikov DS, Christiaens D, Ades-Aron B, Sijbers J, Fieremans E. Denoising of diffusion 

MRI using random matrix theory. NeuroImage. 2016;142:394-406. 
4. Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active contour segmentation of 

anatomical structures: Significantly improved efficiency and reliability. NeuroImage. 
2006;31(3):1116-1128. 

5. Forsting J, Rehmann R, Rohm M, Froeling M, Schlaffke L. Evaluation of interrater reliability of 
different muscle segmentation techniques in diffusion tensor imaging. NMR in Biomedicine. 
2021;34(2). 

6. Forsting J, Rehmann R, Froeling M, Vorgerd M, Tegenthoff M, Schlaffke L. Diffusion tensor imaging 
of the human thigh: consideration of DTI-based fiber tracking stop criteria. Magnetic Resonance 
Materials in Physics, Biology and Medicine. 2020;33(3):343-355. 

7. Secondulfo L, Hooijmans MT, Suskens JJ, et al. A diffusion tensor-based method facilitating 
volumetric assessment of fiber orientations in skeletal muscle. PLOS ONE. 2022;17(1):e0261777. 

8. Oudeman J, Mazzoli V, Marra MA, et al. A novel diffusion-tensor MRI approach for skeletal muscle 
fascicle length measurements. Physiological Reports. 2016;4(24):e13012. 

 

 



 
 

 
  

CHAPTER 6 

Discussion 



Chapter 6 

 

 
 

129 

Summary 

 
This thesis aimed to develop various approaches for measuring muscle architectural parameters using 

Diffusion Tensor MR Images (DTI) and apply them to study changes in muscle architecture after an 

injury prevention program.  

To address the time-consuming nature of manual segmentation, the thesis evaluated semi-automatic 

segmentation methods for analyzing large cohorts efficiently. In Chapter 2, a validation of a semi-

automatic segmentation framework for estimating DTI indices in upper leg muscles was presented. 

The method facilitated segmentations three times faster than manual techniques cross-sectionally 

and nearly fully automatic segmentation longitudinally, with good accuracy for most muscles except 

the Sartorius and the Vastus Intermedius muscles. 

Chapter 3 describes a feasibility study using a volumetric DTI-based approach to measure changes in 

fiber orientation (or ‘fiber angles’) in calf muscles and sub-compartments of the Soleus and Tibialis 

Anterior muscles during plantarflexion and dorsiflexion. The study revealed that fiber orientations 

change in line with the expected agonist and antagonist functions of these muscles and their sub-

compartments. The fiber orientation alterations in the Soleus muscle and the Tibialis Anterior were in 

opposite directions, reflecting their biomechanical behavior during muscle shortening and 

lengthening. 

In this thesis we compared DTI fibertractography, which enables visualization of muscle fibers and 

measurement of muscle properties, with 3D ultrasonography (3D-US). To that end, in Chapter 4 a 

comparison was made between DTI-based fiber tractography measurements and 3D ultrasound-

based measurements of the pennation angle in the Vastus Lateralis muscle. Pennation angles and 

fiber length estimations between the two methods were evaluated in the same muscle location. 

In chapter 5 we investigated the effect of different exercise intervention programs on preventing 

hamstring injuries in basketball players. DTI was utilized as a quantitative method to analyze exercise-

induced changes in fiber orientation and fiber length estimation using fiber tractography and fiber 

orientation maps. Notable findings included an increase in fascicle length of the semitendinosus 

muscle following Nordics exercise and a decrease in muscle fascicle orientation in the Biceps Femoris 

long head following the Divers intervention. 

By combining these different chapters, the thesis provided valuable insights into the development of 

measurement approaches for muscle architectural parameters, the comparison of techniques, and 

the analysis of exercise interventions in an injury prevention program. 
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Discussion 

 

Semi-automatic segmentation methods. 

 
In musculoskeletal MRI studies on injuries, one is commonly confronted with large variability of the 

injury location, extent and severity, as well as with normal biological variation between humans. 

Consequently, such MRI studies require the use of large patient cohorts which directly results in large 

datasets. To keep the acquisition and analyses of these large muscle datasets manageable, efficient 

MR imaging protocols, post-processing, and analysis pipelines need to be designed in a way which 

preferably require minimal user input.  

With respect to the post-processing pipeline, manual segmentation, i.e., the delineation of muscle 

borders, remains a highly time-consuming process. Therefore, at the beginning of this thesis in 

Chapter 2 we focused on the evaluation of the performance of a semi-automated segmentation 

method, optimized for the upper leg muscles. Segmentation is a challenging process due to the low 

contrast between different muscles and because intramuscular tendons and connective tissues are 

often thin and therefore difficult to discern at limited spatial resolution, especially in elite athletes due 

to the low level of subcutaneous fat tissue. Additionally, there are large differences in muscle shapes 

between individuals. The semi-automated segmentation tool presented in Chapter 2 resulted in 

reducing the time for the individual manual segmentation of all upper leg muscles by 30% in healthy 

subjects, while maintaining high accuracy compared to the full manual segmentation approach. The 

application of this tool is quite promising for the segmentation of the lower extremities muscles; 

however, its application in the upper extremities or other body parts could be more challenging due to 

differences in the shape of the muscles compared to leg muscles.  

An important aspect to be considered when assessing the feasibility of segmentation tools is the size 

of the segmented muscles, because the smaller the muscle, the higher imaging resolution might be 

needed. In the case of injured, diseased and fat infiltrated muscles the segmentation becomes more 

difficult since muscle volume and borders become irregular and there is poor visibility of tendons and 

aponeurosis. The efficacy of the segmentation tool of Chapter 2, however, was successfully applied in 

a longitudinal study of patients with muscular dystrophies.1 Future work should explore the potential 

of these semi-automated approaches in muscle injury.  

So far, different types of segmentation tools have been successfully developed, including: atlas based 

automated segmentations, semi-automated segmentations, and deep learning based (fully) 

automated segmentation techniques, which target individual muscles of the whole body in healthy 

subjects.2 Even if it remains challenging to obtain comparable results in diseased and fat infiltrated 
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individual muscles, valuable semi and fully automated techniques are now available for the 

segmentation of muscle groups in the entire body.3 Currently researchers are working on deep 

learning-based methods for automated segmentation tools of individual muscles of the entire body, 

including those in diseased patients. However large and heterogeneous databases should be available 

for training such algorithms which could present a limitation when applied to rare neuromuscular 

diseases.4 

 

Muscle architecture parameters. 

 
Muscle architecture parameters are an important predictor of muscle strength.5 The muscle’s 

architectural properties, such as volume and anatomical and physiological cross-sectional areas 

contribute to understanding the muscle’s capacity to produce force6,7 and are thus an indicator of 

muscle quality in healthy and diseased patients. Moreover, pennation angle, fiber length, muscle 

volume and fiber curvature are relevant to determine a muscle’s strength. In Chapter 3 of this thesis 

we focused on a volumetric approach to measure changes in fiber orientation. 

 

Pennation Angle:  

The concept of pennation angle was introduced in biomechanics in the context of understanding 

muscle force generation. Muscles with the same mass can generate very different forces. The most 

appropriate value to normalize muscle force is the physiological cross-sectional area (PCSA).  

𝑃𝐶𝑆𝐴(𝑐𝑚2) =
𝑀𝑢𝑠𝑐𝑙𝑒 𝑚𝑎𝑠𝑠(𝑔) ∙ cos 𝜃

ρ (
g

𝑐𝑚2) ∙ fiber length(cm)
 

Where muscle pennation angle θ is measured on the muscle surface relative to the axis of force 

generation and ρ is the muscle density. The packing strategy allows short fibers to be packed in a 

limited volume. Pennation angle changes during force generation, but little is known about its 

functional significance. For improved understanding of the functional significance of pennation angle 

new methods and studies are needed. 

Pennation angle can be measured with 2D and 3D ultrasonography and with DTI. The precision and 

accuracy of the measurements with ultrasonography is 3.0 ± 7.3° degrees, with Intra-observer (ICC 

0.92-0.97), interobserver (ICC 0.78-0.92) reproducibility8 and is operator dependent. The 

measurement of the pennation angle on the muscle surface can be obtained in specific locations, 

however changes could occur in the entire muscle volume. Selecting the location which is most 

subject to changes in muscle architecture could be time-consuming and require pilots for each specific 

application. Therefore, the use of volumetric maps of fiber orientation makes it possible to select the 
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location where the most significant changes happen in a retrospective fashion, following the 

acquisition and the calculation of the maps.  

The fiber orientation maps introduced in chapter 3 are a volumetric approach which offers several 

advantages to measure changes in fiber orientation. Changes in fiber architecture can be measured 

within the full muscle volume rather than only in a specific location, thus reflecting the total 

variations. If preferable, it is possible to focus on smaller ROIs at specific locations within the muscle. 

Moreover, the measurement is semi-automatic, easily applicable for large datasets and thus suitable 

for longitudinal studies. The aim of these studies could be the prediction of changes in muscle 

architecture parameters following intervention therapies. This method still includes one manual step, 

which is the definition of the reference line. The feasibility study proved robust to this step, but 

complete automation would further improve the repeatability and facilitate the application in 

longitudinal studies. 

In order to apply this method in clinical practice, additional improvements would be desired. For 

example, a revision of the post-processing steps with an improvement of the registration of diffusion 

images to Dixon images and the erosion of small ROIs in order to exclude tendon tissue or 

aponeurosis. Finally, the exclusion of highly fat infiltrated voxels could reduce the standard deviation 

of the measurements. Finally, the measurement of the resultant fiber orientation change can be 

obtained in sub-volumes of the entire muscles in a retrospective fashion in order to detect the most 

significant changes. In the study presented in chapter 5, we presented good precision of this method 

to evaluate changes due to interventions for injury prevention. 

 

Fiber length: An increase in fiber length (increased number of sarcomeres in series or increase in 

sarcomeres length) corresponds to changes in mechanical properties, such as an increased muscle 

elasticity in the case sarcomere length increases,9 muscle contraction velocity and consequently 

muscle power capacity (velocity x force).10 Poor elasticity is described as a risk factor for hamstring 

injuries,11 however no conclusive statements can be made on the influence of eccentric exercises on 

flexibility and its role in the prevention of muscle injuries.11 Fiber length can be measured by mean of 

2D and 3D ultrasonography and DTI fibertractography.  

 

Muscle volume: Muscle volume can be measured with different imaging modalities, of which 3D MRI 

represents the most accurate option and gold standard.12 Moreover, Dixon imaging 13 offers the 

possibility to distinguish muscle tissue from fat tissue within the muscle volume and thus to quantify 

the true lean muscle volume.3 In fitness the lean muscle volume is an indicator of muscle strength and 

muscle power,14,15 which is the capability to exert maximal strength in the shortest time possible, and 
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therefore indicates the disposition to accelerating and jumping.15,16 On the other hand, in diseased 

muscles, it correlates with the (in)capability to produce movement.15 

 

Fiber curvature:  The importance of fiber curvature as architectural parameter is investigated less than 

the other ones, probably because it is difficult to measure. Fiber curvature and fiber length are related 

to active and passive states of force production,17 and fiber curvature is specifically related to strain 

patterns during muscle contraction.18 Therefore, a technique to accurately assess fiber curvature is 

highly desired. It seems very difficult to assess fiber fascicle curvature from 2D ultrasound. 3D 

diffusion tensor MRI, fibertractography and 3D-US, however, facilitate reconstructions of whole-

muscle fiber architecture in 3D, including fiber curvature , and thus offers new opportunities to 

investigate the role of curvature in biomechanics.18  

The study of the muscle architecture parameters leads to the conception and development of 

biomechanical models for the understanding of the activation and specific functional role of muscles 

during the execution of body movements like walking, running, and specific physical exercises.19,20,21 

However, the fiber orientation maps cannot be used for the purpose of creating biomechanical 

models and to calculate the physiological cross-sectional area, but they are useful to detect changes in 

muscle architecture. Anyhow, all these studies are instrumental to foster programs of muscle 

strengthening, injury prevention, and muscle rehabilitation.22,23 Several studies showed that the effect 

of exercise can be linked to exercise-induced changes in muscle architecture parameters, including 

increased muscle volume, longer muscle fibers, smaller pennation angle, leading to increased muscle 

strength.24,25,26  

 

Pennation angle: comparison of different techniques. 

Muscle fiber length and pennation angle are traditionally measured with 2D ultrasound in few muscle 

location.27 When the muscle’s architecture and fiber orientations change because of training or injury, 

a 3D approach to measuring muscle fiber architecture in the full volume is preferable because would 

take into consideration fibers curvature. Both 3D ultrasonography (3D-US) and MRI are viable 

techniques to measure muscle fiber architecture.28,29 In Chapter 4 of this thesis a fibertractography 

method for the measurement of pennation angle with Diffusion Tensor MRI has been introduced and 

compared with 3D ultrasonography. DTI fiber tractography in musculoskeletal MRI has been object of 

study in sport and in clinical studies.30 

In the comparison between MRI fiber-tractography and 3D-US, we could test the advantages and 

disadvantages of these technologies. First of all, in MRI it is possible to image the full leg volume and 

thus all leg muscles in a single scan, which is an advantage when one is interested in multiple muscles 
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at the same time. In 3D-US, it is more difficult to image multiple and not superficial muscles at the 

same time. Moreover, in MRI the attachment points of the muscles can be visualized more easily 

which facilitates defining the locations for the pennation angle and the fiber length measurements.  

On the other hand, in MRI the body position is constrained by the limited scanning space, whereas in 

ultrasonography imaging there are no such space restrictions. This enables acquisitions of images in 

the optimal position of the leg in which the muscle fibers are in tension.  

In post-processing, MRI fibertractography in the muscles is time-consuming due to the selection of the 

optimal tracking parameters.31,28 These tracking parameters can result in for example an 

underestimation of the fiber length or an under or overestimation in fiber curvature.32 Moreover, the 

registration of the DTI images to the anatomical reference can cause image deformation and 

consequently affect the pennation angle measurements. Also the fiber length measurements can be 

affected by mis-registration as tracking is generally initiated based on anatomical references 

delineated on the anatomical images. In recent years, several fibertractography tools were developed, 

such as those by Damon33 et al. and Froeling et al.,34 which simplify the entire post-processing pipeline 

and facilitate the measurement of fiber length, fascicle curvature and pennation angle.33,34 

For both imaging modalities stitching of the images is required for all full 3D assessment of the muscle 

volume. In the post-processing of the 3D-US technique, 2D images were stitched together by an 

operator to create a 3D image of the muscle of interest based on a position tracking device.  

For DTI, the images are acquired in three separate stacks to cover the full upper leg muscles. These 

stacks are stitched together in post-processing and could result in a stitching artefact creating some 

strange running fibers which could affect pennation angle, fiber length and fiber curvature estimates.  

In 3D-US technique, 2D images are stitched together to create a 3D image of the muscle of interest. 

Within this 3D volume a 2D plane is generally selected to measure pennation angle and fiber lengths. 

Within this plane selected by the operator, fibers run from the deep aponeurosis to the superficial 

aponeurosis. Being an operator-dependent technique and to make sure that the imaging plane aligns 

with the plane in which the fibers lay, the measurement is repeated more times and the mean value is 

considered (see Chapter 4).   

Both techniques allow to visualize the muscle fibers in 3D from the deep aponeurosis towards an 

intramuscular tendon or the superficial aponeurosis. In some cases, the fiber length is too short to run 

from the deep aponeurosis to the superficial aponeurosis. 

 

Study of changes in muscle fibers due to physical intervention. 
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In Chapter 5 we used DTI as a quantitative method to analyze the effect of different intervention 

programs to prevent hamstring injuries in basketball players by inducing changes in muscle fiber 

architecture. In this study there were three main challenges: in addition to the technical challenges, it 

was important to establish the equivalence of the workload of the two intervention programs, and 

finally the compliance of the subjects to this program.  

Concerning the equivalence of the workload it is important to distinguish between absolute and 

relative workload volume. The rehabilitation exercise called diver subjects the hamstrings to a lighter 

load35 than the prevention exercise to which it is compared, called Nordics. However, the workload 

comparison was established in more recent studies and were unknown at the time of the study set-

up. Our study reported both a significant decrease in fiber orientation in the Biceps Femoris Long 

Head (BFLH) after an intervention program of 12 weeks of diver exercise, which indicates the 

adaptation of muscle architecture, and increases of fiber length following Nordic exercise in the 

semitendinosus. These changes were significant with compliance of 68% and 88% for the diver group 

and the Nordic group respectively. 

The impact of exercise selection in intervention programs has been subject of research in previous 

MRI studies35 using T2 acquisitions immediately after the exercise. In sports medicine, a T2 map may 

be useful to isolate the activated muscles after specific exercises, as T2 values increase. 

The degree of muscle activation and strength were assessed, as these may be related to the degree of 

increase in T2 values. In the above-mentioned study, measurement of T2 changes revealed that the 

Nordic exercise activates mainly the Semitendinosus muscle rather than the semimembranosus and 

the Biceps Femoris Long Head muscles. On the other hand, the hip extension exercise induced 

minimal activation in the Biceps Femoris Short Head. Whereas, fMRI revealed a more intense 

activation of the Biceps Femoris Long Head during the 45 degrees hip extension exercise rather than 

during the Nordics. To summarize, these results showed that the activation of the Semitendinosus 

muscle is induced by the Nordic exercise and by the hip extension exercise (or diver), whereas the 

activation of the Biceps Femoris Short Head is induced by 45 degrees hip extension exercise.  

In the long period, the muscle activation may correspond to a consequent change in muscle structure, 

whose entity depends on the workload included in the program and the compliance to it. Direct 

correlations between muscle activation during or immediately after exercise and subsequent changes 

in muscle architecture were not measured.  

The expected impact of eccentric training on muscle architecture parameters is an increase of fiber 

length, muscle thickness and physiological cross-sectional area.26,36,37 However, the impact of eccentric 

training on the pennation angle can vary in different muscles,37,38 because different packing strategies 

of the fibers apply in different muscles. Previous ultrasound studies in the Biceps Femoris showed 
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decreased pennation angle26,37 following eccentric exercise. In the Biceps Femoris muscle, we 

measured a decrease in pennation angle as measured between the line of force generation and the 

fibers. Direct comparison of the entity of the changes with previous studies is not possible because 

the training programs vary in duration and workload. Certain studies did not show a significant change 

in pennation angle after eccentric training,36 specifically in the case of short muscle length hip flexion 

(0° hip flexion).   

Future studies could focus on the understanding of the weight sharing mechanism and changes of 

different architecture parameters between muscles within the same muscle group during an exercise. 

 

Return to play 

In Chapter 5 of this thesis we focused on injury prevention, in the future it would be interesting to 

investigate whether the architectural parameters or changes therein can be linked to predict return to 

play (RTP) time after injury.  

The complications which arise during the healing process are hamstring weakness and fatigue, 

imbalances in Hamstring eccentric and Quadriceps concentric strength, decreased quadriceps 

flexibility, reduced hip flexor flexibility, and strength and coordination deficits of the pelvic and trunk 

musculature. Little is known about the way in which all these factors interact, but future research may 

improve prevention and decrease risk for re-injury40. The RTP time after hamstring injury depends on 

the severity and extent of the injury. Injuries involving the proximal free tendon generally require 

longer recovery period than injuries involving the intramuscular tendon and the adjacent muscle 

fibers40. Previous studies showed that hamstring injuries occurring during sprinting activities took on 

average 23 days to return to sport at a level of performance before the injury with minimal risk of 

recurrence of the injury40.  

Previous musculoskeletal MRI studies investigated the RTP after muscle injury by applying various 

protocols. The most traditional protocol included T1 weighted sequences for assessing anatomy, blood 

products, and fatty muscle atrophy or the presence of a lipoma, as well as Short Tau Inversion-

Recovery (STIR) or a proton density T2 weighted, which are fat suppressed fluid sensitive sequences, 

utilized for depicting muscle edema and hemorrhage. Acute intramuscular hematoma appears as 

isointense to muscles on T1 weighted sequence and hypo intense on T2 weighted imaging. A subacute 

hematoma with extracellular hemoglobin has progressively increasing T1 and T2 signal. Chronic 

hematomas appear low signal on T1 and T2 weighted sequences due to hemosiderin deposits.39 

Additionally, T2 mapping, proton MR spectroscopy, and fat-water separation techniques can be 

devised for evaluation of muscle injuries and are available on clinical scanners.39  
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In the context of muscle injury, the study of muscle architecture parameters would be of interest, in 

order to assess the recovery of muscle properties, like muscle strength, elasticity and contraction 

velocity. 

Further research could be on the effect of muscle injury on pennation angle and fiber length, and the 

correlation of their possible consequential changes with physical tests during rehabilitation. In order 

to define the RTP time, it could be helpful to define thresholds of the expected percentual changes in 

muscle architecture parameters. 

Mapping muscle architecture parameters at the hemorrhage or edema location is not possible with 

the DTI techniques that we have presented in these theses, due to the fact that in these 

circumstances fluids do not have a preferential direction corresponding to the direction of the fibers 

like it would be in healthy tissue, but they are spread in random directions. 

Usually, the injury weakens large part of the muscle therefore DTI based measurement of fiber length 

and pennation angle immediately after the injury does not have to be necessarily localized at the level 

of the injury, for example a general approach can be used by including measurements in different 

anatomical locations along the muscle volume and could be repeated during the healing process. 

DTI changes of mean diffusivity and fractional anisotropy can detect changes due to healing following 

muscle tear.41 However, radiologist’s visual evaluation would still constitute the best prediction for 

return to play after acute muscle injury. 

 

Conclusions 

 
This thesis presented different approaches for the evaluation of muscle architecture parameters in the 

leg muscles from Diffusion tensor MR images. Studies of validation and feasibility as well as 

comparisons with different imaging modalities to ascribe changes in skeletal muscle of healthy 

subjects were performed in this thesis, with the purpose of facilitating the applicability of the methods 

that we presented in clinical studies. More specifically, this thesis showed that DTI fiber tractography 

and fiber orientation maps are tools for robust estimations of muscle architecture outcomes and can 

be used as outcome measure in sport applications. In addition, physical intervention programs for the 

prevention of injuries may be optimized according to these quantitative MRI outcome measures. The 

use of muscle-specific volumetric measurements in multiple muscles may contribute to a better 

understanding of the intervention related changes in athletes.  

In addition, the work presented in this thesis showed how the analysis of DTI data for the study of 

architecture parameters could be applied to large scale cohorts with semi-automatic segmentation 
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methods and volumetric fiber orientation maps. In the future, MRI muscle architecture outcomes, 

multi-parametric MRI such as DTI indices, fat fraction, fat infiltration and MRI technical progress such 

as accelerated or higher resolution DTI acquisitions should be combined in an effort to advance the 

understanding of injury prevention and RTP time and link the muscle architecture to muscle function 

and to the physiological and mechanical mechanisms of muscles groups. 
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Summary 
 
The objective of this thesis was to develop various approaches for measuring muscle architectural 

parameters using Diffusion Tensor MR Images (DTI) in order to examine changes in muscle 

architecture after an injury prevention program.  

Due to the time-consuming nature of manual segmentation, we initially evaluated semi-automatic 

segmentation methods to analyze studies involving large cohorts within a shorter timeframe. In 

Chapter 2, our focus was on validating a semi-automatic segmentation framework for estimating DTI 

indices in the upper leg muscles. We demonstrated that this method allowed for three times faster 

segmentation of the upper leg muscles compared to manual segmentation in cross-sectional analysis. 

Moreover, the process of longitudinal segmentation can be mostly automated, with only minimal 

manual adjustments necessary. This is not a concern, as clinical settings typically prioritize visual 

quality control. The accuracy of DTI indices estimations resulting from the semi-automated 

segmentations was generally very good across all DTI indices and most of the upper leg muscles, 

except for the Sartorius muscle. 

In Chapter 3, we presented a feasibility study on a volumetric DTI-based approach to measure changes 

in fiber orientation in calf muscles and sub-compartments of the Soleus and Tibialis Anterior muscles 

during plantarflexion and dorsiflexion. We observed that the average fiber orientations relative to the 

line between the knee and ankle changed according to the expected agonist and antagonist functions 

of the Soleus and Tibialis Anterior muscles, as well as the sub-compartments of the Soleus muscle, in 

different ankle positions. Specifically, the fiber orientation changes in the Soleus muscle and Tibialis 

Anterior were in opposite directions, reflecting the biomechanical behavior of these complementary 

muscles. In the plantarflexion phase, the Soleus muscle undergoes contraction and shortens, whereas 

the Tibialis Anterior muscle elongates. Conversely, in dorsiflexion, the Soleus muscle lengthens, while 

the Tibialis Anterior muscle shortens.  

In comparison to 3D ultrasonography, DTI fiber tractography was explored as a method to visualize 

muscle fibers and measure muscle properties, such as pennation angle and fiber length, at specific 

locations. In Chapter 4, we compared DTI-based fiber tractography measurements of the pennation 

angle with measurements obtained from 3D ultrasound (3D-US) in the Vastus Lateralis muscle. We 

evaluated pennation angles and fiber length estimations between the two methods at the same 

location within the muscle. 

The underlying mechanisms of preventive physical interventions for hamstring injuries are still not 

fully understood. In Chapter 5, we employed DTI as a quantitative method to analyze the effects of 

different exercise intervention programs aimed at preventing hamstring injuries in basketball players. 

The techniques presented in this thesis were employed to estimate the lengths and orientations of 
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muscle fibers, which were further utilized to quantify alterations resulting from exercise. We observed 

an increase in fascicle length of the semitendinosus muscle following Nordics exercise and a decrease 

in muscle fascicle orientation in the biceps femoris long head following the so-called divers 

intervention. 

 

 

Samenvatting 

 

Het doel van deze scriptie was het ontwikkelen van verschillende methoden om spierarchitectonische 

parameters te meten met behulp van Diffusion Tensor MR Imaging (DTI), die kunnen worden 

toegepast om veranderingen in spierarchitectuur na een blessurepreventieprogramma te bestuderen. 

Handmatige segmentatie is tijdrovend, daarom werden in eerste instantie semiautomatische 

segmentatiemethoden geëvalueerd om onderzoeken met grote groepen deelnemers in kortere tijd te 

kunnen analyseren. In Hoofdstuk 2 lag de focus op de validatie van een semiautomatische 

segmentatiemethode voor de schatting van DTI-parameters in de spieren van het bovenbeen. We 

hebben aangetoond dat deze methode drie keer sneller was in het segmenteren van de spieren van 

het bovenbeen dan handmatig segmenteren, en dat de segmentatie bij herhaalde metingen vrijwel 

volledig automatisch kon worden uitgevoerd. Enkele handmatige aanpassingen waren nodig, maar dat 

is geen probleem, aangezien visuele kwaliteitscontrole doorgaans toch moet worden uitgevoerd in de 

klinische praktijk. De nauwkeurigheid van de schattingen van de DTI-parameters die voortkwamen uit 

de semi-geautomatiseerde segmentaties was zeer goed voor alle DTI-parameters en in de meeste 

spieren van het bovenbeen, met uitzondering van de Sartorius-spier. 

In Hoofdstuk 3 presenteerden we een haalbaarheidsstudie naar een volumetrische DTI-gebaseerde 

benadering voor het meten van veranderingen in vezeloriëntatie in kuitspieren en 

subcompartimenten van de Soleus en Tibialis Anterior spieren tijdens plantairflexie en dorsiflexie. We 

toonden aan dat de gemiddelde vezeloriëntaties ten opzichte van de lijn tussen de knie en enkel 

veranderden in overeenstemming met de verwachte agonistische en antagonistische functies van de 

Soleus en Tibialis Anterior spieren, evenals de subcompartimenten van de Soleus spier, in 

verschillende enkelposities. Specifiek waren de veranderingen in vezeloriëntatie in de Soleus-spier en 

Tibialis Anterior in tegengestelde richtingen, wat het biomechanisch gedrag van deze complementaire 

spieren weerspiegelt. De Soleus-spier verkort tijdens plantairflexie en verlengt tijdens dorsiflexie, 

terwijl de Tibialis Anterior verlengt tijdens plantairflexie en verkort tijdens dorsiflexie. De vezelhoek 

neemt toe tijdens spierverkorting en neemt af tijdens spierverlenging. 



Chapter 7 

 

 
 

145 

In Hoofdstuk 4 hebben we DTI-gebaseerde metingen van de pennatiehoek in de spier Vastus Lateralis 

vergeleken met metingen verkregen uit 3D-echografie (3D-US). We hebben pennatiehoeken en 

schattingen van de vezellengte tussen de twee methoden geëvalueerd op dezelfde locatie binnen de 

spier. 

Het volledige begrip van de onderliggende mechanismen van preventieve fysieke interventies voor 

hamstringblessures ontbreekt momenteel nog. In Hoofdstuk 5 hebben we DTI als een kwantitatieve 

methode gebruikt om de effecten van verschillende trainingsprogramma's voor blessurepreventie van 

de hamstrings bij basketbalspelers te analyseren. DTI-gebaseerde vezeltractografie werd gebruikt om 

de vezellengte te schatten, en de in dit proefschrift geïntroduceerde vezeloriëntatiekaarten werden 

gebruikt om door oefeningen veroorzaakte veranderingen in vezeloriëntatie te beoordelen. We 

hebben een toename in vezellengte van de Semitendinosus-spier waargenomen na de Nordic-

oefening en een afname in spiervezelhoek in de lange kop van de Biceps Femoris na de zogenaamde 

duikersinterventie. 

 

Riassunto 

 

L'obiettivo di questa tesi è stato sviluppare diversi approcci per misurare i parametri architettonici del 

muscolo utilizzando le immagini di risonanza magnetica a tensore di diffusione (DTI) al fine di 

esaminare i cambiamenti nell'architettura muscolare dopo un programma di prevenzione degli 

infortuni. Poiché la segmentazione manuale è un processo molto laborioso, abbiamo valutato 

inizialmente metodi di segmentazione semi-automatica per analizzare in un periodo di tempo più 

breve studi che coinvolgono grandi gruppi. Nel Capitolo 2, il nostro focus è stato sulla validazione di un 

framework di segmentazione semi-automatica per stimare gli indici DTI nei muscoli della coscia. 

Abbiamo dimostrato che questo metodo ha permesso una segmentazione tre volte più rapida dei 

muscoli della coscia rispetto alla segmentazione manuale nell'analisi trasversale. Inoltre, il processo di 

segmentazione longitudinale può essere in gran parte automatizzato, con solo minimi aggiustamenti 

manuali necessari. Questo non è un problema, poiché nei contesti clinici di solito viene data priorità al 

controllo visivo della qualità. L'accuratezza delle stime degli indici DTI ottenute dalle segmentazioni 

semi-automatiche è stata generalmente molto buona per tutti gli indici DTI e per la maggior parte dei 

muscoli della coscia, ad eccezione del muscolo Sartorio. Nel Capitolo 3, abbiamo presentato uno 

studio di fattibilità su un approccio volumetrico basato su DTI per misurare i cambiamenti 

nell'orientamento delle fibre nei muscoli del polpaccio e nei sotto-comparti dei muscoli Soleo e Tibiale 

Anteriore durante la flessione plantare e la dorsiflessione. Abbiamo osservato che le orientazioni 

medie delle fibre relative alla linea tra il ginocchio e la caviglia cambiano secondo le funzioni agonista 
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e antagonista attese dei muscoli Soleo e Tibiale Anteriore, così come dei sotto-comparti del muscolo 

Soleo, nelle diverse posizioni della caviglia. In particolare, i cambiamenti nell'orientamento delle fibre 

nel muscolo Soleo e nel Tibiale Anteriore sono in direzioni opposte, riflettendo il comportamento 

biomeccanico di questi muscoli complementari. Nella fase di flessione plantare, il muscolo Soleo si 

contrae e si accorcia, mentre il muscolo Tibiale Anteriore si allunga. Al contrario, nella dorsiflessione, il 

muscolo Soleo si allunga, mentre il muscolo Tibiale Anteriore si accorcia. In confronto all'ecografia 3D, 

la fiber tractography basata su DTI è stata esplorata come un metodo per visualizzare le fibre 

muscolari e misurare le proprietà muscolari, come l'angolo di pennazione e la lunghezza delle fibre, in 

posizioni specifiche. Nel Capitolo 4, abbiamo confrontato le misurazioni dell'angolo di pennazione 

ottenute tramite la fiber tractography basata su DTI con le misurazioni ottenute dall'ecografia 3D nel 

muscolo Vasto Laterale. Abbiamo valutato gli angoli di pennazione e le stime della lunghezza.  

I meccanismi sottostanti alle misure preventive di interventi fisici per gli infortuni agli ischiocrurali non 

sono ancora pienamente compresi. Nel Capitolo 5, abbiamo impiegato la DTI come metodo 

quantitativo per analizzare gli effetti di diversi programmi di intervento mediante esercizi volti a 

prevenire gli infortuni agli ischiocrurali nei giocatori di pallacanestro. Le tecniche presentate in questa 

tesi sono state utilizzate per stimare le lunghezze e le orientazioni delle fibre muscolari, che sono state 

ulteriormente utilizzate per quantificare le alterazioni derivanti dall'esercizio. Abbiamo osservato un 

aumento della lunghezza del fascio del muscolo semitendinoso a seguito dell'esercizio di Nordics e 

una diminuzione dell'orientamento del fascio muscolare nella testa lunga del muscolo bicipite 

femorale a seguito dell'intervento chiamato divers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

 

 
 

147 

  



Chapter 7 

 148 

 

  



Chapter 7 

 

 
 

149 

 

List of Publications 

 

Journal Publications 

 

1. Secondulfo L, Hooijmans MT, Suskens JJ, Mazzoli V, Maas M, Tol JL, Nederveen AJ, Strijkers GJ. 

A diffusion tensor-based method facilitating volumetric assessment of fiber orientations in 

skeletal muscle. PLoS One. 2022 Jan 27;17(1):e0261777. doi: 10.1371/journal.pone.0261777. 

PMID: 35085267; PMCID: PMC8794095. 

 

2. Secondulfo L, Ogier AC, Monte JR, Aengevaeren VL, Bendahan D, Nederveen AJ, Strijkers GJ, 

Hooijmans MT. Supervised segmentation framework for evaluation of diffusion tensor imaging 

indices in skeletal muscle. NMR Biomed. 2021 Jan;34(1):e4406. doi: 10.1002/nbm.4406. Epub 

2020 Oct 1. PMID: 33001508; PMCID: PMC7757256. 

 

3. Suskens JJM, Secondulfo L, Kiliç Ö, Hooijmans MT, Reurink G, Froeling M, Nederveen AJ, 

Strijkers GJ, Tol JL. Effect of two eccentric hamstring exercises on muscle architectural 

characteristics assessed with diffusion tensor MRI. Scand J Med Sci Sports. 2023 

Apr;33(4):393-406. doi: 10.1111/sms.14283. Epub 2022 Dec 23. PMID: 36514886. 

 

 

  



Chapter 7 

 150 

 

  



Chapter 7 

 

 
 

151 

Portfolio 

Name PhD student: Laura Secondulfo 

PhD period: December 2017- March 2022 

Department: Department of Biomedical Engineering and Physics, Amsterdam UMC, location AMC 

Promotors: prof. dr. Gustav J. Strijkers, prof. dr. Aart J. Nederveen 

Copromotor: dr. Melissa T. Hooijmans 

 

PhD Training 

Courses 

Oral presentation in English (2018), 0.8 ECTS 

Project management (2018), 0.8 ECTS 

In-vivo NMR (2019), 1.4 ECTS 

Data analysis in MATLAB (2018), 1.0 ECTS  

Research Data Management (2018), 1.0 ECTS 

3T MRI scan qualification - Safety Training (2018), 0.5 ECTS 

Mathematica Principles of Wolfram Research (2019), 0.8 ECTS 

 

Seminars and workshops 

Weekly MRI Physics Seminars (2017-2022), 4 ECTS 

Organizing committee weekly MRI Physics Seminars (2018-2020), 4 ECTS 

PhD days (2018, 0.6 ECTS) 

Monthly Muscle research Seminars (2018-2021), 3 ECTS 

 

Attended conferences and symposia. 

Amsterdam Movement Sciences (AMS) Annual research meeting (2018-2020), 1.8 ECTS 

MYO-MRI (2019-2021), 2.4 ECTS 

European Society for Magnetic Resonance in Medicine and Biology 

(ESMRMB) (2019-2022), 2.4 ECTS 

International Society for Magnetic Resonance in Medicine (ISMRM) (2018,2020-2022), 4 ECTS 

ISMRM Benelux (2018-2021), 6 ECTS 

 

Conference proceedings 

Oral presentation 

A comparison of muscle pennation angles measured with DTI fiber tractography and 3D-ultrasound 

- Joint ISMRM-ESMRMB 2022 in London, UK (Virtual Environment), 1.5 ECTS 

- ISMRM Benelux 2022 in Maastricht, The Netherlands, 1.5 ECTS 

A method for quantification of changes in leg muscle fiber orientations 



Chapter 7 

 152 

- ISMRM Benelux 2020 in Arnhem, The Netherlands, 1.5 ECTS 

A novel DTI method for quantification of skeletal muscle pennation angles 

- ESMRMB 2019 in Rotterdam, The Netherlands, 1.5 ECTS 

 

Poster presentation 

A comparison of muscle pennation angles measured with DTI fiber tractography and 3D-ultrasound 

- Joint ISMRM-ESMRMB 2022 in London, UK (Virtual Environment), 0.5 ECTS 

Comparison of the pennation angle measurement between 3DUS and fibertractography. 

- MYO-MRI 2021, Virtual meeting, 0.5 ECTS 

A method for quantification of changes in leg muscle fiber orientations 

- ISMRM 2020 in Sydney, Australia (Virtual meeting), 0.5 ECTS 

A novel DTI method for quantification of skeletal muscle pennation angles 

- MYO-MRI 2019 in Berlin, Germany, 0.5 ECTS 

Recognitions 

EDITOR’S PICK - Secondulfo L, Ogier AC, Monte JR, Aengevaeren VL, Bendahan D, Nederveen AJ, 
Strijkers GJ, Hooijmans MT. Supervised segmentation framework for evaluation of diffusion tensor 
imaging indices in skeletal muscle. NMR Biomed. 2021 Jan;34(1) 
AMS Outstanding Paper Award - Suskens JJM, Secondulfo L, Kiliç Ö, Hooijmans MT, Reurink G, Froeling 
M, Nederveen AJ, Strijkers GJ, Tol JL. Effect of two eccentric hamstring exercises on muscle 
architectural characteristics assessed with diffusion tensor MRI. Scand J Med Sci Sports. 2023 
Apr;33(4) 
ISMRM Educational stipend (2020) 

Teaching 

Supervising 

Bachelor student – Biomedical Engineering, Polytech Marseille (2021), 2 ECTS 

Master student – Medical Imaging & Interventions, Technical Medicine, University of Twente (2020), 1 

ECTS 

Master student – Medicine, Vrije Universiteit (2019), 1 ECTS 

International journal reviewing 

Scientific Reports (2023) 

BMC Medical Imaging (2023) 

 

 

 

 

 

 

 



Chapter 7 

 

 
 

153 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 

 154 

Acknowledgements 

First of all, I would like to thank all the people attending my defense. I have prepared a few words of 
thanks.  

Eight years ago, I relocated to the Netherlands to pursue my master’s degree. After a master, 3 jobs, 
now it appears that I am on the verge of obtaining a PhD in Amsterdam, my home. Without a doubt, I 
wouldn't have reached this point without the assistance and encouragement of numerous individuals.  

Therefore, I would like to take this opportunity to express my heartfelt gratitude to all of you who 
have played a pivotal role in making this achievement possible.  

I want to extend my appreciation to all my colleagues at the Amsterdam UMC, a group of remarkable, 
intelligent, and passionate individuals. Thank you for creating a supportive environment for PhD 
students. I consider myself extremely fortunate to have had the opportunity to pursue my PhD in the 
Biomedical Engineering and Physics Department, the Radiology department and the Orthopedics 
department.  

A special thanks to my promotors, Gustav and Aart, and co-promotor, Melissa as well as to the MSK 
team. 

Gustav, I appreciate everything you have done for me. Thank you for welcoming me to the Biomedical 
Engineering and Physics Department during my master's thesis and for entrusting me with a PhD 
position thereafter. Your willingness to engage in chats and scientific discussions, and your constant 
presence and support are truly appreciated. Your positive attitude, exceptional problem-solving skills, 
and effectiveness have been truly invaluable.  

Aart, I am grateful for the time I spent in your Z0 group at the AMC in Amsterdam and I am thankfull 
for the opportunity to have had you as my promotor. Thank you for welcoming me to the Radiology 
Department and for entrusting me with a PhD position. Your willingness to engage in scientific 
discussions and your support for the department are highly valued. Your social elegance has been an 
example for me.  

Melissa, your passion for your work, boundless enthusiasm for research and self-discipline have been 
truly inspiring. I want to express my sincere gratitude for introducing me to the captivating world of 
musculoskeletal MRI. Thank you for your valuable input, critical review of my manuscripts, and your 
ideas to highlight the clinical aspects.  

Hans, having you involved in my research from the very start has been great. I have highly valued your 
ideas and suggestions. 
Mario, I am grateful for the opportunity to work with you. Your expertise and leadership have been 
truly inspiring. Gustaaf, thank you for utilizing your expertise in sports medicine to benefit our team.  

I would like to thank NWO and the user committee members of the DIMASK project for their input 
and fruitful discussions during the half-yearly progress meetings. Specifically:  Wieke Haakma (NWO), 
Kamiel Maase (NOC*NSF), Maarten Moen (NOC*NSF), Ruud de Boer (Philips Healthcare), Josien van 
den Noort (Amsterdam UMC, MIQC), Chiel den Harder (Amsterdam UMC, MIQC).  

David, it has been an honor to collaborate with someone of your caliber abroad. Rob, thank you for 
your creativity and proactivity in science and ability to connect different subjects. 



Chapter 7 

 

 
 

155 

I would like to extend my gratitude to Gustaaf, Martijn, Melissa and Valentina, whose PhD theses 
have served as invaluable references for me throughout these years. 
Valentina and Martijn, thank you for the encouraging and knowledgeable exchanges. Cristina, thanks 
for your presence at the AMC and your consistent dedication to research. 

Joep, thank you for the hard work and enthusiasm in our joint project. Jithsa, thank you for sharing 
with me our scienKfic journey to Marseille. Özgür, thank you for our collaboration in our joint project. 
Moritz, thank you for the dedication and perseverance in our joint project. Augustine, thank you for 
our collaboration in our joint international project.  

A special thanks to Carla, Sandra, Raschel, Paul and Richard who made sure all administrative and 
technical issues would always be solved quickly, and who provided invaluable support.  

To my roommates Mariah, Hugo and Susi, thank you so much. I thoroughly enjoyed all the years spent 
with you in the room. Mariah, thanks for being by my side the entire time. It means a lot to me to 
have you as a paranymph. Good luck with the very last bits of your PhD thesis, with all the great 
adventures in Wageningen and your future life. Hugo, thank you for your pearls of wisdom. Good luck 
with your future! Susi, you are so determined and ambitious. It was a fortunate choice to dedicate 
yourself full time to physics. We had nice research exchanges, bbq and sailing experiences together. 
Shine on in Leiden!  

Thanks to the past Z0 group for: Carmen, Bobby, Koen, Sophie, Marieke, Tony, Jasper, Lukas, Eva, 
Kerry and the senior scientists. 
Thanks to the past L0 group for the daily good Kmes: Praneeta, Henk, Nerea, Riaan, Lucas, Ricardo, 
Marcela, Marit, Daphne, Sissy, Giuliana, Roosje Ruis, Xavier, Inge, Laura, Louis, Meagan, Marteen, 
Daisy.  

A special thanks to my friends in Amsterdam, in Italy, in Sweden and around the world that always 
supported me during the past years:  

Alessia, Floriana, Maria, Vicktorija, Francesco, Giorgia, Serena, Luis e gli amici romagnoli, Stefano, 
Manuel, Lorenzo, Andrea, Gül, Defne, Eléna, Elif, Parants, Elena, Chiara, Cameron, Jordache, Niels, 
Naaz, Kasia, Wenwen, Célia, Guenola, Olya, Nicola, Leonardo and the friends at Easy laughs, Nev, 
Rabie, Jennifer, Paulo, Pedro, Basilio, Viviana, Marco e gli amici di Eindhoven, Diego, Frabrizio, Sylwia, 
Suzan and Mathijs, and the #goteamamra, especially the Clinical and the Imaging Science teams. In 
Latina: Martina, Fiorenza, Roberta, Luca, Stefano, Valeria, Martina, Ilaria e le amiche dell’Anfiteatro 
Academy ASD, Susanna, Luciana, Gabriele, Daniele, Marco, Elisa, Alessia, Serena e tutti gli amici del 
Sunrisebay. 

Thank you, Carmina, for being a paranymph at my PhD defense. Our friendship since the traineeship 
in Eindhoven has been a blessing for me. I am glad you found your new dimension even though we 
live far apart now. 

“Specialmente, grazie al dottor Ermanno Notarianni, la dottoressa Maria Paola Gallinari, la dottoressa 
Margarita Petrova, Pubmed, la dottoressa Maddalena Ionata, Tiziana che che sono stati essenziali per 
il mio benessere. Infine, vorrei ringraziare la mia super estesa famiglia per supportarmi lungo questo 
percorso, il Circeo e la mia terra Pontina per la forza. In particolare, grazie ai miei genitori, i maggiori 
investitori, per il lavoro che svolgono dal primo giorno, per sopportarmi e supportarmi. A nonno 
Sandro, zia Rita, nonna Laura, nonna Tilde e zia Marialisa che ci hanno lasciati ma sono sempre 
presenti nei miei gesti.” 



Chapter 7 

 156 

 

About the author 

Laura Secondulfo was born on December 28th, 1990, in Latina, Italy. In 2009 she obtained her high 
school diploma at Liceo Scientifico G.B. Grassi, Latina. Between 2006 and 2009 she received three 
scholarships. 
In 2013, she earned a Biomedical Engineering degree from the 'Guglielmo Marconi' Department of 
Electrical Energy and Information Engineering (DEI) at the University of Bologna's Cesena campus, 
Italy. Between 2009 and 2013 she received two scholarships. 
The next year, she relocated to Amsterdam, Netherlands, for a combined MSc program in Medical 
Natural Sciences and Physics of Life and Health, with a focus on Physics, offered jointly by Vrije 
University and the University of Amsterdam.  
During her Master's studies, she completed a minor project at Philips in Eindhoven, focusing on 
enhancing energy expenditure estimation algorithms using heart rate and motion data within the 
Health and Wellness division. This project was supervised by Dr. Alberto Bonomi, Dr. Francesco Sartor, 
and Dr. Gabriele Papini. This internship was supported by Philips’ scholarship. 
Additionally, she undertook a major project for her Master's at the Academic Medical Center of 
Amsterdam (AMC), in the Biomedical Engineering and Physics department. Under the guidance of Prof. 
Gustav J. Strijkers, Dr. Bram Coolen, and Dr. Jasper Schoormans, her project investigated the potential 
improvement of image quality for low-SNR 3D brain MRI acquisitions using compressed sensing with 
3D Cartesian k-space undersampling, with which she received her Master degree in 2016. 
Following her master's program, she gained brief experience working as a validation engineer at 
Vicentra, in Utrecht, before pausing her career in industry to begin a Ph.D. 
In late 2017, she initiated a Ph.D. project led by Prof. Dr. Ir. Gustav J. Strijkers (Biomedical Engineering 
and Physics department, Amsterdam UMC, Location AMC), Prof. Dr. Ir. Aart J. Nederveen (Department 
of Radiology, Amsterdam UMC, Location AMC), and Dr. Melissa T. Hooijmans (Amsterdam University 
Medical Center, Amsterdam, The Netherlands). This thesis presents the outcomes of Laura's Ph.D. 
research. The project was financed by the Dutch Research Council (NWO). 
From March 2022 to July 2023, Laura worked with the Clinical Science team at Amra Medical in 
Linköping, Sweden on the application of MRI-based body composition biomarkers in clinical trials. 


	References 8
	References 11
	0a0c38bb-ee09-4f8c-8b9c-73dad14e62e0.pdf
	58d5ecd5-43fd-455a-85df-d55049e763e2.pdf
	Muscle strain injuries
	The Problem
	The Hamstrings
	Muscle Fiber Architecture

	Medical Imaging Techniques
	Quantitative Magnetic Resonance Imaging
	Diffusion-Tensor MRI
	Diffusion
	Diffusion Weighted Imaging
	DTI
	Fat Suppression Techniques

	DTI Indices
	DTI Post-processing



	e4b58776-b311-410f-a562-ad1c7a6d761b.pdf
	Abstract
	Abbreviations
	Introduction
	Methods
	Participants and study set-up
	MRI protocol
	DTI parameter estimations
	Manual segmentation
	Supervised segmentation
	Validation
	Segmentation time

	Results
	DSC values
	Linear regression analysis
	Bland-Altman analysis
	Input slices and segmentation time

	Discussion
	Conclusion

	References

	81821b50-db7c-4405-bd8c-37e0c7c1e018.pdf
	Abstract
	Introduction
	Methods
	Study design
	Experiment 1 (Upper leg)
	Experiment 2 (Lower leg)
	DTI post-processing
	Segmentation
	Fiber angle color maps
	Statistical analysis

	Results
	Discussion
	Conclusions
	References

	c19d0b63-535d-4bc7-931d-7c3ff0774c71.pdf
	Introduction
	The architectural organization of muscle fibers with respect to the whole muscle volume differs among individual skeletal muscles.1 One can roughly classify muscles based on their shape and muscle fiber architecture, amongst others into fusiform, unip...
	So far little is known about how muscle architectural parameters assessed with 3D-US and DTI compare and only a few studies have compared 2D-US with DTI.10,11 The purpose of this study was therefore to determine the muscle fiber pennation angle and fi...

	Methods
	Study setup
	Nine healthy participants (age range: 22-64 years; 5 males) volunteered to participate in this study. Prior to participation, participants were informed about the experimental procedures of the study and provided written informed consent. The study wa...

	MRI
	3D-ultrasound
	3D-US acquisition of the right leg’s VL muscle morphology was obtained on the same day as the MR acquisitions, with a hip angle of 90o and a knee angle of 0o. The hip angle here is defined as the angle between the thigh and the torso. To prevent displ...

	Estimation of the outcome parameters
	Statistical Analyses

	The primary aim of this study was to evaluate the non-invasive measurement of the pennation angle in the VL muscle with two 3D imaging modalities, i.e., 3D-US and DTI. The 3D-US technique for measuring pennation angle in the VL muscle has been validat...
	Taken together, the main finding is that the 3D-US and DTI measurements of the VL muscle pennation angle and fiber length show rather poor agreement on an individual subject basis.
	Although Bland-Altman analysis revealed that the group-averaged values for the VL pennation angle measured by 3D-US and DTI were not significantly different (Figure 4), differences for several individual subjects were large and amounted even to 13.2o ...
	References

	459af5b3-e1c9-456d-bfdb-88ab94a099a4.pdf
	Abstract
	Introduction
	Materials and Methods
	Study design
	Participants
	Procedure & Randomization
	Intervention & Compliance

	Study Preparation and Data Collection
	Hamstring Strength and Flexibility
	Magnetic Resonance Imaging

	Primary Outcome Measures
	Secondary Outcome Measures
	Data Analysis
	Magnetic ResonanceIimaging & Processing

	Primary Outcome Measure: Fascicle Length
	Primary Outcome Measure: Fascicle Orientation
	Reliability
	Statistical Analysis
	Results
	Data Collection

	Baseline Characteristics
	Primary Outcome Measures
	Fascicle Length of the Biceps Femoris Long Head, Semitendinosus and Semimembranosus
	Fascicle Orientation of the Biceps Femoris Long Head, Semitendinosus and Semimembranosus
	Per-protocol Analysis in the Compliant Participants

	Secondary Outcome Measures
	Discussion
	Compared to Literature

	Future Directions
	Conclusion
	Perspective
	References
	SUPPLEMENTARY MATERIAL
	Content Supplementary Material
	Supplementary Material 1. Compliance
	Supplementary Material 2. Magnetic resonance imaging acquisition parameters
	Supplementary Material 3. Reliability tests
	Methods
	Results

	Supplementary Material 4. Example of irregularities in fascicle tracts
	Supplementary Material 5. Scan quality and number of tracts per muscle
	Supplementary Material 6. Pairwise (post hoc) comparisons
	Supplementary Material 7. Per-protocol sensitivity analysis
	References

	efb566af-bdff-4fff-be6c-d11fdc78bc58.pdf
	Summary
	Discussion
	Semi-automatic segmentation methods.
	Muscle architecture parameters.
	Pennation angle: comparison of different techniques.
	Study of changes in muscle fibers due to physical intervention.
	Return to play
	Conclusions



