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1.1 Introduction  

Skeletal muscle architecture, defined as the arrangement of muscle fibers relative to the axis of 

force generation, is an important determinant of muscle function (1). In the human body one can 

find  various sorts of muscle arrangements, e.g. longitudinal, unipennate and multipennate fiber 

architecture, which dictate and depend on the specific muscle function (1). Commonly used 

parameters to describe muscle architecture are physiological cross-sectional area (PCSA), fiber 

length, axis of force generation and muscle fiber pennation angle. The PCSA, which is the total 

muscle cross sectional area perpendicular to the muscle fibers, is proportional to the maximal 

force a muscle can generate and depends on the axes of force generation and the muscle fiber 

pennation angle (1). Furthermore, the muscle fiber length determines the distance a muscle can 

shorten and its contraction velocity (1). Detailed knowledge and quantitative measurements of 

muscle architecture, preferably obtained in a noninvasive manner, could aid in better 

understanding and modeling of muscle function and therefore have profound clinical significance 

(1-3). 

 

Muscle architectural parameters are traditionally obtained by 2D ultrasound (4-7). However, in 

recent years diffusion-tensor magnetic resonance (MR) imaging (DTI) has developed into a unique 

method that enables noninvasive in vivo 3D assessment and visualization of the muscle fiber 

architecture (3,8,9). DTI exploits the property that the apparent diffusivity of water, which is used 

as the probe molecule, is greatest in the direction parallel to the dominant muscle fiber direction 

and thus enables the quantification of its directional anisotropy in tissues (10-14). In DTI the 

diffusion is measured in at least six independent diffusion-encoding directions. Using this data for 

every voxel a diffusion tensor is reconstructed, which can be done using different methods, e.g. 

Linear Least Squares (LLS), Weighted Linear Least Squares (WLLS) or Non Linear Least Squares 

(NLS) (15,16). An eigenvalue analysis yields the principal axis of diffusion, which parallels the local 

muscle fiber orientation (12). Principal diffusion directions of neighboring voxels are combined for 

three-dimensional muscle fiber tractography (17-19). 
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DTI of skeletal muscle is very challenging. Due to the short T2 relaxation time of skeletal muscle 

(≈40 ms at 3 T (20,21)) the images usually have a relatively low SNR. DTI images are generally 

acquired using echo planar imaging (EPI) which can result in susceptibility-induced translation and 

deformation of images and can lead to misregistration with T1- and T2-weighted anatomical 

images. Also, the size and shape of the extremities can require an acquisition in multiple stacks 

because the length of the object is too large to fit in the homogeneous part of the magnet. 

Furthermore, the DTI data can suffer from artifacts due to patient motion or chemical shift effects 

and the parameters derived from the diffusion tensor are sensitive to temperature (22), variations 

in T2 (23), SNR (24), b-value (25-28), age and gender differences (29-33), muscle flexion (34-41), 

which complicates data interpretation. 

 

In this chapter we will give an overview of the state-of-the-art applications of DTI to diagnose and 

characterize healthy, exercised and injured muscle. First we will give a summary of the theoretical 

basis and history of skeletal muscle DTI. Next we will give a short outline of common imaging 

strategies. Finally we will discuss the application of DTI in skeletal muscle exercise, disease and 

injury.  

 

1.2 History of skeletal muscle DTI 

Diffusion is the random displacement of molecules or ions. Diffusion can occur due to a 

concentration gradient as described by Fick’s laws of diffusion. In the absence of a concentration 

gradient diffusion continues due to the random Brownian motion of particles. This is called self-

diffusion and is described by the diffusion coefficient, which is dependent on viscosity and 

temperature of the solution as described by the Stokes-Einstein relation. Already in 1965 Stejskal 

and Tanner (42) demonstrated the capability of NMR spectroscopy to measure the self-diffusion of 

water in aqueous solutions without the need of exogenous tracers. 

 

In biological tissue however, the self-diffusion of particles are affected by biological entities 

resulting in a reduction of the diffusion coefficient as first shown by Tanner et al. in 1968 (43). This 
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hindrance of diffusion can be caused by a wide range of factors like specific binding and physical 

barriers like cellular membranes or intracellular proteins (10,44-47). Diffusion is then rather 

described by the apparent diffusion coefficient (ADC) to discriminate it from unhindered diffusion. 

Further studies demonstrated that the diffusion is often not only restricted but also anisotropic 

(48,49). In 1990 diffusion-weighted imaging was first applied to in-vivo describe the central 

nervous system of the cat by Moseley et al. (50) and the human brain by Turner et al. (51). Then, 

in 1994 Basser et al. (52,53) described the mathematical basis for diffusion tensor imaging (DTI), 

which allowed for the 3D characterization of diffusion and its anisotropy, reflecting the tissue 

microstructure (see appendix 1).  

 
Figure 1.1: A) High resolution image (HRI) through the midsagittal plane of the TA (orientation: left = distal, 

bottom = ventral). Note the pennate insertion of the muscle fascicles (faint striations) on the dark distal 

aponeurosis ((26, 13) to (36, 11)). B) Enlargement of the HRI of the area around the aponeurosis with a 

superimposed projection of DTI directions (direction in each voxel based on averaged apparent diffusions of 10 

voxels). van Donkelaar et al. 1999 (12) 
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By applying the diffusion-weighting gradients in at least 6 non-collinear directions the diffusion 

can be described by a 3x3 diffusion tensor (52,53). This tensor can be decomposed in its three 

orthogonal eigenvectors and corresponding eigenvalues, which define the direction and 

magnitude of the principal diffusivities, respectively (52). In anisotropic tissue like skeletal muscle 

the diffusion perpendicular to the fiber direction is hindered more than along the fiber direction 

(12,13). As a result the direction of the first eigenvector corresponds to the skeletal muscle fiber 

direction. From the eigenvalues two commonly used rotationally and scaling invariant parameters 

can be derived, the Mean Diffusivity (MD) and the Fractional Anisotropy (FA) (11,14).  

 

DTI in skeletal muscle was first demonstrated ex-vivo by van Doorn et al. (13) in perfusion fixed cat 

semimembranosus muscle and was validated by visual inspection. Further proof for the utility of 

muscle DTI was given by van Donkelaar et al. in 1999 (12) who showed qualitative agreement 

between high resolution MRI and the first tensor eigenvectors in the hind leg of an anaesthetized 

rat (Figure 1.1). By tractography of the first tensor eigenvector DTI also allows the 3D visualization 

of the anisotropic fiber structures (17,18). Fiber tractography of the 3D muscle architecture was 

first performed ex-vivo in 2001 (54,55) and was first validated in-vivo in rats by Damon et al. (19). 

Although in-vivo diffusion-weighted imaging (DWI) of human skeletal muscle was already 

demonstrated in 1995 (56-58), the first in vivo human DTI experiments were performed by Sinha 

et al. in 2002 (59). Since then the technique has been used increasingly to study muscle function 

anatomy and injury (Figure 1.2). 

 

Figure 1.2: Number of in-

vivo human (black) and 

animal (gray) skeltetal 

muscle DWI and DTI 

papers in the last 15 

years. 
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1.3 Acquisition and processing 

In general DTI studies of human skeletal muscle are performed using a single shot spin-echo echo 

planar imaging (SE-EPI) sequence (see appendix 1). In some cases stimulated echo (60-64) or 

twice-refocused spin echo (65) sequences have been used. The EPI readout is very sensitive to 

susceptibility artifacts resulting in image distortion. Also chemical shift artifacts and patient 

motion or image blurring due to T2* decay during the echo (66), can severely reduce the quality of 

the images. Furthermore, due to the short T2 relaxation time of skeletal muscle of 30 to 40 ms 

(20,21) the echo times (TE) must be short to obtain high enough SNR. Short TE limits the duration 

of the diffusion-weighting gradients and thus the b-factor. Using stimulated echo (STE) will 

inevitably decrease the SNR. However, the strength of STE-based DTI is that the mixing time can 

be prolonged without additional T2-weighting. This approach can be used to increase the mean 

square displacement of water. This results in more non Gaussian hindered diffusion perpendicular 

to the muscle fiber due to the cell membranes. As a result the radial diffusivity will decrease and 

the FA will increase (64). Using a twice refocused spin echo will reduce eddy currents but will 

result in longer echo times. This will decrease the SNR of the acquired images. Also, simulations 

have shown that an optimal b-factor for skeletal muscle DTI is around 500 s/mm2 (24). However, 

the optimal b-value depends strongly on the minimal achivable TE, and field strength (25-27). In 

most studies b-factors between 300 and 800 s/mm2 are used. In general for DTI more than 10 

gradient directions are recommended (67,68). However, in around 65% of the published literature 

only 6 gradient directions were used. Other studies used between 10 and 16 directions 

(26,34,39,41,69-74) or in some cases even more than 30 (66,75,76). Some studies have proposed 

methods to correct the images and fiber tracts by post processing e.g. noise suppression (40,70), 

B0 field corrections (70), removal of olefinic fat chemical shift artifacts (77), polynomial tract fitting 

(78) or de-noising vector fields (71). Furthermore, in DTI it is common practice and recommended 

(79,80) to register the diffusion-weighted images to the non-weighted image. However, due to the 

non-rigid soft tissue deformation and pulsating blood vessels registration can be challenging. 
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1.4 Applications in exercise, disease and injury 

1.4.1 DTI of skeletal muscle 

The first DTI studies in human skeletal muscle were mostly performed in the calf (25,30,59,81,82). 

These studies showed the feasibility of DTI to quantify diffusion in different skeletal muscles 

(59,81) and to visualize muscle architecture by fiber tractography in both calf (25) (see Figure 1.3) 

and thigh muscles (75). Quantification of the diffusion tensor derived parameters (the tensor 

eigenvalues, MD and FA) allows for the reproducible (40,69,73) characterization of skeletal muscle 

micro structure in studies of age and gender difference (29-33), the effect of flexion (34-41), 

exercise (22,23,38,83-86) and muscle injury (85,87-97) as will be discussed in more detail further 

on. However, for the interpretation of the changes in diffusivity it is important to know which 

physiological structures lead to a decrease in diffusivity and why there is a difference between λ2 

and λ3. Different models have been suggested that correlate changes in the eigenvalues to 

variations in muscle architecture. Galban et al. (30,81) proposed that λ2 is sensitive to the cross-

sectional orientation of the fibers and that λ3 reflects the variations in the average muscle fiber 

radius. Karampinos et al. (62) hypothesized that λ2 and λ3 reflect the principal diameters of the 

elliptical cross sectional area of the myofibrils. This model is supported by studies that show that 

the second eigenvector shows long-range organization (76) and thus can even be tracked (98). 

 

Next to the diffusion parameters and visualization of architecture this unique 3D technique also 

allows for quantification of muscle architectural parameters e.g. pennation angle, fiber length and 

physiological cross sectional area (PCSA) as demonstrated by Heemskerk et al. in the mouse hind 

limb (99) (see Figure 1.4) and by Galban et al. in studies of the human calf (30,81). Quantification 

of muscle architectural parameters in human DTI studies started with the calculation of the 

azimuth and elevation angles relative to the imaging plane (25,59), which was also done in more 

recent studies (40,41). In 2007 Landsdown et al. (100) described a technique to determine muscle 

fiber pennation angle relative to the muscle aponeurosis and showed that there was significant 

difference in pennation angle of the deep and superficial compartments of the tibialis anterior 

muscle. Quantification of architectural parameters has been used in various studies into 

optimization of tractography parameters (101), to investigate the reproducibility of parameter 
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estimations (40,73) and the effect of joint movement on muscle architecture (41). More recently, 

Damon et al. (78) proposed a method for accurate estimation of fiber curvature, which is an 

important parameter that is needed to predict strain patterns during muscle contraction (102). 

These muscle architectural parameters derived from DTI have been used as input for mechanical 

models e.g. models of the quadriceps contractile function in healthy subjects and patients with 

chronic lateral patellar dislocation (97), finite-element (FE) simulations of lingual deformation 

(103) and FE modeling of muscle deformation (104). Furthermore, DTI and fiber tractography also 

have been used to describe the muscle architecture ex-vivo of the bovine tongue (54,55,105-107) 

and the in vivo function of the human tongue (65,103), the masticator muscles and the pelvic floor 

musculature (74,108). 

 
Figure 1.3: A) Acquired axial, B) reformatted coronal and C) reformatted sagittal images. D) three-dimensional coronal 

view with arrow showing the aponeurosis. E) three-dimensional sagittal views with overlaid fibers. Fibers were 

tracked from elliptical ROIs placed at four locations along the aponeurosis on the coronal image (ROIs shown in blue in 

image B). The ROIs included muscle fibers in the soleus and gastrocnemius muscle regions. Fibers were tracked from 

these ROIs and displayed with direction-dependent color coding (red: LR; green: AP; blue: SI). The cross-hair identifies 

the same spatial location on all frames. Numbered regions in image a: 1) tibia, 2) soleus, 3) medial gastrocnemius,  

4) aponeurosis, 5) lateral gastrocnemius, 6) fibula, and 7) tibialis anterior. Sinha et al. 2006 (25) 
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Figure 1.4: Representative examples of fiber tracking in the mouse hindlimb, illustrating the architectural muscle 

parameters pennation angle, fiber length, and PCSA. Fiber tracking was started from the ROIs indicated with the 

yellow lines. Fibers originating from different ROIs are in different colors. The insets in B-D show the fibers projected 

on a 2D slice of the non-DW MR image for anatomical reference. A) Transversal slice showing different muscle groups 

that can be identified in different colors. The image on the right shows an anatomical reference from a different 

animal. Part of the gastrocnemius is missing due to the cutting procedure used. The structures identified with a 

microscope were the tibialis anterior (TA), extensor digitorum longus (EDL), peroneus (P), gastrocnemius and plantaris 

(GP), soleus (S), flexor (FL) and semimembranosus (Se) muscles, tibia (T), and fibula (F). B) The determination of the 

pennation angle (θ), defined as the angle between the tendon sheet (solid line) and the muscle fibers (dashed line) in 

the midsagittal plane of the muscle. C) Tracking of fibers in the TA muscle, from which the fiber length between the 

two tendon plates was determined. D) Longitudinal view of the reconstruction of fibers starting from the transversal 

ROI indicated with the yellow line. The black solid line represents the PCSA, defined as the dot product of the 

transversal ROI with the local fiber direction. Heemskerk et al. 2005 (99) 

 

1.4.2 DTI studies of ankle flexion 

One common topic of research in skeletal muscle DTI is the effect of active or passive ankle joint 

flexion on DTI parameters. Seven studies have been published on this topic (34,35,37,38,40,41,72) 

of which 6 reported values for the tibialis anterior muscle and 5 dealt with of the medial 

gastrocnemius muscle. However, the method of flexion (active or passive), the angle of flexion 

(between 10° dorsiflexion to 40° degrees plantarflexion), measurement setup and acquisition 

parameters (field strength 1.5 and 3 T, gradient directions: 6 to 12, b-factor: 450 to 1000 s/mm2 
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and TE: 36 to 104 ms), which all affect the quantification of diffusion parameters, differed greatly. 

This is clearly reflected in the reported results, although some tensor parameters showed the 

same behavior between studies no two studies reported the same overall effect as shown in Table 

1.1 (38). Furthermore, several effects like temperature change, differences in SNR, muscle 

exhaustions or T2 relaxation time change due to muscle work may have influenced the results. 

 

Next to quantification of diffusion tensor parameters also several papers have been published that 

quantify muscle architectural parameters at different ankle position (40,41,73,101,109). Sinha et 

al. (41) showed that in different compartments of the soleus the fiber length and fiber angles 

changes between the neutral and 30° plantar flexed ankle positions (see Figure 1.5). They showed 

an angle change of the first eigenvector between 12 and 50 degree with a 30 degree plantar 

flexion of the ankle. In a study by Englund et al. (39) it was shown that the direction of fiber 

shortening as measured with DTI differed from the principal direction of muscle shortening as 

measured using tagging MRI, which indicates the presence of shear strain in the muscle tissue.  

 

Table 1.1: Comparison among studies of changes in diffusion properties as induced by muscle contraction  

Reference Type of contraction 
The measured angle  

by plantar flexion 
FA λ1 λ2 λ3 

Hatakenaka 2008 passive 0-60 degree ↓ ↓ → ↑ 

Heemskerk 2008 passive 0-15 degree → → ↓ → 

Deux 2008 active not controlled not constant ↓ ↑ ↑ ↑↑ 

Okamoto 2010 active controlled not constant ↑ ↑ ↑ → 

↓ decrease, ↑ increase, ↑↑ marked increase, → no change of diffusion property by muscle contraction 

Okamoto et al. 2010 (38) 



 
Diffusion tensor imaging: past and present 

11 

 

 

1.4.3 DTI studies of muscle exercise 

Exercise can have several effects on the muscle. It can increase strength and stamina, but also can 

also cause muscle damage. Muscle damage can range from very mild forms with little clinical 

impairment like delayed onset muscle soreness (DOMS), resulting in minor discomfort, mild 

swelling, some loss of strength or muscle stiffness (110-112), to severe muscle strains, resulting in 

rupture of the myotendinous junctions and intra- or intermuscular hematoma (113,114), as shown 

in Figure 1.6.  

 
Figure 1.5: Sagittal color map at neutral ankle position (A) and at plantar flexion (C), with arrow 1 showing the 

posterior soleus. The color maps show that the posterior soleus has a strong anteriorposterior orientation at 

plantarflexion. Fibers (in blue) tracked from seed points located along the length of the posterior soleus run 

anterosuperior to posteroinferior in neutral (B) and plantarflexed positions (D); in the latter position, the fibers 

are shorter with larger pennation angles (D). Sinha et al. 2011 (41) 
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After exercise T2 relaxation times increase (85,115,116) but can also change the diffusion 

coefficient. Using DW-MRI Ababneh et al. (23) showed a strong correlation between an increase of 

T2 and the mean diffusivity after exercise. Furthermore, Yanagisawa et al. (22) also used DW-MRI 

to show that walking exercise increased and cooling of skeletal muscle decreased the diffusion 

coefficient. Next to DW-MRI, DTI also has been used to investigate the effect of exercise. In 2008 

Nakai et al. (83) and Okamoto et al. (86) both looked at changes in FA after exercise. Nakai et al. 

showed that the FA increased in muscles of subjects that used training equipment that exerted 

appropriate stress on these muscles when walking. The FA increase was absent when subjects 

didn’t use training equipment when walking. However, Okamoto et al. (86) showed a decrease in 

FA values in exercise loaded gastrocnemius and soleus which remained up to 48 hours after the 

exercise. More recently Yanagisawa et al. (85) evaluated muscle diffusion- tensor parameter 

changes over multiple days after plantar flexion with eccentric contraction exercise (see Figure 

1.6). The authors found that the FA of the medial gastrocnemius decreased 2 to 5 days after the 

exercise. Furthermore, an increase of λ2, λ3, MD and T2 relaxation times 3 days after the exercise 

was observed. Diffusion parameters not only change directly after exercise but also differ between 

 
Figure 1.6: Changes in transverse axial T2-weighted images (TR/TE: 3000/75 ms) of the right leg before and 

after strenuous exercise. The white arrow indicates increased SI in the MG and LG on post exercise T2-

weighted images. SI elevations were observed in the intermuscular space between MG/LG and SOL, 

particularly 2 and 3 days after exercise (arrowhead). Yanagisawa et al. 2011 (85) 
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athletes and non-athletes as shown by Okamoto et al (84). They compared the calf muscles of the 

two groups and found that for the medial and lateral gastrocnemius, soleus and tibiales anterior 

muscles the diffusion tensor eigenvalues and MD were elevated in athletes. The athletes were 

scanned at least 48 hours after their last training because a previous study showed that exercise 

decreases FA and needed 48 hours to recover (86). However, the study by Yanagisawa et al. (85) 

showed elevated tensor eigenvalues and MD 3 days after exercise which could explain the 

increased values of the diffusion indices in the athletes.  

 

Next to the diffusion of water in tissue the blood flow in the capillaries will also cause signal 

attenuation in diffusion-weighted MRI images (10), which is called pseudo diffusion. This pseudo 

diffusion is much faster as the passive diffusion of water in tissue and its effect can be seen at low 

b-values where the signal decay will not be mono exponential. When investigating muscle exercise 

or damage one has to keep in mind that the muscle perfusion and blood volume will increase and 

that the change in the measured diffusion can be largely due to pseudo diffusion as was show by 

Sigmund et al. (117). 

 

1.4.4 DTI studies of muscle injury 

In studies of skeletal muscle, T2-weighted MRI is a well-accepted method to assess tissue damage 

(118-123). T2-weighted imaging reflects tissue alteration and is generally not able to distinguish 

between different pathological processes like edema, inflammation or cell death. In studies of 

brain ischemia and stroke (124-126) and cardiac infarction (127-129) DWI and DTI have proven to 

be useful techniques to monitor early as well as late stage tissue damage. Next to studies of brain 

DTI has also been widely adopted to investigate the effect of muscle damage and injury both in 

animal (87-94) and human studies (83-86,95-97). 

Heemskerk et al. used DTI to investigate muscle damage after ischemia reperfusion (87) and 

muscle degeneration after femoral artery ligation (88) in mice. During ischemia MD tended to 

decrease. After the reperfusion the MD, FA and T2 response was different if the muscle had been 

stimulated during the occlusion. In the non-stimulated situation, the MD and T2 initially increased 

and then normalized, whereas in the case of stimulation the FA decreased and the MD and T2 
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increased. Similar results were found in the study of artery ligation. However after 10 days in that 

setting diffusion values reduced whereas T2 was still increased. Spatial differences were found 

between the T2 and diffusion parameters, which corresponded to the different phases of tissue 

de- and regeneration. These different phases could not be identified based on T2 alone, indicating 

that DTI provides supplementary valuable information on muscle injury and repair problems.  

 

In a study by Fan et al. (90) who looked at lambda carrageenan induced edema similar results 

were found. In regions with increased T2 due to edema a significant increase of MD and decrease 

of FA was found. MD of muscle has also been shown to increase 8 days after axotomy of the sciatic 

nerve in rabbits (91). The same study also showed elevated MD in patients with lumbosacral 

radiculopathy. A study by Saotome et al. (89) reported that 2 to 8 weeks after neurotomy of the 

sciatic nerve in rats the MD was normal. However they did find a significant increase of FA 8 weeks 

after denervation, which was correlated to a significant decrease of muscle fiber diameter. Similar 

results were found in a study by Zhang et al. (92) who noted an increase of FA after 12 weeks of 

denervation. In both studies the increased FA was due to a decrease of the second and third 

eigenvalues. 

 

Another type of commonly investigated muscle injury is damage due to eccentric contraction. 

McMillan et al. (94) showed that the MD and FA increased significantly after lengthening 

contractions in mdx mice. This effect was also found in studies of human skeletal muscle after 

exercise (83). However, other studies have shown a decrease of FA after exercise (85,86). Further 

studies of muscle damage in humans have included patients with muscle tears and intramusclular 

heamatoma (95), inflammatory myopathies (96) and lateral plantellar dislocation (LPD) (97). These 

studies demonstrated that DTI is a suitable method to assess human calf muscle injury, has 

potential for longitudinal monitoring of myositic patients and allows for the creation of 

biomechanical of the quadriceps in patients with chronic LPD, respectively. 
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1.5 Conclusion 

This review describes the development and application of DTI in skeletal muscle research. 

Numerous studies have demonstrated the sensitivity of DTI to a wide range of pathologies and 

changes in muscle physiology. However, the interpretation of DTI parameters remains challenging. 

The diffusion tensor derived parameters are sensitive to SNR and various acquisition parameters 

e.g. TE, b-value and number of gradient directions and their orientations. Furthermore, the 

diffusivity can be influenced by numerous micro- and macroscopic structural properties of the 

muscle e.g. intracellular proteins, cell membranes and capillaries as well as hemodynamic 

parameters like tissue perfusion. Also tensor based fiber tractography is still a very subjective 

method, which usually relies on manually set stopping criteria and manual seeding and 

segmentation. Despite these difficulties research has proven DTI and fiber tractography to be 

useful techniques that can give new insight in muscle anatomy and function by describing the 

diffusivity of water in skeletal muscle tissue and allowing unique 3D reconstructions and 

quantification of muscle architecture. 
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Chapter 2 – Equation Chapter 2 Section 1DTI of human 

skeletal muscle: the effects of scan parameters, signal-to-

noise, and T2 on tensor indices and fiber tracts. 
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2.1 Abstract 

In this study we have performed simulations to address the effects of scan parameters, signal-to-

noise (SNR), and T2 on skeletal muscle tensor indices and fiber tracts. Where appropriate, 

simulations were corroborated and validated by in vivo diffusion tensor imaging (DTI) of human 

skeletal muscle. Specifically we have addressed: (i) the accuracy and precision of the diffusion 

parameters and eigenvectors at different SNR levels; (ii) the effects of the diffusion gradient-

direction encoding scheme; (iii) the optimal b-value for diffusion tensor estimation; (iv) the effects 

of changes in skeletal muscle T2; and finally the influence of SNR on fiber tractography and derived 

(v) fiber lengths, (vi) pennation angles, and (vii) fiber curvatures. We conclude that accurate DTI of 

skeletal muscle requires a SNR of at least 25, a b-value between 400 and 500 s/mm2, and data 

acquired with at least 12 diffusion-gradient directions homogeneously distributed on half a 

sphere. Furthermore, if one finds a change of the diffusion parameters together with a change of 

T2 this may not be entirely an effect of changed diffusion in itself. When comparing studies or 

interpreting apparent changes in diffusion parameters this should be done with care, since 

differences between studies or changes due to pathology could have secondary causes. 
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2.2 Introduction 

Diffusion tensor imaging (DTI) allows for a noninvasive quantification of water diffusion and its 

directional anisotropy in tissues. NMR experiments during the latter part of the 1970’s that for the 

first time measured self-diffusion of water in biological tissue were performed in skeletal muscle 

tissue (1-5). In 1990 diffusion weighted imaging was used in vivo to study the architecture of the 

central nervous system of the cat by Moseley et al. (6) and the human brain by Turner et al. (7). 

Then, in 1994 Basser et al. (8,9) introduced the mathematical framework for DTI. Since then DTI 

has been widely used for the study of the human brain and much theoretical research has been 

dedicated to understand the effects of noise and optimize the diffusion b-value, tensor fitting 

algorithms and gradient directions (10-17).  

 

Numerous papers have been published on the use of DTI to characterize skeletal muscle. Van 

Donkelaar et al. (18) demonstrated that the principal eigenvector of the diffusion tensor aligns 

with local muscle fiber direction in the tibialis anterior muscle in rats. In vivo validation of skeletal 

muscle fiber tractography in rats was performed in 2002 by Damon et al. (19). DTI has since been 

applied to characterize the muscle architecture (20-25), to study muscle injury (26,27), disease 

(28), and regeneration (29) as well as the effects of denervation (30-32) and ischemia/reperfusion 

injury (33,34). Contrary to the field of brain DTI only a few papers have employed computer 

simulations to obtain a better understanding of the behavior of muscle tensor parameters and the 

reconstructed muscle fiber tracts with respect to sensitivity to noise, as function of b-value, as a 

function of muscle T2, and in muscle tissue with different fat fractions (35,36). 

 

There is need for such simulations, since extrapolation of approaches commonly employed in 

brain DTI to skeletal muscle is not straightforward because of a number of practical issues and 

fundamental differences between brain and muscle tissue. The brain is encapsulated in a rigid 

skull whereas soft skeletal muscle tissue is easily deformed. Coil placement may cause muscle 

tissue to deform, which could result in faulty estimations of fiber orientations and pennation 

angles. For brain imaging usually dedicated 8, 16 or even 32 channel phased array coils are 

available which can be easily placed in the iso-center of the magnet. However, skeletal muscle DTI 
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is commonly performed with less optimized coils and positioning the muscle of interest in the iso-

center of the magnet is often impossible. Furthermore, the size and shape of the extremities can 

require an acquisition in multiple stacks because they are too long to fit in the homogeneous part 

of the magnet (37).  

 

Next to these practical differences brain and muscle tissue differ anatomically and also have very 

different MRI properties. Axons typically are 2 to 20 μm in diameter (38) whereas muscle cell 

diameters range from 10 to 100 μm (39,40). Also skeletal muscle fibers do not cross and in general 

neither converge nor diverge (41). Furthermore, the T2 relaxation time of skeletal muscle at 3 T is 

around 40 ms (42,43), which is relatively short compared to the white matter T2 of around 100 ms. 

resulting in low SNR for T2-weighted skeletal muscle DTI sequences. When studying muscle 

pathology with DTI, changes in T2 values due to muscle injury may indirectly affect the diffusion 

tensor values as a result of changes in the SNR as was predicted by Damon (35). Furthermore, the 

mean diffusivity of skeletal muscle is higher (MD ≈ 1.6 x 10-3 mm2/s) than that of white matter 

(MD ≈ 0.8 x 10-3 mm2/s). The second and third eigenvalues of skeletal muscle have distinctly 

different values. The second eigenvector can be tracked and reveals structure (44-46). This means 

that the common practice in brain DTI of averaging 2λ  and 3λ  into the radial diffusivity is not valid 

for skeletal muscle DTI. Additionally, the fractional anisotropy (FA) of skeletal muscle is low, i.e. 

around 0.2. Low FA values cause a higher error in the estimate of the principal eigenvector 1ε


, 

propagating into a higher uncertainty in fiber tractography. Finally, muscle cells are surrounded by 

or contain fat resulting in partial volume effects of muscle water and lipid signals (35). As a result 

of these differences, noise in the acquisition will propagate differently into the DTI parameters and 

fiber tracts for skeletal muscle as compared to brain. 

 

In this study we therefore have performed a series of simulations to address the effects of scan 

parameters, signal-to-noise ratio (SNR), and T2 on skeletal muscle tensor indices and fiber tract 

reconstructions. Where appropriate, simulations were corroborated and validated by in vivo DTI 

measurements of human skeletal muscle. Specifically we have addressed: (i) the accuracy and 

precision of the diffusion parameters and eigenvector for different SNR values; (ii) the effects of 
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the diffusion gradient-direction encoding scheme; (iii) the optimal b-value for diffusion tensor 

estimation; (iv) the effects of changes in skeletal muscle T2; and finally the influence of SNR on 

fiber tractography and derived (v) fiber length, (vi) pennation angles, and (vii) fiber curvature. The 

outcome of this work provides a strategy for optimal DTI of skeletal muscle and points out a 

number of pitfalls that must be considered in the interpretation of changes in DTI parameters as a 

consequence of muscle injury. 

 

2.3 Materials and methods 

2.3.1 The diffusion tensor 

As a starting point for the simulations, we take a diffusion-weighted spin-echo sequence (Eq. 2.1 

and 2.2).  

 ( )1 2
0 1

TR TE
T TS e eρ

− −
= −  2.1 

 
T

0
i ib

ibS S e−= g Dg 

 2.2 

Here TR is the repetition time, TE the echo time, T1 the longitudinal relaxation time, T2 the 

transverse relaxation time, and ρ the proton density. The diffusion-weighted signal intensity ibS  is 

related to the non-weighted signal intensity 0S  via the diffusion tensor D , the b-value b  and the 

gradient directions ig  (Eq. 2.2). For the present evaluation the gradient directions were 

homogeneously distributed on half a sphere as schematically shown in Figure 2.1 A and B (47,48). 

The diffusion tensor D  was decomposed into its eigenvalues iλ  and eigenvectors iε


 using 

 T= ⋅ ⋅D E Λ E  2.3 
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From the diffusion tensor eigenvalues the mean diffusivity (MD) and the Fractional Anisotropy (FA) 

were calculated (Eq. 2.6 and 2.7).  
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=
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 2.7 

 

The mean value and standard deviation of the eigenvalues, MD, and FA were calculated from a fit 

with a skew normal probability density function to the parameter distribution. The error in the 

eigenvector orientation was calculated via 

 ( )arccos i iα = ⋅ε ν  2.8 

 

Figure 2.1: A-B) Distribution of 

respectively 10 and 60 gradient 

directions on half a sphere. C) 

Correction of error probability density 

distribution of the eigenvectors. D) 

Curvature calculation using the circle 

approximation (simulation 7). 
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with iε


 the estimated and iν


 the real vector direction. Because the vectors are distributed on a 

sphere the probability density distribution of α  was appropriately corrected for the circumference 

of a circle on a sphere as illustrated in Figure 2.1 C (14,16). The corrected probability density 

function of α  was subsequently analyzed by a half-normal probability density function (Figure 2.3 

A-C).  

 

2.4 Fiber tractography 

Fiber tractography was performed using the DTITool (version 3.0.6; 

http://bmia.bmt.tue.nl/software/dtitool (49)). Fiber tracts continued bidirectionally with 0.2 voxel 

(= 0.6 mm) integration steps from a seeding ROI with a seeding density of 1 per voxel (= 3 mm). 

Fiber tractography continued until one of two stopping criteria was satisfied: FA < 0.1 or > 0.5 or 

an angle change > 15 degrees/integration step. 

 

2.4.1 Simulations 

Simulations and data processing were done using a custom built toolbox for Mathematica 8.0 (24). 

The input parameters used for the simulation were, unless stated otherwise: 1λ  = 2.00 mm2/s, 2λ  

= 1.60 mm2/s, 3λ  = 1.40 mm2/s, 1ε


 = (0, 0, 1), 2ε


 = (0, 1, 0), 3ε


 = (1, 0, 0), T1 = 1200 ms, T2 = 35 ms, 

TE = 42 ms, TR = 6000 ms, b-value= 400 s/mm2, number of gradient directions = 15 and SNR = 25 

of the non-weighted image. The MR signal intensities were calculated in 10,000 voxels from Eqs. 

2.1 and 2.2. Rician noise with constant variance was added to the non-weighted signal 0S  and the 

diffusion weighted signals ibS . SNR values are reported in terms of the ratio of 0S  and the 

standard deviation of the added Rician noise. The diffusion tensor D  was recalculated using the 

Linear Least Squares (LLS) and the Weighted Linear Least Squares (WLLS) estimation algorithms 

(50,51).  

 

 

http://bmia.bmt.tue.nl/software/dtitool


 
Chapter 2 

30 

 

Seven simulations were performed, as detailed below. 

 

Simulation 1 - The effect of SNR 

The first simulation experiment was to determine the accuracy of diffusion parameters and 

eigenvectors at different SNR levels. For this purpose DTI data was simulated for 9 different SNR 

values ranging from 5 to 45. 

 

Simulation 2 – Signal averages versus gradient directions 

In this simulation 0S  was kept constant with number of signal averages (NSA) = 4 and SNR = 25. 

First, ibS  data was calculated using varying number of gradient directions, i.e. 6, 8, 12, 16, 24 and 

48 with NSA = 8, 6, 4, 3, 2 and 1, respectively, keeping the total number of images constant at 48 

for each dataset. Secondly, the efficiency was tested of 4 gradient orientation schemes, i.e. 6 

directions (dual gradient scheme by Davis et al. (52)), 6 gradient directions (icosahedral scheme 

introduced by Muthupallai et al. (53)), as well as 8 and 12 gradient directions (optimized using 

repulsive forces (47,48)). In total 10,000 voxels were considered for each of 700 different tensor 

orientations. Results were visualized using response surfaces (14,16). The results of this simulation 

were validated in MRI experiment 1 (see below). 

 

Simulation 3 – Optimizing the b-value 

In the third simulation we generated 8 different datasets with varying b-values. Experimentally, 

higher b-values can only be achieved at the expense of longer TE because of gradient amplitude 

limitations. We therefore adjusted TE to the minimal value that could be achieved in the MRI 

experiments. The b-values were 50, 150, 250, 400, 550, 700, 850 and 1000 s/mm2 with TE = 31, 36, 

39, 42, 45, 47, 49 and 50 ms, respectively. This simulation was validated in MRI experiment 2 (see 

below). 
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Simulation 4 - T2 relaxation 

We performed two simulations to investigate the effect of T2 relaxation on the measured diffusion 

eigenvalues. First, we simulated the diffusion parameters as a function of T2 relaxation (30 to 46 

ms with steps of 2 ms). Secondly, we simulated a typical MRI experiment as if it were designed to 

assess muscle damage. For this purpose 6 virtual subjects were created. For each subject an ROI 

containing 500 voxels was considered from which the mean value per subject was calculated. 

Simulations were performed with SNR = 25 and the following acquisition parameters: TE = 60 ms, 

TR = 6000 ms, b-value = 400 s/mm2 and 6 gradient directions. To account for biological variation, 

the eigenvalues and T2 relaxation time for each virtual subject were randomly sampled from 

normal distributions with mean and standard deviation: 1λ  = 2.00 ± 0.05, 2λ  = 1.60 ± 0.05, 

3λ  = 1.40 ± 0.05 mm2/s and T2 = 35.0 ± 2.5 ms.  

 

To investigate what indirect effects an increase of T2 due to muscle injury has on the determined 

diffusion parameters, we performed simulations in which T2 was increased while keeping the 

input eigenvalues constant. For that purpose, for each subject five different ranges of T2 values 

were considered: T2 = 40.0 ± 2.5, 40.0 ± 5.0, 45.0 ± 2.5, 45.0 ± 5.0 and 45.0 ± 10.0 ms. Next, the 

mean diffusion parameters of the subjects were statistically evaluated with an analysis of variance 

(ANOVA) followed by Dunnett’s post-hoc test to test whether the change in T2 resulted in 

significant apparent changes in the diffusion parameters. The entire simulation was performed 

1000 times. Results are reported as the percentage of number of times that a given parameter 

increased or decreased compared to its true value together with the percentile change. 

 

Simulation 5 - Effect of SNR on fiber length 

Here a dataset of 80 slices of 30 x 30 voxels was simulated with 1ε


 oriented in the slice direction 

and SNR values of 15, 20, 25 and 45. Then fiber tractography was performed seeding from the first 

slice with a seed distance of 1 voxel, resulting in 900 fiber tracts. The percentage of tracts that 

could be traced through all the slices was calculated. For these fibers the length and end point 

accuracy were determined. 
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Simulation 6 - Effect of SNR on fiber pennation angle 

In our sixth simulation we have simulated 4 different fiber pennation angles of 5, 10, 15 and 20 

degrees with respect to a virtual tendon sheet. Pennation angles were applied in two different 

directions, in the direction of 2ε


 and in the direction of 3ε


. The pennation angle was calculated as 

described by Lansdown et al. (37). The pennation angles were calculated in two different ways: (i) 

for all the fiber tracts; (ii) only for the fiber tracts that originated from the correct side of the 

tendon sheet. Simulations were performed at different SNR levels ranging from 15 to 45. 

 

Simulation 7 - Effect of SNR on fiber curvature 

Four different dataset were simulated with a curvature of 1, 2, 3, and 4 m-1 (54). After fiber 

tractography fiber tract curvature was calculated using the three-point circle approximation: 

 
2 ( ) ( )1 4

b

a b a c
p

a b a c b c

p p p pS
R abc p p p p p p

κ
− × −

= = =
− ⋅ − ⋅ −

  2.9 

The curvature of the middle point bp  of three points ap , bp  and cp  is equal to 1 R  where R  is 

the radius of the circle going through all three points (Figure 2.1 D). The three points used for the 

fiber curvature estimation were selected from the fiber tracts with 1, 10, 20 and 40 fiber tract 

points spacing. 

 

2.4.2 MRI experiments 

To validate simulation 2 and 3 (see above) MRI measurements were performed using the same 

imaging parameters as used in the simulations. Data was acquired with a 3 T Philips Intera scanner 

(Philips Healthcare, Best, The Netherlands). Both calves of a male volunteer were imaged using a 

16-channel phased-array coil. The volunteer was positioned feet first in the scanner in a supine 

position. General acquisition parameters were; sequence: SE-EPI with Stejskal and Tanner pulsed 

field gradients, voxel size = 3 x 3 x 3 mm3, slices = 10, matrix size = 96 x 96, TR = 6000 ms, 

G = 61 mT/m, half-scan = 0.75, SENSE = 2, EPI-train length = 36, fat suppression with spectral 

adiabatic inversion recovery (SPAIR).  
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For the measured MRI data the diffusion weighted images were first registered to their 

corresponding non-weighted images with appropriate b-matrix rotation (55). Next, a threshold 

mask selecting only muscle tissue was created from the non-weighted images (24). Finally the 

tensor was calculated using the LLS and the WLLS methods. SNR was determined using  
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+
=
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 2.10 

where 0,1S  and 0,2S  were identically acquired non-weighted images (56,57). 

 

Details on the two MRI experiments are given below. 

 

MRI experiment 1 

The first experiment was set up to validate simulation 2 (see above). For this experiment the 

specific imaging parameters were: b-value = 400 s/mm2, TE = 42 ms, NSA = 4 for 0S , gradient 

directions: 6, 8, 12, 16, 24 and 48 with NSA = 8, 6, 4, 3, 2 and 1, respectively. The total acquisition 

time for each data set was 2 min 39 s.  

 

MRI experiment 2 

The purpose of the second experiment was to validate simulation 3 (see above). For each b-value 

the minimal achievable echo time was used. The specific imaging parameters for this 

measurement series were: NSA = 2, gradient directions = 15, b-value = 50, 150, 250, 400, 550, 700, 

850 and 1000 s/mm2 with TE = 31, 36, 39, 42, 45, 47, 49 and 50 ms, respectively. Total acquisition 

time for each data set was 1 min 25 s. 
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Figure 2.2: Simulation 1: the effect of SNR. A-E) Probability density distribution of the diffusion tensor 

parameters (black line) with the fitted skew normal distribution (red line) of simulated data with an SNR of 25. F-

J) Mean values and standard deviation of the diffusion tensor parameters as a function of SNR determined from 

simulation 1 using LLS and WLLS tensor calculation methods. 

 

2.5 Results 

Simulation 1 – The effect of SNR 

Figure 2.2 A-E show the simulated distributions of the three eigenvalues, MD and FA for SNR = 25. 

Noise leads to broadening and skewing of the distributions. The diffusion tensor parameters as 

function of SNR calculated using the LLS and WLLS methods are plotted in Figure 2.2 F-J. For LLS 

tensor estimation with low SNR, 1λ  and FA are overestimated and 3λ  is underestimated. For WLLS 
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with low SNR, 2λ , 3λ  and MD are underestimated and FA is overestimated. Simulation results with 

different b-values and number of gradient directions are given in supplemental digital content 2.1. 

 

Due to noise the estimated eigenvector orientations will deviate from their input orientations. 

The  error was quantified using the half normal distribution as shown in Figure 2.3 A-C for 1ε


, 2ε


 

and 3ε


. The 30%, 60% and 95% quantiles of the error as a function of SNR are shown in 

Figure 2.3 D-F. The error of 1ε


 was smallest and the error of 2ε


 was largest. There was no apparent 

difference between the two tensor-fitting algorithms. Furthermore the distribution of  

 
Figure 2.3: Simulation 1 - The effect of SNR. A-C) Probability density distribution of the error of the eigenvectors 

(gray line) together with the weighted probability density distribution (black line) and the fitted half normal 

distribution (red line) determined from simulation 1 with an SNR of 25. D-F) The 30% 60% and 95% quintiles of 

the fitted half normal distributions of the error of the eigenvectors as a function of the SNR determined from 

simulation 1 using the LLS and WLLS tensor calculation methods. G-I) The distribution of the three eigenvectors 

(blue – first eigenvector; red – second eigenvector; green – third eigenvector) on a unit sphere for an SNR of 25, 

as determined by simulation 1 using the LLS tensor calculation method. 
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the eigenvectors due to noise was not homogeneous as illustrated in Figure 2.3 G-I for SNR = 25. 

The first eigenvector 1ε


 had a preferred direction of error towards 2ε


, 2ε


 had a preferred direction 

of error towards 3ε


, and 3ε


 had a preferred direction of error away from 3ε


. 

 

Simulation 2 and MRI experiment 1 – Signal averages versus 

gradient directions 

Figure 2.4 A-E show the simulated diffusion parameters as a function of the number of gradient 

directions. For the LLS algorithm, eigenvalues, MD and FA were equal when comparing a low 

number of gradient directions with a high number of signal averages as compared to a high 

number of gradient directions with a low number of signal averages. For the WLLS method, 

eigenvalues and MD decreased with increasing number of gradient directions, whereas FA 

remained constant. For the measured MRI data, which had an SNR of 23 for the non-weighted 

images, Figure 2.4 F-J show essentially the same dependencies of the eigenvalues, MD and FA with 

the number of gradient directions. However, differences between LLS and WLLS methods were 

smaller for real MRI data than for the simulations and some variations were observed for the 6 

and 8 gradient directions related to the orientation of the diffusion gradient directions with 

respect to the muscle fiber orientation as discussed in the next paragraph. The angular errors in 

the tensor eigenvectors for the simulated datasets varied somewhat for 6 and 8 gradient 

directions, but were essentially constant for 12 and more directions (Figure 2.4 K-M). Simulation 

results with different b-values and SNR values are given in supplemental digital content 2.1. 

 

Figure 2.5 shows the response surfaces for 1λ , 2λ , FA and the 95% quantile of the angular error of 

1ε


 for the 4 simulated diffusion gradient encoding schemes (6 - dual gradient, 6 - icosahedral, 8 

and 12 optimized directions). Ideally these surfaces are homogeneous for the different tensor 

orientations. However, this figure illustrates that, determined by the gradient encoding scheme, 

the eigenvalues, FA and eigenvector angular error depend on the orientation of the muscle fibers. 

This dependence decreases with increasing number of gradient directions. MD and 3λ  are 

essentially immune to this effect. 
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Figure 2.4: Simulated (simulation 2) and measured (MRI measurement 1) diffusion tensor parameters and 

eigenvector errors as a function of the number of gradient directions, with respectively 8, 6, 4, 2 and 1 signal 

averages using LLS and WLLS tensor calculation methods. Next to the graphs the direction of the parameter change 

is represented by red, black and gray arrows for respectively LLS, WLLS and the hypothetical change due to muscle 

injury. A-E) Mean values and standard deviation of the diffusion tensor parameters determined from simulated 

data. F-J) Mean values and standard deviation of the diffusion tensor parameters determined from MRI 

measurements. K-M) The 30% 60% and 95% quintiles of the fitted half normal distributions for the error of the 

eigenvectors. 
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Figure 2.5: Simulation 2, signal averages versus gradient directions. Response surfaces for 4 different gradient 

schemes, 6 directions (dual gradient scheme), 6 directions (icosahedral), 8 and 12 optimized directions. The 

response surfaces depict the variation of diffusion parameters as a function of tensor orientation. A-D) First 

eigenvalue. E-H) Second eigenvector. I-L) Fractional Anisotropy. M-P) 95% quantile of first eigenvector error. 

 

Simulation 3 and MRI experiment 2 – Choosing the right b-value 

Figure 2.6 A-E summarizes the simulations of the estimated diffusion parameters as function of b-

value. For low b-values, and correspondingly low TE, the difference between LLS and WLLS tensor 

estimation methods was negligible. Up to a b-value of about 250 s/mm2, 1λ , 2λ  and FA were 

overestimated and 3λ  was underestimated. For b-values between 400 and 550 s/mm2 mainly 
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Figure 2.6: Simulated (simulation 3) and measured (MRI measurement 2) diffusion tensor parameters and 

eigenvector errors as a function of the b value for TE values of 31, 36, 39, 42, 45, 47, 49 and 50 ms, using LLS and 

WLLS tensor calculation methods. A-E) Mean values and standard deviation of the diffusion tensor parameters 

determined from simulated data. F-J) Mean values and standard deviation of the diffusion tensor parameters 

determined from MRI measurements. K-M) The 30%, 60% and 95% quintiles of the fitted half normal distributions 

for the error of the eigenvectors. 

 

FA remained overestimated and 3λ  underestimated. For b-values above 550 s/mm2 differences 

between the LLS and WLLS method became apparent. For the WLLS method FA remained constant 

for higher b-values but the eigenvalues and MD decreased. For LLS tensor estimation at increasing 
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b-values 2λ  and MD remained constant, whereas 1λ  and the FA increased and 3λ  decreased. 

Simulation results with different SNR values and number of gradient directions are given in 

supplemental digital content 2.1. 

 

The results of the matching MRI experiment (SNR = 32 of un-weighted image) with the same 

acquisition parameters are shown in Figure 2.6 F-J. The parameters calculated with the WLLS 

method closely resembled the simulation but decreased a bit more with increasing b-values than 

in the simulation. However for the MRI data the LLS method performed almost similar to the WLLS 

method. For both the LLS and the WLLS methods the eigenvalues and MD steadily decreased with 

an increasing b-value. The angular errors of the simulated tensor eigenvectors are shown in Figure 

2.6 K-M. There was a minimum in the angular errors for all three eigenvectors around a b-value of 

400 s/mm2. No apparent differences were observed between the LLS and WLLS methods for 

eigenvector estimation. 

 

Simulation 4 – T2 relaxation 

The SNR has a strong effect on the diffusion tensor parameters (Figure 2.2). An increase in T2 will 

lead to an increase in SNR and therefore we may expect a strong effect of T2 on the diffusion 

tensor parameters as well, as summarized in Figure 2.7 A-E. Directions of change for LLS and WLLS 

with increasing T2 are indicated with the red and black arrows. For LLS with prolonged T2, 1λ  and 

FA decreased, 2λ  and MD remained unaffected, and 3λ  increased. For WLLS with increasing T2, 1λ  

and FA decreased, MD remained unaffected, 2λ  increased slightly, and 3λ  increased moderately. 

 

The gray arrows in Figure 2.7 indicate the directions of changes in the diffusion parameters for the 

simulation that was designed to assess the apparent changes in the diffusion parameters due to 

changes in T2 caused by muscle damage. For increasing T2, the eigenvalues and MD increase, 

whereas FA decreases. 
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Figure 2.7: Simulation 4 - T2 relaxation. A-E) Mean values and standard deviation of the diffusion tensor 

parameters as a function of the T2 relaxation time, with constant TE (42 ms) and b-value (400 s/mm2), 

determined from simulation 4 using LLS and WLLS tensor calculation methods. Next to the graphs the direction 

of the parameter change is represented by red, black and gray arrows for respectively LLS, WLLS and the 

hypothetical change due to muscle injury, when the T2 gradually increases. 

 

For the second part of the simulation results are shown in Table 2.1 for both the LLS and WLLS 

methods. First for the LLS method, an increase of T2 resulted in a decrease of 1λ  between 95.1% 

and 100% of the 1000 simulations of which between 35.6% and 75.8% was significant. 2λ  

decreased slightly more (between 53.7% and 69.7%) than it increased (46.3% and 30.3%). 

However, the change was almost never significant (between 0.4% and 4.4%). For 3λ  an increase 

between 86.8% and 100% of the 1000 simulation was found, with a significant change between 

37.3% and 74.4%. MD increased as many times as it decreased (between 45.5% and 54.5%) and 

the change was almost never significant (Between 0.7 and 2.9 %). Finally, for an increase of T2, FA 

decreased between 95.9 % and 100.0 % with a significant change between 34.7 % and 82.4 %. In 

summary 1λ  and FA decrease, 3λ  increases and 2λ  and MD are insensitive for an increase of T2. 

Even a small increase in T2 of 5 ms can result in significant changes of 1λ , 3λ  and FA. However, the 

effect is most apparent with a large increase of T2 and if the standard deviation of T2 is small. For 

the WLLS method the results were very similar. However the percentages of significant change for 

1λ , 3λ  and FA were a bit lower than the LLS method, i.e. between 28.3 % and 71.9 %, 26.1 % and 

73.4 %, and 28.2 % and 76.2 % respectively. For both methods the effect of T2 change was most 

prominent for a large increase of T2 with a small standard deviation. 
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Table 2.1: Simulation 4: the effect of T2. Percentage of increase and decrease of the diffusion tensor parameters 

compared to their true values after 1000 simulations of 6 subjects together with the percentage of significant 

(p<0.05) increase and decrease for the LLS (A) and WLLS (B) methods. 

A – Linear Least Squares 

T2 = 35 ± 2.5 ms  T2 = 40 ± 2.5 ms T2 = 40 ± 5 ms T2 = 45 ± 2.5 ms T2 = 45 ± 5 ms T2 = 45 ± 10 ms 

λ1  

(2.0 ± 0.05 mm2/s) 

↑ 0% (-) 4.9 % (0 %) 0.0 % (-) 0.0 % (-) 4.0 % (2.5 %) 

↓ 100.0 % (41.4%) 95.1 % (35.6 %) 100.0 % (76.8 %) 100.0 % (70.2 %) 96.0 % (55.8 %) 

λ2 

(1.6 ± 0.05 mm2/s) 

↑ 46.3 % (0.4 %) 44.5 % (0.4 %) 37.3 % (0.5 %) 38.9 % (0.3 %) 30.3 % (0.3 %) 

↓ 53.7 % (2.0 %) 55.5 % (2.3 %) 62.7 % (2.4 %) 61.1 % (2.3 %) 69.7 % (4.4 %) 

λ3 

(1.4 ± 0.05 mm2/s) 

↑ 100.0 % (37.3 %) 95.2 % (32.2 %) 100.0 % (74.4 %) 100.0 % (68.2 %) 86.8 % (60.0 %) 

↓ 0.0 % (-) 4.8 % (0 %) 0.0 % (-) 0.0 % (-) 13.2 % (0 %) 

MD 

(1.7 ± 0.01 mm2/s) 

↑ 51.2 % (1.6 %) 48.3 % (2.9 %) 50.5 % (1.6 %) 49.7 % (2.8 %) 45.5 % (0.7 %) 

↓ 48.8 % (2.5 %) 51.7 % (2.3 %) 49.5 % (1.2 %) 50.3 % (2.4 %) 54.5 % (2.8 %) 

FA 

(0.18 ± 0.01) 

↑ 0.0 % (-) 3.8 % (0 %) 0.0 % (-) 0.0 % (-) 4.1 % (0 %) 

↓ 100.0 % (41.0 %) 96.2 % (34.7 %) 100.0 % (82.4 %) 100.0 % (74.8 %) 95.9 % (57 %) 

B – Weighted Linear Least Squares 

T2 = 35 ± 2.5 ms  T2 = 40 ± 2.5 ms T2 = 40 ± 5 ms T2 = 45 ± 2.5 ms T2 = 45 ± 5 ms T2 = 45 ± 10 ms 

λ1  

(2.0 ± 0.05 mm2/s) 

↑ 0% (-) 5.9 % (0 %) 0.0 % (-) 0.0 % (-) 9.1 % (2.5 %) 

↓ 100.0 % (29.1%) 94.1 % (28.3 %) 100.0 % (71.9 %) 100.0 % (67.3 %) 90.1 % (57.2 %) 

λ2 

(1.6 ± 0.05 mm2/s) 

↑ 48.1 % (1.7 %) 45.1 % (1.8 %) 41.5 % (0.5 %) 39.0 % (0.3 %) 31.5 % (1 %) 

↓ 51.9 % (1.2 %) 54.9 % (3.3 %) 58.5 % (2.9 %) 61.0 % (2.1 %) 68.5 % (4.8 %) 

λ3 

(1.4 ± 0.05 mm2/s) 

↑ 100.0 % (29.9 %) 95.2 % (26.1 %) 100.0 % (73.4 %) 100.0 % (67.9 %) 88.7 % (61.1 %) 

↓ 0.0 % (-) 4.8 % (0 %) 0.0 % (-) 0.0 % (-) 11.3 % (0 %) 

MD 

(1.7 ± 0.01 mm2/s) 

↑ 51.7 % (1.5 %) 49.1 % (1.4 %) 50.0 % (0.8 %) 50.8 % (1.4 %) 49.0 % (1.4 %) 

↓ 48.3 % (1.2 %) 50.9 % (3.7 %) 50.0 % (1.6 %) 49.2 % (2.4 %) 51.0 % (2.7 %) 

FA 

(0.18 ± 0.01) 

↑ 0.0 % (-) 4.4 % (0 %) 0.0 % (-) 0.0 % (-) 8.2 % (0 %) 

↓ 100.0 % (31.0 %) 95,6 % (28.2 %) 100.0 % (76.2 %) 100.0 % (70.6 %) 91.8 % (60 %) 

 

Simulation 5 – Effect of SNR on fiber length 

Fiber tractography of the simulated straight fibers at SNR levels of 15, 20, 25 and 45 are shown in 

Figure 2.8 A-D. With decreasing SNR values the fiber tracts deviate more from their actual 
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direction and tend to stop prematurely. The percentage of fibers that was successfully tracked as 

function of distance is shown in Figure 2.9 A. For SNR ≥ 25 the curves overlap and essentially all 

fibers could be tracked over the full distance. Straight fibers that run over the full length of the 80, 

3-mm-thick slices would have a length of 240 mm. Table 2.2 A shows the fiber length of only those 

fibers that were successfully tracked over the full 80 slices as function of SNR. Even for a low SNR = 

15 the average fiber length was only slightly overestimated by 1% for both the LLS and WLLS 

methods. From these fibers only 5 % ended more than 2 voxels from the theoretical endpoint 

(Table 2.2 B). 

 

Simulation 6 – Effect of SNR on fiber pennation angle 

Figure 2.8 E shows fiber tracts leaving the simulated tendon sheet at pennation angles of 5, 10, 15 

and 20 degrees for SNR = 25. As shown in Figure 2.9 B-C the pennation angle could be calculated 

accurately for all SNR levels. However when selecting only tracts that leave the tendon sheet on 

the correct side an over estimation of small pennation angles was made at low SNR values. Due to 

the bias of the error of 1ε


 towards 2ε


 this was especially the case if the pennation angle was in the 

direction of 2ε


 (see Figure 2.9 B). 

Table 2.2: Simulation 5 - Effect of SNR on Fiber length. A) Measured fiber tract length as a function of SNR using 

LLS and WLLS tensor calculation methods. B) Median fiber tract end point error together with the 5% and 95% 

intervals tract length as a function of SNR using LLS and WLLS tensor calculation methods. 

A - Fiber length [mm] 

Method SNR = 15 SNR = 20 SNR = 25 SNR = 30 SNR = 35 SNR = 40 SNR = 45 

LLS 243.2 ± 0.6 242. ± 0.5 241.2 ± 0.4 241. ± 0.2 240.8 ± 0.4 240.4 ± 0.5 240.1 ± 0.3 

WLLS 243.3 ± 0.7 242. ± 0.5 241.2 ± 0.4 241. ± 0.2 240.8 ± 0.4 240.3 ± 0.5 240.1 ± 0.3 

B - Median end point error (5% - 95% interval) [mm] 

Method SNR = 15 SNR = 20 SNR = 25 SNR = 30 SNR = 35 SNR = 40 SNR = 45 

LLS 
5.3  

(1.8 - 12.0) 

4.2  

(1.3 - 8.5) 

3.2  

(1.1 - 6.9) 

3.1  

(0.9 - 6.5) 

2.6  

(0.9 - 5.3) 

2.4  

(1.0 - 4.8) 

2.3  

(0.8 - 4.5) 

WLLS 
4.7  

(1.6 - 8.9) 

4.1  

(1.2 - 8.2) 

3.4  

(1.1 - 7.0) 

3.0  

(0.9 - 6.3) 

2.5  

(0.9 - 5.3) 

2.5  

(1.0 - 50.) 

2.2  

(0.8 - 4.7) 
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Figure 2.9: Simulations 5 to 7. A) Percentage of fiber tract as function of tract distance. B-C) The estimated 

pennation angle as a function of the SNR. D-E) The estimated curvature as a function of the SNR. 

 
Figure 2.8: Simulations 5 to 7. A-D) Fiber tractography over 80 3 mm thick slices at an SNR of 15, 20, 25 and 45 

respectively (simulation 5). E) Fiber tractography of data for different pennation angles (red - 5°, blue - 10°, green - 

15°, yellow - 20°) at an SNR of 25 (simulation 6). F) Fiber tractography of data for different curvature (red – 1 m-1, 

blue – 2 m-1, green – 3 m-1, yellow – 4 m-1) at an SNR of 25 (simulation 7). 
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Simulation 7 – Effect of SNR on fiber curvature 

Fiber tracts that were simulated with a curvature of 1, 2, 3, and 4 m-1 at an SNR of 25 are shown in 

Figure 2.8 F. The graphs in Figure 2.9 D show that fiber tract curvature was grossly overestimated 

if the curvature was calculated over a small distance using step sizes of 1 and 10 tract coordinates. 

Figure 2.9 E shows that the accuracy improved but curvature nevertheless remained 

overestimated if the step size was increased to 20 tract coordinates. For high SNR values and a 

step size of 40 tract coordinates, which was almost the full simulated length of the fiber tract, fiber 

curvature estimation became better but stayed almost two fold overestimated for low curvature. 

 

2.6 Discussion 

In this study we presented a combined simulation and experimental analysis of the effects of 

noise, tissue properties and acquisition parameters on diffusion tensor estimation, fiber 

tractography and derived parameters. Some of the aspects addressed here have previously been 

investigated for DTI of the brain. Although there are parallels between muscle and brain DTI, we 

have shown in this study that there are essential differences. Some characteristics of DTI have also 

been addressed for skeletal muscle, e.g. the effect of noise and b-value (35,36,58). In this paper, 

however, for the first time we provide a comprehensive strategy for optimal DTI of skeletal muscle 

and point out a number of pitfalls that must be considered in the interpretation of changes in DTI 

parameters as a consequence of muscle injury. 

 

The most commonly used methods to calculate the diffusion tensor are the Linear Least Squares 

(LLS), the Weighted Linear Least Squares (WLLS), the Nonlinear Least Squares (NLS) and their 

constrained counterparts cLLS, cWLLS and cNLS (50,51). In this paper we compared results for the 

LLS and WLLS method because these are commonly used in muscle DTI. Furthermore, we found 

that the NLS behaves similar to the LLS and the constrained algorithms did not have added value 

because negative eigenvalues in muscle DTI are rare and in general only occur sporadically at SNR 

levels below 10. 
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2.6.1 The effect of SNR 

Measurements of DTI parameters are susceptible to noise (35). Measuring at low SNR will affect 

the value of the diffusions parameters based on the tensor fitting method (Figure 2.1). One should 

keep this in mind when comparing results between different studies measured at different SNR or 

using different tensor fitting methods. Furthermore, in contrast to DTI of the brain (59) the error 

of the eigenvector directions are not homogeneous. The first eigenvector 1ε


 had a preferred error 

towards 2ε


, 2ε


 had a preferred error towards 3ε


 and 3ε


 had a preferred orientation error away 

from 2ε


. Since in the DTI imaging of skeletal muscle 2ε


 has a preferred direction as shown by 

Gharibans et al. (46) and Karampinos et al. (44,45) the error of 1ε


 also has a preferred direction. 

 

2.6.2 Signal averages versus gradient directions 

There are numerous studies that have investigated the effect of gradient directions on tensor 

parameters in DTI of the brain (16,48,60,61). However, these studies only addressed FA values 

above 0.4, whereas muscle has a much lower FA of around 0.2. The use of more gradient 

directions is usually encouraged but high quality images with only 6 directions can suffice in most 

cases (60). Our simulations demonstrated this also is the case for muscle DTI. However, in our MRI 

measurement we noticed some variation of the diffusion parameters for a low number of gradient 

directions, which  was absent in the simulations. This is probably because of the dependence of 

the parameter estimates on the tensor orientation relative to the gradient directions (Figure 2.5). 

For the simulations the tensor orientation was kept constant but for the MRI measurements 

tensor orientation is dictated by the skeletal muscle architecture. Also the accuracy of 1ε


 for 6 

directions in the simulation is slightly better than for the other gradient schemes. This is because 

1ε


 coincided with one of the 6 gradient directions (see figure 5 N). Although, theoretically more 

gradient directions are generally preferred, in practice it is even more important to have high 

enough SNR per diffusion direction to allow for correct tensor estimation and post-processing like 

registration for eddy current corrections. A search on 32 studies into human skeletal muscle using 

DTI revealed that 19 used 6 gradient directions, 10 used between 10 and 16 directions and 5 used 

30 or more directions. Based on our results we would recommend at least 12 gradient directions 

for robust and rotation invariant estimation of the tensor parameters (47). 
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2.6.3 Optimizing the b-value 

Next to the number of gradient directions also the choice of the b-value is important (35,62-65). 

High b-values generate a higher contrast between the non-weighted 0S  and weighted images 

ibS
 
. However, high b-values also increase the minimal achievable TE (13,48). In DTI of the skeletal 

muscle high b-values are disadvantageous because muscle has a relative short T2. The dependence 

of the diffusion parameters on the b-value has previously been shown using measurements by 

Saupe et al. (64) and using simulations by Damon (35).  

 

Both the diffusion parameters as well as the eigenvector directions are dependent on the b-value 

as was shown by simulations and MRI measurements. However, at high b-values the simulations 

and MRI measurements revealed a discrepancy. The simulation assumes pure Gaussian diffusion. 

However, the mean square displacement of water perpendicular to the muscle fiber ranges from 

around 100 μm2 at a b-value of 200 s/mm2 to 200 μm2 at a b-value of 1000 s/mm2, due to 

prolonged diffusion time. In the human body the diameter of muscle cells is typically between 10 

and 100 μm (39). This means that even for low b-values the signal loss is not only due to pure 

Gaussian diffusion but also due to the obstructing effects of intra- and extra cellular structures 

(10). This becomes more apparent for higher b-values. Based on our results and the study by 

Damon (35) we would recommend a b-value between 400 and 500 s/mm2. In this range both the 

LLS and WLLS method give similar results and with minimal echo times between 42 and 45 ms the 

error of the eigenvectors is minimal. 

 

2.6.4 Effect of T2 relaxation 

Muscle injury is often associated with the formation of edema. An increase in the free water 

fraction will result in an increase of the eigenvalues and MD and a decrease of the FA, which has 

been exploited to study muscle injury (27,33,66). Edema, however, also results in higher T2 values 

and increased SNR because the diffusion-weighted images are intrinsically T2 weighted. This can 

indirectly affect the estimation of diffusion parameters and obscure the intrinsic changes due to 
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the injury as was discussed by Damon (35). Multiple studies have shown an increase in T2 together 

with an increase of MD in muscle injury (28,67), re-perfusion or artery ligation (33,34), 

denervation (32), edema (30,31,68) and exercise (27,66,69). A good correlation between MD and 

T2 was shown by Ababneh et al (66). In most cases (27-29,33,67,68), also a decrease of FA was 

observed, although a number of exceptions have also been reported (30,31,69). 

 

Because the effect of muscle injury and T2 on the change of 1λ  are opposite it is very difficult to 

find significant changes due to injury in 1λ . The effect of muscle injury and T2 change on 3λ  and FA 

are similar, which would make it easier to detect changes in these parameters in case of muscle 

injury. Nevertheless, changes in the parameters may be partly SNR related. Our simulations 

provide evidence that the effect of T2 change is large enough to cause an apparent change in the 

estimated diffusion parameters, even in the absence of actual changes in diffusion. 

 

We suggest that these T2-induced effects are evident in the study of Yanagisawa et al. (27). In this 

study six men performed ankle plantar flexion exercises with eccentric contraction. Diffusion 

parameters were measured before and 1–8 days post exercise. The authors report that on day two 

after exercise 3λ  increased and FA decreased significantly together with an increase in T2. On day 

three T2 was still increased and 2λ  and MD were increased significantly. On both day two and 

three after exercise 1λ  also increased however not significant. Based on the changes in 2λ  and MD 

there was an effect of exercise on the diffusion parameters but the interpretation of 3λ  and FA 

should be done with care because the change was enhanced by the T2 effect. Also the change of 

1λ  could be larger but was probably suppressed by the T2 effect. In summary, if one finds a 

decrease of 1λ  or FA or an increase of 3λ  together with an increase of T2 this may not be entirely 

an effect of changed diffusion in itself but probably also is affected by a combination of T2 and 

diffusion changes and maybe even solely due to a pure T2 effect.  
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2.6.5 Fiber tractography and derived parameters 

Estimation of fiber length is commonly done by selecting all the fibers that run from one tendon to 

the other (23,37). In simulation 5 fibers were selected that spanned the first to the last slice. For 

the fibers that run the entire length, the fiber length is determined by summing the length of each 

distance between fiber tract points. Due to noise, the fibers deviated from their theoretical paths, 

which increase the estimated fiber length. However, the error is very small, only 1% for SNR = 20. 

Because of this deviation the tract did not end up at the correct final location. Comparing the 

actual end point to the theoretical end point the accuracy of the fiber tracking was quantified and 

the error proved to be only 1 voxel on average over 80 slices for an SNR of 25. 

 

A commonly reported parameter derived from fiber tractography is fiber pennation angle 

(20,34,50-52). The pennation angle is most often determined from the angle of the first 5 points of 

the tracts relative to the plane they originate from (37). Usually only tracks are selected that leave 

the plane on one side. This leads to overestimation of pennation angel for low pennation angles 

and low SNR. This effect was found to be more prominent if the pennation angle is in the direction 

of 2ε


. Next to pennation angle also fiber curvature is an important muscle structural property 

(54,70). Fiber curvature was determined by the three-point circle approximation. This can be done 

using 3 consecutive points or the points can be selected using larger steps. Increased step sizes 

increase the accuracy of the curvature estimation. However in general the curvature is largely 

overestimated, up to 70 times overestimation for low curvature and low SNR. Interestingly, 

recently Damon et al. proposed a method to correctly estimate curvature using polynomial fitting 

of DT-MRI fiber tracts (54). 

 

2.6.6 Conclusion 

In this study we described a number of simulations to address the effects of scan parameters, 

signal-to-noise (SNR), and T2 on skeletal muscle DTI indices and fiber tract reconstructions. We 

conclude that accurate DTI of skeletal muscle requires a SNR of at least 25, a b-value between 400 

and 500 s/mm2, and data acquisitions with at least 12 diffusion-gradient directions, which are 

homogeneously distributed on half a sphere. Furthermore, if one finds a change of the diffusion 
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parameters together with a change of T2 this may not be entirely an effect of changed diffusion in 

itself. When comparing studies or interpreting apparent changes in diffusion parameters care 

should be taken, since differences in acquisition protocols and data quality as well as differences in 

muscle status due to, for example, to injury may complicate a straightforward analysis of DTI 

indices. The findings of the present study provide important guidelines for the robust use of DTI 

technology in skeletal muscle research. 

 

2.7 Supplemental digital content 

SDC 2.1 – Supplemental simulations     HMTL 

Results of supplemental simulations of diffusion parameters and eigenvalue errors as a function of 

SNR, number of gradient directions and b-value.  
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3.1 Abstract 

The aim of the present study was to evaluate a fast clinical protocol to enable DTI of the human 

forearm and assess the reproducibility of six DTI parameters, i.e. the tensor eigenvalues (λ1, λ2 and 

λ3), mean diffusivity (MD), fractional anisotropy (FA) and ellipsoid eccentricity (e). The right 

forearms of 10 healthy volunteers were scanned twice with a one-week interval. Reproducibility of 

the DTI parameters was interpreted using Bland-Altman plots, coefficient of repeatability (CR), 

repeatability index (RI) and the intra-class correlation coefficient (ICC). Analysis was done for three 

ROIs: the whole muscle volume (WMV), Flexor Digitorum Profundus (FDP) and Extensor Digitorum 

(ED). The Bland-Altman analysis showed there is good agreement between the two 

measurements. Based on the ICCs agreement was substantial (0.59 < ICC < 0.92) for all 6 

parameters of the WMV and FDP but only fair (0.18 < ICC < 0.64) for the ED. Using a 7 min 40 s 

scan protocol, which was well tolerated by the volunteers, the reproducibility of DTI parameters 

was demonstrated. However repeatability varies depending on the ROI and DTI parameter. This 

should be taken into account when designing a longitudinal study. 
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3.2 Introduction 

In recent years, diffusion tensor imaging (DTI) has matured into a powerful research tool to study 

skeletal muscle. DTI has been applied among others to characterize the muscle architecture (1,2), 

to study muscle injury (3) and regeneration (4) as well as the effects of denervation (5). As a 

research tool, DTI offers great versatility and potential for better understanding the structure, 

function and disease of muscle. The history of skeletal muscle DTI dates back about 15 years. In 

1994, when Basser et al. (6,7) formulated the diffusion tensor framework, it was already shown 

that the tensor correlates to skeletal muscle fiber direction. Van Donkelaar et al. (8) demonstrated 

that the principal eigenvector of the diffusion tensor aligns with local muscle fiber direction in the 

rat tibialis anterior muscle. In vivo skeletal muscle fiber tractography was first implemented as a 

tool in 2002 by Damon et al. (9). They validated the DTI-based muscle fiber tracts of the 

gastrocnemius by direct anatomical inspection. Since then, in vivo muscle fiber tractography has 

been demonstrated feasible in the human calf (10,11) and thigh muscles (12). Tractography has 

been used to visualize muscle architecture and to quantify muscle biomechanical parameters, 

such as muscle fiber lengths, the pennation angle and the physiological cross sectional area 

(1,4,11-13). 

 

Apart from muscle fiber visualization by fiber tractography, a major part of recent research has 

focused on the quantification of diffusion parameters, i.e. λ1, λ2 and λ3 and the derived 

parameters, such as mean diffusivity (MD), the fractional anisotropy (FA) and the ellipsoid 

eccentricity (e). The dependence of such DTI parameters on gender (14,15), age (16,17) and field 

strength (18) as well as their potential for providing noninvasive measures for muscle quality have 

been thoroughly investigated, i.e. after mechanical injury (3), during disease (19,20), as a result of 

denervation (20,21) or after ischemia and reperfusion trauma (22,23), during the time-course of 

muscle de- and regeneration (2), for induced edema (24), after exercise-induced changes (25,26) 

and activation and changes in muscle length (13,14,27-29). These DTI parameters also play an 

important role in fiber tractography, i.e. FA is a commonly use stop criteria for fiber tractography. 

By far most of the DTI studies in skeletal muscle have focused on muscles of the human leg, in 

particular muscles located in the calf (10-18,25,28,30-33). However, also in the human arm clinical 

problems could be tackled by data on muscle quality and geometry. An example is transfer of the 
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tendon of a wrist flexor muscle to an extensor position in the patients with paralyzed or spastic 

wrist extensor muscles (34,35). Furthermore, DTI of the forearm may provide clinical applications 

in studies of disease-related muscle architectural adaptation as well as in characterizing muscle 

tissue status. The forearm displays a complex muscular architecture that challenges the DTI 

acquisition and analysis of the data. The muscles in the human arm are small compared to leg 

muscles and more difficult to position within the isocenter of the scanner. DTI in human skeletal 

muscle is also challenging due to muscle MRI characteristics. Long T1 and short T2 relaxation times 

in combination with high water diffusivity make it difficult to obtain high signal-to-noise (SNR) data 

for estimating the diffusion tensor accurately. The influence of SNR on diffusion tensor 

eigenvalues has been addressed in a several of papers previously and these agree that low SNR 

can be a source of large errors in the DTI parameters (36-38).  

 

The principal aim of the present study was to evaluate a fast protocol that is well tolerated by 

patients to enable DTI of the human forearm for clinical applications. For this purpose we 

investigated the reproducibility of repeated DTI acquisitions applied to the human forearm 

muscles using a 3 T clinical MRI scanner. Ten volunteers were measured on two occasions with a 

one-week interval, using a 7 min 40 s DTI protocol. Reproducibility was assessed by a slice-by-slice 

comparison of the two datasets in terms of DTI parameters (eigenvalues, mean diffusivity, 

fractional anisotropy and ellipsoid eccentricity). The reproducibility was interpreted in terms of 

Bland-Altman plots as well as coefficient of repeatability (CR), intraclass correlation coefficient 

(ICC) and repeatability index (RI). This was done for three regions of interest: the whole muscle 

volume of the forearm (WMV), the extensor digitorum muscle (ED) and the flexor digitorum 

profundus muscle (FDP). The FDP is one of the largest muscles in the forearm and lies in the deep 

compartment on the volar side. The ED is smaller and is part of the superficial muscle group on the 

dorsal side of the arm.  
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3.3 Methods  

3.3.1 Subjects 

The right forearm of a group of 10 volunteers was studied. This group consisted of 5 men and 5 

women. Their mean age was 22.7 ± 1.9 years. None of them had any known pathology or injury of 

the right forearm neither did they start any strength or endurance training during the study. 

Subjects were placed in the scanner in a prone position. Their right arm was held above their head 

and placed in a scaffold to minimize movement. Figure 3.1 A and B show schematically the 

position of the human volunteers in the MRI scanner and the placement of the scaffold relative to 

the right forearm. All subjects were screened for MRI risk factors and provided written consent 

prior to the study. The research was approved by the institutional Ethics Committee Review Board 

of the Academic Medical Center (AMC) Amsterdam. 

 

3.3.2 MRI 

MRI measurements were done using a 3 T Philips Intera scanner (Philips Healthcare, Best, The 

Netherlands). Four flexible surface RF coils for signal reception were placed around the forearm as 

schematically drawn in Figure 3.1 C. All subjects were measured twice within a period of one 

week. Each measurement session consisted of a multi-slice DTI acquisition and a high quality 

multi-slice T1-weighted acquisition for anatomical reference. Slices covered the entire forearm 

from elbow to wrist. For the DTI measurement a SE-EPI sequence without parallel acceleration and 

 
Figure 3.1: Schematic representation of the experimental setup. A) Top view of the subject position in the MRI 

magnet bore. B) Top and volar view of the right arm and the scaffold. C) Top and volar view of the placement of 

the imaging coils. 
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with fat suppression (SPAIR) was used, using the following parameters: FOV = 200 x 200 mm2, 

matrix = 79 x 79, reconstructed matrix = 112 x 112, slice thickness = 6 mm, number of slices = 54, 

TR = 8 s, TE = 48 ms, NSA = 2, half scan = 0.7, b-value = 0 or 400 s/mm2 and total scan time = 7 min 

40 s. Diffusion weighting was introduced using Stejskal and Tanner pulsed field gradients, with 

δ = 8.8 ms, ∆ = 23.8 ms, G = 57 mT/m , number of diffusion directions = 15 ([1, 0, 0]; [0, 1, 0]; 

[0, 0, 1]; [-0.1789, -0.1113, -0.9776]; [-0.0635, 0.3767, -0.9242]; [0.7108,  0.0516,  -0.7015]; 

[0.6191,  -0.4385,  -0.6515]; [-0.2589,  -0.618,  -0.7423]; [-0.8169,  0.1697,  -0.5513]; 

[0.2424,  0.7843,  -0.571]; [-0.8438,  0.5261,  -0.106]; [-0.2626,  0.9548,  -0.1389]; 

[0.0001,  0.9689,  0.2476]; [0.7453,  0.6663,  0.0242]; [0.9726,  0.2317,  0.0209]). The diffusion-

weighted images (Sn, n = 1, 2, …, 15), were registered to their corresponding unweighted image 

(S0, b = 0 s/mm2) using the Philips scanner software to correct for eddy current induced image 

shifts. T1-weighted imaging was performed with a T1-weighted RARE sequence, with the following 

parameters: FOV = 200 x 200 mm2, matrix size = 400 x 400, slice thickness = 6 mm, number of 

slices = 54 slices, TR = 550 ms, TE = 12 ms and total scan time = 13 min 42 s. The T1-weighted 

imaging was not optimized for short scan time. 

 

3.3.3 Region of interest selection 

For each dataset we first created two data masks for all analyzed slices. One mask used upper and 

lower threshold values of the unweighted image S0 and a second mask was based on the first 

eigenvalue, eliminating all voxels with a λ1 > 3.0 x10-3 mm2/s. These masks removed the 

background noise and high intensity pixels related to blood vessels, nerves and non-suppressed 

fat. Subsequently, the masks were combined with a manually drawn region of interest (ROI) 

selecting the whole arm to remove pixels from the volunteer’s head, which was lying close to the 

arm (see Figure 3.1) and therefore sometimes appeared in the images. This resulted in a mask 

selecting only the muscle tissue in the arm. Using the T1-weighted high-resolution anatomical 

images two ROI were drawn (Research Volumetool v1.2.0, UMC, Utrecht, The Netherlands (39) 

selecting the ED and FDP. These were rescaled to match the resolution of the DTI dataset and 

were subsequently used to select the parameters for only these ROIs. There was no need for 

registration of the diffusion-weighted onto the T1-weighted datasets, since both datasets were 
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scanned with identical FOVs, slice thickness and number of slices and deformation due to the EPI 

sequence were small (see Figure 3.2). 

 

3.3.4 Analysis 

The analysis was done using Wolfram Mathematica v7.0.0 (Wolfram Research, Inc., Champaign, IL, 

USA). The proximal head of the radius was used as anatomical landmark to match the two 

successive datasets of one volunteer, enabling accurate comparison of the two datasets. From the 

54 acquired slices, on average 21 ± 2 slices were selected as the WMV. These slices covered the 

larger part of the muscle bellies of ED and FDP. ROIs selecting ED and FDP were drawn in the 

middle 10 slices of this selection (see Figure 3.3). 

 

For each voxel the eigenvalues (λ1, λ2 and λ3), the mean diffusivity (MD), fractional anisotropy (FA) 

and ellipsoid eccentricity (e) were calculated, according to 
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Mean values as well as the standard deviation of these parameters were calculated for all slices as 

well as per slice. This was done for the WMV as well as for the ED and the FDP.  

 

Additionally, the SNR per slice was calculated for the ROIs. SNR was defined as the mean signal 

intensity divided by the noise standard deviation σ, where σ was determined from the mean of the 

background noise taking into account a Rayleigh distribution (40). 
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Figure 3.2: Surface rendering of the T1 images of the right forearm combined with the fiber tracts of the extensor 

digitorum (A) and flexor digitorum profundus (B) and both muscles together (C). The dashed lines indicate the 

boundaries of the volume selected for evaluation of the reproducibility. A and B are dorsal to medial view.  

 

 
Figure 3.3: The same slices from the first (left; A and C) and second (right; B and D) data acquisitions of a male 

subject. A and B are the T1-weigthed images and C and D the unweighted (S0) diffusion images. The selection mask 

for the WMV is shown in red; the ROIs of the ED and FDP are shown in blue. 
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3.3.5 Statistical analysis 

The reproducibility of the two datasets was analyzed using Bland-Altman plots and several 

statistical parameters. The Bland-Altman plots show the agreement between two different 

measurements by plotting the difference versus the mean of the DTI parameters of the two 

matching slices from the two acquisitions. This was done for WMV, ED and FDP. The mean value 

(MV), its standard deviation (SD) and the corresponding coefficient of variation  

 SDCV 100%
MV

=  3.4 

for the mean DTI parameters of the two combined datasets were calculated. From the differences 

between the two acquisitions, defined as the second minus the first acquisition, the mean 

difference (MVdiff), standard deviation (SDdiff), the 95% confidence interval (CI) and the coefficient 

of repeatability  

 diffCR 1.96 SD=  3.5 

were calculated. The reproducibility for each of the DTI parameters was expressed by the 

repeatability index  

 CRRI 100%
MV

=  3.6 

Using the intraclass correlation coefficient (ICC) the similarity of the parameters between the two 

measurements was quantified. The ICCs describe the relationship among variables of a common 

class, which means variables that share both their metric and variance. A two-way mixed model 

with type consistency and average measures was used (41). High ICC values indicate strong 

correlation between the two measurements. Significance of difference between the measured ICC 

and test values of 0, 0.2, 0.4 and 0.6 was determined using a one-sided F-test (SPSS 17.0). This was 

done to evaluate the reliability of the ICCs. High ICC values can have a large confidence interval 

(CI), which makes them less reliable. Since the values in individual slices are not independent, the 

MVdiff, SDdiff, CI, CR, RI and ICC were calculated for the total WMV, ED and FDP only. 
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3.4 Results 

3.4.1 Selection of the regions of interest. 

Great care was taken to select the same volume for each of the repeated experiments. For each 

repeated measurement the same number of slices was selected and the threshold was chosen in 

such a way that the same part of the data was selected. Figure 3.3 shows two representative slices 

from the two datasets of the same volunteer. One should appreciate the similarities of the masks 

segmenting only the muscle volume as well as the accuracy of the ROIs selecting the ED and FDP. 

The agreement between the T1-weighted and the unweighted diffusion (S0) images is very good. 

The volume of a single voxel was 19.1 x 10-3 cm3. The selected whole muscle volume used for 

analysis was 443.0 ± 73.2 cm3 for the data sets of the male volunteers and 268.4 ± 33.6 cm3 for the 

datasets of the female volunteers. For the ED and FDP analyzed volumes were 11.6 ± 4.6 cm3 and 

34.5 ± 11.1 cm3, respectively, for the data sets of the male volunteers and 10.4 ± 2.7 cm3 and 

25.5 ± 5.3 cm3, respectively, for the data sets of the female volunteers. The absolute differences of 

the selected volumes between the two repeated measurements were 4.3 ± 3.0 % for the WMV 

and 16.4 ± 9.7 % and 13.1 ± 8.3 % for the ED and FDP, respectively.  

 

In Figure 3.4 the distribution of the eigenvalues for the WMV in the selected slices is shown for 

one of the datasets. These histograms show that the parameters are in general normally 

distributed. Thus, mean values are a good representation of the data and our statistical analysis is 

justified. For each slice the mean values and the standard deviation of the selected DTI parameters 

(λ1, λ2, λ3, MD, FA and e) and the SNR were calculated. The SNR was calculated for each of the 

non-weighted images individually. Figure 3.5  shows the mean values (solid circles)and 

corresponding standard deviations (shaded areas) of the DTI parameters as a function of SNR. The 

figure was compiled by considering averaged DTI parameters and SNRs per slice for all slices and 

both datasets of all 10 subjects and grouping them based on the SNR. The mean SNR of all 20 

datasets was 25.5 ± 5.0. Both Figure 3.4 and Figure 3.5 show that the mean values remain 

constant throughout the arm and that the SNR has little influence on the mean values for the 

selected slices. There is almost no difference between the values per slice in comparison with the 

values calculated for the entire volume.  
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Figure 3.4: Histograms of the distribution of the tensor eigenvalues of the WMV of a representative male subject. A) 

λ1; B) λ2; C) λ3. 
 

 
Figure 3.5: DTI parameters as a function of SNR. The figure was compiled by considering averaged DTI parameters and 

SNRs per slice of all slices of all subjects and both datasets. The solid circles represent the mean values and the shaded 

area the corresponding standard deviations. The dashed lines indicate group-averaged mean value and standard 

deviation. A) λ1; B) λ2; C) λ3; D) MD; E) FA; F) e. 
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3.4.2 Statistical analysis of reproducibility 

The results of the Bland-Altman analysis of the two repeated measurements are shown in Figure 

3.6. These plots are for each of the 6 selected DTI-parameters for the WMV. Each symbol 

represents a pair of matching slices of corresponding datasets. The solid symbols represent the 

data from the male volunteers and the open symbols from the female volunteers. The mean of the 

paired difference, its 95% CI and CR are also indicated. These values were calculated for the mean 

values of the entire data sets, as opposed to per slice. As mentioned before, this was done 

because within a dataset individual slices are not independent measurements. The Bland-Altman 

analysis shows obvious clusters of symbols separating the data of male and female volunteers. The 

mean values of all 6 of the selected DTI parameters differed significantly (t-test, p < 0.01 for all 

parameters) between male and female datasets for the WMV. 

 

The MV ± SD together with the CV are given in Table 3.1 for the set of selected DTI parameters. 

The mean values of the eigenvalues, MD, FA and e were similar for each of thethree volumes 

(ANOVA, p > 0.1 for all parameters except λ1 and MD between WMV and ED, p = 0.001 and 0.036 

respectively). For each of the parameters of the WMV, FDP and the ED, the CV values varied 

between 2.7% (e  of the WMV) and 12.2% (FA of the ED). The third eigenvalue had the highest CV 

of the three eigenvalues for all three volumes. The CV of the FA of the ED was almost 2 times 

higher than the CV for the WMV and FDP. The CV of e was the lowest for all three volumes.  

Table 3.1: MV ± SD and CV of the 6 selected DTI parameters for WMV, FDP and ED of the two repeated 

measures. 

 WMV FDP ED 

 MV ± SD CV [%] MV ± SD CV [%] MV ± SD CV [%] 

λ1 [10-3 mm2/s] 1.98 ± 0.09 4.59 2.1 ± 0.12 5.51 2.05 ± 0.09 4.61 

λ2 [10-3 mm2/s] 1.40 ± 0.08 5.85 1.44 ± 0.10 6.73 1.43 ± 0.10 6.69 

λ3 [10-3 mm2/s] 1.10 ± 0.09 8.21 1.17 ± 0.10 8.77 1.14 ± 0.12 10.19 

MD [10-3 mm2/s] 1.49 ± 0.09 5.75 1.57 ± 0.10 6.35 1.54 ± 0.09 6.09 

FA [-] 0.30 ± 0.02 6.52 0.30 ± 0.02 7.33 0.30 ± 0.04 12.16 

e [-] 0.66 ± 0.02 2.74 0.66 ± 0.02 2.94 0.66 ± 0.03 4.90 
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Table 3.2 shows the MVdiff ± SDdiff and 95% CI of the paired difference of selected DTI parameters. 

These values are also shown in the Bland-Altman plots given in Figure 3.6 for the WMV. The mean 

difference for all 6 parameters of the three volumes is close to 0 (one sample t-test, p > 0.2 for all 

cases). With the decrease of the selected volume the difference between the measurements 

increases. The CR and RI for the 6 selected DTI parameters are shown in Table 3.3 for the WMV, 

FDP and ED. The principal eigenvalue had the lowest RI compared to the other two  

 
Figure 3.6: Bland-Altman analysis of the two repeated measurements for the WMV. Each symbol represents a pair 

of matching slices of corresponding datasets. Solid and open symbols are data from male (M1 – M5) and female 

(F1 – F5) subjects, respectively. A) λ1; B) λ2; C) λ3; D) MD; E) FA; F) e. 
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Table 3.2: Mean ± SD and 95% CI of the paired difference of the 6 selected DTI parameters for WMV, FDP and ED. 

 WMV FDP ED 

 MVdiff ± SDdiff CI MVdiff ± SDdiff CI MVdiff ± SDdiff CI 

λ1 [10-3 mm2/s] 0.013 ± 0.053 -0.025 / 0.051 0.032 ± 0.099 -0.039 / 0.103 0.042 ± 0.101 -0.030 / 0.114 

λ2 [10-3 mm2/s] 0.001 ± 0.049 -0.034 / 0.036 0.012 ± 0.072 -0.039 / 0.064 0.036 ± 0.137 -0.061 / 0.134 

λ3 [10-3 mm2/s] -0.005 ± 0.075 -0.058 / 0.049 -0.010 ± 0.097 -0.079 / 0.059 0.010 ± 0.143 -0.092 / 0.112 

MD [10-3 mm2/s] 0.003 ± 0.055 -0.037 / 0.043 0.011 ± 0.086 -0.050 / 0.073 0.029 ± 0.114 -0.052 / 0.111 

FA [-] 0.004 ± 0.020 -0.010 / 0.019 0.012 ± 0.021 -0.004 / 0.027 0.000 ± 0.050 -0.036 / 0.036 

e [-] 0.004 ± 0.019 -0.010 / 0.018 0.010 ± 0.019 -0.003 / 0.024 0.003 ± 0.042 -0.027 / 0.033 

 

 Table 3.3: CR, RI and ICC of the 6 selected DTI parameters for the WMV, FDP and ED. 

 WMV FDP ED 

 CR RI [%] ICC [-] CR RI [%] ICC [-] CR RI [%] ICC [-] 

λ1 [10-3 mm2/s] 0.10 5.2 0.92d 0.20 9.3 0.78b 0.20 9.6 0.64 

λ2 [10-3 mm2/s] 0.10 6.8 0.90d 0.14 9.8 0.84c 0.27 18.8 0.18 

λ3 [10-3 mm2/s] 0.15 13.3 0.81c 0.19 16.2 0.73a 0.28 24.6 0.43 

MD [10-3 mm2/s] 0.11 7.3 0.89d 0.17 10.8 0.77a 0.22 14.6 0.48 

FA [-] 0.04 12.9 0.60 0.04 13.7 0.62 0.10 32.8 0.21 

e [-] 0.04 5.7 0.59 0.04 5.6 0.61 0.08 12.4 0.38 

The ICCs were tested using a F-test against true values 0, 0.2, 0.4 and 0.6. Significant outcome 
of the test (p < 0.05) is indicated with: a for test value 0, b for test value 0.2, c for test value 0.4 
and d for test value 0.6. 

 

eigenvalues for each of the three volumes. It also had a lower RI than the MD and FA. The e also 

had a lower RI than the other parameters, especially for the WMV and the FDP. On average the RI 

of the parameters was around 12%, with the highest values for the third eigenvalue and FA and 

the smallest values for λ1 and the e. ICCs were higher than 0.6 for all the selected DTI parameters 

for both the WMV and FDP, indicating substantial similarity between the two measurements. On 

the other hand, the ICCs for the ED were smaller than 0.6 al the way down to 0.2, indicating only 

fair similarity between the two measurements. The reliability decreased when the selected ROI 

became smaller.  
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3.5 Discussion 

DTI is a unique imaging technique to evaluate skeletal muscle architecture and function. The 

technique, however, still faces several challenges. First of all, the T2 relaxation time of skeletal 

muscle is relatively short, typically reported between 35 and 50 ms at 3 T (42,43). A short 

acquisition TE is therefore required, which puts a limit to the achievable strength of diffusion 

weighting. Muscle dimensions (long and thin) are unfavorable with respect to standard available 

RF coils. The complex anatomy of the arm and its position in the magnet bore can lead to 

considerable B0 inhomogeneity. It is difficult to keep the arm motionless for several minutes, 

leading to motion artifacts. Finally, EPI readouts of short T2 tissues in the presence of B0 

inhomogeneities are very challenging (4,11,13,33). Despite these difficulties, the technique is 

slowly being introduced in more clinical settings and used for diagnostic purposes 

(18,19,21,25,28). Nevertheless, to the best of our knowledge reproducibility of skeletal muscle DTI 

using a clinically applicable protocol has not been reported. Knowledge of the variation of the 

tensor parameters in a normal healthy population is essential in planning and designing a study 

setup. Choosing the right samples size to evaluate changes in parameters over time is of great 

importance for the validity of the statistical outcome. In a clinical setup it is not always possible to 

perform long measurements and obtain optimal data. Time is often a limiting factor and a tradeoff 

has to be made between quality of data, measurement time and patient comfort.  

 

One of the goals was to produce a protocol under 10 min. This resulted in a tradeoff in resolution, 

number of signal averages and diffusion weighting directions. The SNR or resolution could be 

increased but only at the cost of increased measurement time and thus patient discomfort. The 

DTI protocol eventually had a scan duration of only 7 min 40 s, which is generally well tolerated by 

patients. Additionally, for this study the DTI technique was applied to the human forearm in 

contrast to most previous skeletal muscle DTI studies, which primarily focused on muscles of the 

lower leg. The implementation of a reproducible measurement protocol was particularly 

challenging due to the limited available measurement time, the complex muscle architecture of 

the forearm and the small volumes of the muscles. Nevertheless, we succeeded in performing 

reproducible DTI measurements of the 10 healthy volunteers.  
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We evaluated the reproducibility of 6 DTI parameters with the use of 20 data sets of 10 

volunteers. No changes were made in the experimental setup or measurement protocol and none 

of the subjects started any strength or endurance training during the study. The current protocol is 

very well suited for clinical DTI. Nevertheless, there might be still opportunities for improvement. 

With the implementation of SENSE the TE could possibly be reduced, increasing the SNR by 

preventing some of the T2 induced decay. The use of specialized coils, adapted to the specific 

dimensions of the human forearm, could improve data quality as well. Acquiring data in stacks and 

placing each stack in the homogenous B0 center of the magnet bore, could further improve image 

quality. Also the correction of B0 inhomogeneities would reduce the deformation of the EPI 

images leading to a decrease of the partial volume effects caused by a small misregistration 

between the DTI images and the ROIs, which were based on the non-deformed T1-weighted 

images. 

 

We have shown that the selected DTI parameters can be reproduced with fair to substantial 

agreement within a one-week interval between two measurements. We found mean values for 

the diffusion tensor parameters within the range as reported in previous studies (10-18,25,28,30-

33), keeping in mind that the range of the values reported in literature is very broad and that 

these apply to other skeletal muscles, predominantly in the lower leg. Nevertheless, in the present 

study the RI indicates that diffusion parameters vary from 5% up to 25% within the population 

over an interval of one week time. Depending both on parameter and ROI, the CV varied from 

2.7% (e of the WMV) to 12.2% (FA  of the ED). Damon (38,44) showed in a simulation that the CV of 

the eigenvalues, MD and FA increases with decreasing SNR, with the CV of the FA higher than that 

of the eigenvalues. In this study we found similar quantitative results. The CV is lowest for λ1 and 

larger for λ2 and   λ3. The CV of the third eigenvalues is almost twice that of the first eigenvalue. 

Also the CV of the MD is comparable to that of the second eigenvalue. The variation due to noise 

predicted by numerical simulation by Damon (44), at a comparable SNR and b-value, are of a 

similar magnitude as the CV presented in this study. One should however take great care in 

selecting only signal from muscle tissue. Even including small parts of signal associated with blood 

vessels or adipose tissue has a major effect on the reliability and reproducibility of the diffusion 

tensor parameters. In this study the implementation of a mask that eliminated the voxels with λ1 

above a value of 3.0 x 10-3  mm2/s proved essential for obtaining reproducible results.  
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Table 3.4: Estimation of minimal study group size estimation needed to detect a 5% and 10% difference in 

known direction in the DTI parameters for WMV, FDP and ED. 

 5% Difference 10% Difference 

 WMV FDP ED WMV FDP ED 

λ1 7 11 7 2 3 2 

λ2 11 17 17 3 4 4 

λ3 23 25 40 6 6 10 

MD 12 14 12 3 3 3 

FA 15 15 61 3 3 3 

e 4 4 15 3 3 7 

 

The RI varied between 5.2% and 24.6% depending on the DT parameters and ROI selection. This 

has implications for the minimal study group size necessary to detect a certain change in a 

selected DTI parameter. For example, 7 subjects would suffice for a 5% change in λ1 for the WMV, 

whereas 23 subjects would minimally be needed for λ3. Table 3.4 gives an overview of the group 

sizes needed for a 5% and 10% change in the selected parameters (sample size estimation based 

on mean of normal distribution, one-sided alternative, zα = 0.95 and zβ = 0.9).  

 

Similar results were reported in two (45,46) studies that have investigated the reproducibility of 

diffusion tensor imaging parameters and fiber tractography in the lower leg. In the study of 

Heemskerk et al. (45) four sets of measurements were obtained from the tibialis anterior muscle 

in nice healthy subjects: 1) a baseline measurement, 2) a measurement immediately following the 

baseline measurement without repositioning, 3) a measurement after complete repositioning, in 

which the subject stepped from the table and coils were removed, and 4) a measurement on 

another day. They found that the repeatability of the diffusion measures was very good and 

repeatability of the architectural measurements was acceptable demonstrating the feasibility for 

longitudinal studies of alterations in muscle architecture. However the ICC values between days 

were considerably lower as reported in this study. Sinha et al. (46) also studied the reproducibility 

of the diffusion parameters and eigenvector orientation but with the foot in neutral and 

plantarflexed positions. For this purpose they scanned two subjects on three different days at 
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1.5T. They reported similar CV values as Heemskerk et al. (45) and come to a similar conclusion 

which states that DTI is sufficient to monitor changes with disease state as well as with muscle 

contraction.  

 

Changes in DTI parameters as a result of skeletal muscle ischemia and denervation in rodents have 

been reported previously. Heemskerk et al. (23) reported up to 20% elevation of FA and 15% drop 

of MD during ischemia. After ischemia combined with muscle stimulation the FA decreased and 

the MD increased. These alterations after ischemia increased for more than 3 hours after the 

injury and were still measurable after 24 hours. Saotome et al. (20) reported a FA rise of almost 

30% 8 weeks after neurotomy of the sciatic nerve in rats. A few recent papers have discussed 

changes in DTI parameters associated with muscle damage in humans. Zaraiskaya et al. (3) 

described almost 50% increase of MD and decrease of FA in subacute intramuscular hematoma 

injury and acute muscle tear injury. Subtle changes in FA were observed as a result of muscle 

exercise by Nakai et al. (25), reporting a 10% rise of FA after exercise training. The present study 

shows that the detection of small changes in DTI parameters is feasible with acceptable study 

group sizes (Table 3.4). 

 

In the Bland-Altman plots, we observed distinct differences between the male and female data. 

Values for CR and RI did not change much when calculated for male and female datasets 

separately. However, the mean values of all 6 of the selected DTI parameters differed between 

male and female datasets for the WMV. Differences between male and female data have 

previously been reported by Galban et al. (15), but these findings could not be reproduced by 

Deux et al. (14).  

 

In conclusion we have assessed and demonstrated the reproducibility of skeletal muscle DTI in a 

clinical setting using a fast patient-friendly protocol for the complex muscle structure of the 

human forearm. Using a 7 min 40 s scan protocol, the reproducibility of 6 DTI parameters in 

several muscle groups was demonstrated. Repeatability varied depending on the muscle group 

and DTI parameter, which should be considered when designing a longitudinal study. 
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Chapter 4 – Equation Chapter 4 Section 1Diffusion-Tensor 

MRI Reveals the Complex Muscle Architecture of the 

Human Forearm 
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4.1 Abstract 

To design a time-efficient patient friendly clinical diffusion tensor MRI protocol and post-

processing tool to study the complex muscle architecture of the human forearm. The 15 min 

examination was done using a 3T system and consisted of: T1-weighted imaging, dual echo 

gradient echo imaging, single shot spin echo EPI diffusion tensor MRI. Post processing comprised 

of signal to noise improvement by a Rician noise suppression algorithm, image registration to 

correct for motion and eddy currents and correction of susceptibility induced deformations using 

magnetic field inhomogeneity maps. Per muscle one to five regions of interest were used for fiber 

tractography seeding. To validate our approach, the reconstructions of individual muscles from 

the in vivo scans were compared to photographs of those dissected from a human cadaver 

forearm. The post-processing step proved essential to allow muscle segmentation based on 

combined T1-weighted and diffusion tensor data. The protocol was able to visualize the muscle 

architecture of the human forearm in great detail and showed excellent agreement with the 

dissected cadaver muscles. The protocol can be applied more generally to study human muscle 

architecture in other parts of the body. 
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4.2 Introduction 

The structural arrangement of skeletal muscle is described by its fiber architecture. The muscle 

architecture, which is defined as the arrangement of muscle fibers relative to the axis of force 

generation, is the main determinant of mechanical muscle function. Parameters that are typically 

used to describe muscle architecture are, muscle volume, pennation angle and fiber length (1). 

Detailed knowledge of muscle architecture, obtained in a noninvasive manner, therefore could 

have profound functional and clinical significance (2). In recent years diffusion-tensor magnetic 

resonance imaging (DTI) has developed into a method that enables noninvasive in vivo 

three-dimensional assessment and visualization of the muscle fiber architecture. DTI exploits the 

property that the apparent diffusivity of water is greatest along the dominant muscle fiber 

direction. In each imaging voxel a diffusion tensor is reconstructed from a series of 

diffusion-weighted MR images along at least 6 independent diffusion-encoding directions. An 

eigenvalue analysis yields the principal axis of diffusion, which parallels the local muscle fiber 

orientation (3). Principal diffusion directions of neighboring voxels are combined for 

three-dimensional muscle fiber tractography (4-6). Fiber architectural parameters such as muscle 

fiber length, physiological cross-sectional area and pennation angle, which are traditionally 

obtained by two-dimensional ultrasound (7-9), can be obtained with DTI with great accuracy in a 

three-dimensional setting (10-12). Potential clinical application of the DTI technique can be found, 

among others, in the planning of tendon transposition surgery (13), monitoring of degenerative 

muscle disease (14,15), evaluation of acute muscle injury (16,17) and determination of subject 

specific muscle parameters for biomechanical models (18).  

 

DTI and muscle-fiber tractography have been applied previously with the aim to investigate 

muscle architecture in vivo (10-12,19-25). These studies mainly focused on the large muscles of 

the calf and the thigh, and commonly involved lengthy imaging protocols. For example, a DTI 

acquisition of 9 minutes was used to acquire 20 to 30 slices with 13 diffusion encoding directions 

(24,25). The aim of this work was to design a time-efficient clinically usable diffusion-tensor MRI 

protocol to reveal the complex muscle architecture of the human forearm. The protocol was 

developed using a 3 T MRI system and healthy volunteers. DTI of the human forearm is particularly 
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challenging, because the forearm contains 19 smaller and larger muscles, most of which possess a 

complicated curved and multi-pennate fiber organization. DTI images were acquired using a single 

shot echo-planar-imaging (EPI) sequence. With EPI an image can be acquired within a fraction of a 

second and thus “freezing” macroscopic motion to a large extent. However, diffusion-tensor EPI 

faces two major obstacles. First, the cross-section of the human forearm is small and anatomy 

requires off-center positioning of the arm in the MRI scanner. This leads to susceptibility-induced 

translation and deformation of images and diffusion tensor, and misregistration with T1- and 

T2-weighted images. Secondly, at 3 T skeletal muscle has a relatively short T2 relaxation time of 

about 30 to 50 ms (26,27) which results in low SNR with commonly used echo times ranging from 

42 to 104 ms (10,11,14,16,17,19,28). 

 

We have succeeded in developing a DTI protocol, which enables visualization of the complex 

muscle architecture of the human forearm in great detail, without sacrificing scan time, patient 

comfort and reliability. The protocol presented in this paper consists of three sequences; 

high-resolution T1-weighted imaging for anatomical reference, dual-echo gradient-echo imaging 

and single-shot spin-echo EPI diffusion-tensor MRI. Total acquisition time was approximately 

15 min. Signal-to-noise is improved by using a Rician-noise suppression algorithm. Motion and 

eddy currents induced geometric distortions were corrected using affine registration. The 

dual-echo gradient-echo images are reconstructed to derive magnetic field inhomogeneity maps, 

which serve to correct the EPI images as well as the diffusion tensor for susceptibility-induced 

deformations. Fiber tractography is applied to the whole forearm using a low number of seeding 

regions-of-interest (ROIs) for each individual muscle. To validate our approach, the fiber 

reconstructions of individual muscles from the in vivo scans were compared to photographs of 

those dissected from a human cadaver forearm. 
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4.3 Material and methods 

4.3.1 Volunteers 

MRI protocol optimization was performed on five healthy untrained male volunteers (23 ± 2 years, 

78 ± 8 kg, 185 ± 7 cm) using a 3 T Philips Intera scanner (Philips Medical Systems, Best, The 

Netherlands). The representative images in this manuscript are of a 26 year old subject. All 

subjects were screened for MRI-risk factors and provided written consent prior to the study. The 

research was approved by the institutional Ethics Committee Review Board. 

 

4.3.2 MRI Protocol 

Subjects were placed in the scanner in a prone position with their right arm above their head as 

schematically shown in Figure 4.1 A. We chose this position, which was well tolerated by 

the volunteers, to place the arm as much as possible in the iso-center of the magnet and minimize  

 
Figure 4.1: Experimental setup and MRI protocol. A) Schematic top view of the subject positioning in the MRI 

scanner. B) Top and volar views of RF coil placement around the forearm. C) T1-weighted TSE imaging for 

anatomical reference. D) Dual echo GE phase mapping for B0-inhomogeneity corrections. E) Diffusion tensor SE 

EPI imaging (b = 0 s/mm2). 
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inclusion of other tissues in the field of view. For signal reception four flexible surface coils (2x 

circular circular diameter = 20 cm and 2x elliptical diameter = 14 x 17 cm) were placed below and 

above the forearm as illustrated in Figure 4.1 B. The MRI examination consisted of three 

acquisitions; T1: T1-weighted turbo-spin-echo (TSE) imaging for anatomical reference (Figure 4.1 

C), GE: dual-echo gradient-echo (GE) imaging with phase reconstruction to derive a B0-field 

inhomogeneity map (Figure 4.1 D), and DTI: diffusion-tensor spin-echo echo-planar-imaging (SE-

EPI) for fiber tractography (Figure 4.1 E). The acquisition times were 4 min 57 s, 1 min 24 s and 

7 min 16 s respectively, resulting in a total protocol time of 13 min 37 s.  

 

In all three acquisitions, 60 slices of 5 mm thickness were acquired with a FOV of 192 mm in the 

frequency-encoding direction and 120 mm in the phase-encoding direction. The smaller FOV in the 

phase-encoding direction allowed for a low number of phase-encoding steps without sacrificing 

resolution. This reduced scan time and minimized the SE-EPI echo train length, which was 

beneficial for minimizing susceptibility-induced distortions. Imaging parameters were; T1: 

sequence: turbo-spin-echo (TSE), voxel size: 0.5 x 0.5 x 5 mm3, TR/TE: 550/12 ms, number of signal 

averages (NSA): 2; GE: sequence: GE, voxel size: 2x2x5 mm3, matrix size 96x60, 

TR/TE1/TE2: 12/4.6/9.6 ms, NSA: 2; DTI: sequence: SE-EPI with Stejskal and Tanner pulsed field 

gradients, voxel size: 2x2x5 mm3, matrix size 96x60 , NSA: 2, 15 diffusion gradient directions (29), 

TR/TE: 8800/41 ms, b = 400 s/mm2,  G: 61 mT/m, ∆/δ: 20/9.4 ms, halfscan: 0.625, EPI-train 

length: 37, fat suppression: Spectral Adiabatic Inversion Recovery (SPAIR). 

 

4.3.3 Post Processing 

Post processing of the data was done using a custom built toolbox for Wolfram Mathematica 8 

(Wolfram Research, Inc., Champaign, IL, USA) and consisted of four steps:  1) Application of a 

Rician noise-suppression algorithm (30) to the diffusion-weighted images; 2) Registration of the 

diffusion-weighted images (Sn, n = 1, 2, …, 15, b = 400 s/mm2) to their corresponding non-

weighted image (S0, b = 0 s/mm2); 3) Phase unwrapping (31) of the GE images to derive a ΔB0-field 

map (32) and calculation of the displacement field (33); 4) Translation correction of the diffusion 

tensor based on this displacement field (34). The steps are explained in more detail below. 
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4.3.4 Rician Noise Suppression 

The echo time of the SE-EPI sequence was 41 ms, which is of the same order as the T2 relaxation 

time of muscle at 3 T. As a result the DTI images of all the data sets had an average SNR of 24 for 

the non-weighted images (Figure 4.2 A) and 13 for the diffusion-weighted images (35,36) before 

application of the noise suppression algorithm. In order to decrease the negative effect of noise on 

the fiber tractography quality, we have applied the noise suppression technique introduced by 

Aja-Fernandez et al. (30). The algorithm uses a Rician linear minimum mean square error (LMMSE) 

estimator, which is convolved with the DTI images using a 5 by 5 pixels Gaussian kernel. The noise 

variance σ2, which is needed as input for the LMMSE estimator, was estimated from the 

background noise level. The effect of the algorithm is shown in Figure 4.2 B. The difference 

between the original and noise suppressed image is depicted in Figure 4.2 C. 

 

4.3.5 Image Registration 

To correct for motion and eddy currents induced geometric distortions the diffusion-weighted 

images were registered to the non-weighted images using an affine transformation. The 3D 

registration was a Normalized Gradient Fields based algorithm and used Gauss-Newton 

minimization (37,38). The registration was accompanied with the appropriate b-matrix 

reorientation (39). 

 

4.3.6 Magnetic Field Calculation and Inhomogeneity Correction 

The dual-echo GE acquisition (Figure 4.1 D) produced two sets of phase images, one with echo 

time TE1 = 4.6 ms (φ1, Figure 4.2 D) and one with TE2 = 9.6 ms (φ2, Figure 4.2 E). Dephasing in each 

voxel during the 5 ms between TE1 and TE2 is related to the magnetic field inhomogeneity ΔB0, 

according to  

 2 1
0

2 1

ΔB
TE TE
ϕ ϕγ −

=
−
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Figure 4.2: Post-processing of raw image data. A) Diffusion tensor SE EPI imaging (b = 0 s/mm2) before noise 

suppression. B) Diffusion tensor SE EPI imaging (b = 0 s/mm2) after noise suppression. C) Difference between A 

and B. D) GE phase image with TE = 4.6 ms. E) GE phase image with TE = 9.6 ms. Note the 2π phase jumps that 

need unwrapping. F) ΔB0-map, calculated from images A and B after phase unwrapping. G) T1-weighted 

image. The dashed red lines contour the muscles, the radius and the ulna. H) Uncorrected SE EPI image from 

the DTI acquisition, overlaid with the contours of G. A clear misregistration with the contours is visible. The 

green lines depict the displacement calculated from the ΔB0-map. Mismatch is largest in regions of high 

displacement (inset). I) After correction the registration between the SE-EPI and the contours of the T1-

weighted image is markedly improved. J) Dxx tensor component of raw data. K) Dxx tensor component after 

post processing. L) Color coded FA map of raw data. M) Color coded FA map after post processing. 
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Before Eq. 4.1 could be applied, the phase images as shown in Figure 4.2 D and E needed phase 

unwrapping, because they suffered from 2π phase jumps. For this purpose we implemented the 

phase-unwrapping algorithm introduced by Herraez et al. (31). Basically, the algorithm classifies 

pixels on their position in the image with respect to phase jumps. The larger homogeneous parts in 

the phase image are taken as starting point of the phase unwrapping procedure, followed by 

regions with more phase jumps. We have extended the algorithm to exclude background pixels, 

which we obtained from a binary mask of the T1-weighted images. 

 

From the resulting magnetic field map ΔB0, the displacements in frequency-encoding direction δpy 

and in phase-encoding directions δpx were calculated using 

 0
y

B Np
BW

γδ ∆
=  4.2 

and 

 0Δ
x y

B NMp p M
BW

γδ δ= = . 4.3 

Here, γ is the proton gyromagnetic ratio, BW the pixel bandwidth, and N and M the number of 

k-lines in frequency- and phase-encoding directions, respectively (33). DTI acquisitions were 

performed with M = 60 phase-encoding k-lines, which means that displacements in 

frequency-encoding direction δpy are a factor 60 smaller than the displacements in the 

phase-encoding direction δpx. Therefore, displacements in frequency-encoding direction were 

restricted to the sub-voxel level and were neglected. Figure 4.2 F shows the ΔB0-map determined 

from the 2 GE phase images shown in Figure 4.2 D and E. After correction for the displacements in 

the phase-encoding direction, images were resampled on a Cartesian grid using linear 

interpolation.  

 

4.3.7 Fiber Tractography and Muscle Segmentation 

Fiber tractography was performed using the DTITool program 

(http://bmia.bmt.tue.nl/software/dtitool) developed in house (40). Fiber tracts continued 

http://bmia.bmt.tue.nl/software/dtitool
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bidirectionally (0.2 voxel integration steps) from a seeding ROI until empirically determined 

stopping criteria were satisfied (fractional anisotropy (FA) < 0.1 or > 0.5, an angle change > 5 

degrees/integration step). The seeding ROIs were drawn based on the T1-weighted images. With 

fiber tractography in the brain one can easily distinguish different structures based on a colored FA 

map, but in the forearm most of the fiber tracts run in the same direction (see Figure 4.2 L and M). 

This makes it impossible to identify different muscles based on the FA images and fiber tracts 

alone and thus the anatomical information of the T1-weighted images proved necessary. For each 

of the 19 forearm muscles between 1 and 5 seeding ROIs were drawn, amounting to on average 

56 ROIs in total per arm.  

 

4.3.8 Diffusion Parameters  

After segmentation, for each muscle mean values of five DTI parameters were calculated, the 

three eigenvalues (λ1, λ2 and λ3), the mean diffusivity (MD), and the fractional anisotropy (FA). 

The appropriate voxels were selected based on the fiber tracts. The mean value and standard 

deviation of the parameters for the five subjects were calculated for 6 different muscles—

Pronator teres (PT), Flexor carpi ulnaris (FCU), Flexor Digitorum Profundus (FDP), Pronator 

quadratus (QUA), Extensor digitorum communis (EDC),  Supinator (SUP)—and the whole muscle 

volume (WMV). 

 

4.3.9 Cadaver Dissection and Photography 

Dissection was performed on a formalin fixed human cadaver right forearm of an elderly person. 

After removal of the skin and subcutis 19 individual muscles of the forearm were carefully 

dissected. Each muscle was isolated by detaching the proximal bony insertion and transecting the 

distal tendon. Twenty photographs of each isolated muscle were taken at different angles around 

the proximal-distal axis of the forearm. The photographs of each muscle were merged creating a 

movie showing the muscle rotating around the proximal-distal axis. These animations were 

compared to the segmented fiber tracts. 
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4.4 Results 

4.4.1 Post Processing 

Figure 4.2 F shows a representative displacement field of a single slice, calculated from the  

ΔB0-map. The color represents the calculated displacement map in pixels according to the scale on 

the left and the overlay of black lines visually illustrates the actual displacement. The displacement 

maps of all slices in this dataset are available as an animation in the Supplemental Digital 

Content 4.1, which provides an overview of the geometrical distortions caused by field 

inhomogeneities throughout the entire forearm.  

 

The improvements introduced by the displacement corrections are exemplified in Figure 4.2 G-I. 

Figure 4.2 G shows a T1-weighted image with three contours (dashed red lines) enclosing the 

muscle compartments of the forearm and the radius and ulna. In Figure 4.2 H the corresponding 

SE-EPI image is overlaid with the same contours. There is a clear misregistration between the 

contours and the SE-EPI image, induced by geometrical distortions. The green lines in Figure 4.2 H 

depict the displacement calculated from the ΔB0-map. The mismatch between the contours and 

the SE-EPI image is largest in regions of high displacement (inset in Figure 4.2 H). After correction 

(Figure 4.2 I) the agreement of the contours of the T1-weighted image and the SE-EPI image is 

markedly improved.  

 

Figure 4.2 J and K show the Dxx tensor component before (Figure 4.2 J) and after (Figure 4.2 K) 

post processing. One can easily see the improvement of the quality of the tensor without losing 

detail. The improvement can also clearly be seen in the color coded FA map shown in Figure 4.2 L 

(before processing) and M (after processing). The post-processing steps also greatly improved the 

fiber tracking of the muscles in the human forearm. Figure 4.3 displays fiber tractography of the 

whole human forearm before (panels A and C) and after (panels B and D) displacement. The fiber 

tracts are shown on top of orthogonal cross-sections and surface renderings of the T1-weighted 

images of the forearm. Regions where T1-weighted data and fiber tracts were severely 

misregistered are indicated with red arrows. 
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Figure 4.3: Fiber tractography of the whole human forearm. Muscle fibers are shown on top of orthogonal 

cross sections and surface renderings of the T1-weighted images. A,C) Tractography before displacement and 

diffusion tensor shear corrections. B,D) Tractography after corrections. Regions where T1-weighted data and 

fiber tracts were severely misregistered are indicated with red arrows. After post processing the 

misregistration virtually disappeared and denser fiber tracking continued towards the proximal end of the 

forearm as indicated by the red asterisk. E,F) Segmented Flexor digitorum profundus of all 5 subjects before (E) 

and after (F) post processing. 
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After post processing the misregistration virtually disappeared and denser fiber tracking continued 

towards the proximal end of the forearm (indicated by the red asterisk). This is made clearer in 

Figure 4.3 E and F where the Flexor digitorum profundus muscle of the five subjects is shown 

before (Figure 4.3 E) and after (Figure 4.3 F) post processing. For every muscle 2 axially placed 

seeding ROIs were used at one and two thirds of the length of the muscle.  

 
Figure 4.4: Fiber tractography of all human forearm muscles next to textbook anatomical illustrations (41). A) 

Superficial volar group. B) Deep volar group. C) Superficial dorsal group. D) Deep dorsal group. The black 

dashed lines indicated the border between two neighboring fiber clusters based on their seeding ROIs. 



 
Chapter 4 

88 

 

4.4.2 Muscles of the Human Forearm  

All 19 muscles of the human forearm could be segmented on the basis of the fiber tracking as 

shown in Figure 4.4, which depicts the muscles of the volar groups (Figure 4.4 A and B) and dorsal 

groups (Figure 4.4 C and D) next to textbook illustrations (41) for one of the subjects. One can 

appreciate the close resemblance between the textbook drawings and the DTI-based muscle 

reconstructions. For fiber tracking only a low number—between 1 and 5—of seeding ROIs were 

needed to segment each individual muscle. The fiber tracts of different muscles stayed well 

separated, even when neighboring muscles locally had very similar fiber trajectories. To illustrate 

the rich detail that can be observed in the reconstructions of individual muscles, two muscles, i.e. 

the Flexor Carpi Ulnaris (FCU, Figure 4.4, A4) and the Supinator (SUP, Figure 4.4, D1), are shown in 

larger magnification in Figure 4.5 and Figure 4.6, respectively, together with photographs of the 

corresponding human cadaver muscles.  

 

4.4.3 Flexor Carpi Ulnaris 

The FCU is part of the superficial volar muscle group. The FCU has two sites of origin. The ulnar 

head originates from an aponeurosis that arises from the proximal two thirds of the dorsal ulna, 

i.e. the medial ulnar surface and olecranon. The humeral head originates from the common flexor 

aponeurosis that arises from the medial humeral epicondyle. The FCU ends in a distal tendon that 

starts half way along the forearm and predominantly lies at the anterior side of the muscle. In 

both the fiber tracking reconstruction as well as the photographs these distinct features of the 

FCU are well recognized. Figure 4.5 A-C show the FCU in the anatomical context of the forearm in 

several orientations. Figure 4.5 D displays three T1-weighted images at the positions indicated by 

the red arrows in Figure 4.5 A. The dashed white lines contour the FCU. Arrows in Figure 4.5 D 

indicate the viewing directions for the FCU in Figure 4.5 A, E, F and G. At the superficial surface of 

the FCU, shown in Figure 4.5 E, fibers curve around the body of the muscle and reveal a small part 

of the superficial surface of the distal tendon, which is denoted by the dashed black contour on 

the right. In Figure 4.5 F and G, the deep surface of the distal tendon is fully visible, as indicated by 

the dashed black contours on the right. The pennate structure of the muscle, where muscle fibers 

that originate from the proximal tendon plate attach to both sides of the distal tendon, is clearly 

visible. A movie of the fiber tractography reconstruction of the FCU together with the cadaver 

dissection photographs is available from Supplemental Digital Content 4.2. 
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Figure 4.5: Fiber tractography of the Flexor Carpi Ulnaris (FCU). A-C) FCU in the anatomical context of the 

forearm. D) Three T1-weighted images at the positions of the red arrows in A. The dashed white line contours 

the FCU. E-G) FCU tractography and cadaver dissections from several viewing points indicated by the white 

arrows in D. The dashed black lines on the right and on the left indicate the positions of the distal tendon and 

proximal aponeurosis, respectively. 
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Figure 4.6: Fiber tractography of the Supinator (SUP). A-C) SUP in the anatomical context of the forearm. D) 

Three T1-weighted images at the positions of the red arrows in A. The dashed white line contours the SUP. E-H) 

SUP tractography and cadaver dissections from several viewing points indicated by the white arrows in D. The 

dashed black lines indicate the origin and insertion. The asterisk indicates a small fraction of superficial fibers 

that seems to follow the Extensor Digitorum Communis, which neighbors the SUP. 
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4.4.4 Supinator  

Figure 4.6 A-C shows the SUP in the anatomical context of the forearm. In Figure 4.6 D three 

T1-weighted slices are shown at the positions indicated by the red arrows in Figure 4.6 A. The 

dashed white line contours the SUP. The SUP consists of two planes of muscle fibers and is curved 

around the upper third of the radius. The muscle originates from tendinous tissue, which attaches 

to the lateral epicondyle of the humerus and the upper one third of the ulna, i.e. the posterior 

ulnar margin and the base of the olecranon. The muscle is curved around the upper third of the 

radius and attaches to it by tendinous tissue between the radial tuberosity and the insertion of the 

Pronator Teres. The white arrows in Figure 4.6 D point in the viewing directions of the fiber 

tracking reconstructions and cadaver dissections of the SUP in Figure 4.6 A and Figure 4.6 E-H. In 

Figure 4.6 E and F the curved, sheet like, muscle fiber organization of the SUP is visible. The origin 

and insertion of the muscle, indicated by the dashed black lines in the images of both the DTI fiber 

reconstruction and the cadaver dissection, are in good correspondence. Due to partial volume 

effects a small fraction of superficial fibers seems to follow the Extensor Digitorum Communis, 

which neighbors the SUP, as indicated with the asterisk in Figure 4.6 G. A movie of the fiber 

tractography reconstruction of the SUP together with the cadaver dissection photographs is 

available from Supplemental Digital Content 4.3.  

 

4.4.5 Diffusion Parameters  

The mean values of the five diffusion tensor parameters before and after post processing are 

shown in Table 4.1. No large differences of the mean values of the parameters were observed 

between the different muscles and values are in agreement with values previously reported (29). 

After post processing, the mean values of the first and second eigenvalue, the MD and FA on 

average drop by 2%, 1%, 1% and 9%, respectively. The third eigenvalue increases 5%. The standard 

deviations values of the first and second eigenvalue, the MD and FA decrease 32%, 34%, 26% and 

15%, respectively. The standard deviation of the third eigenvalue slightly increases with 5%.  
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Table 4.1: Mean value ± standard deviation of five diffusion tensor parameters of the six selected muscles and 

the whole muscle volume before (A) and after (B) post processing 

A - Before post processing 

 PT FCU FDP QUA EDC SUP WMV 

λ1  

[10-3 mm2/s] 
1.94 ± 0.13 1.91 ± 0.16 1.94 ± 0.13 1.92 ± 0.27 1.95 ± 0.07 2.14 ± 0.24 1.96 ± 0.14 

λ2  

[10-3 mm2/s] 
1.43 ± 0.11 1.40 ± 0.13 1.43 ± 0.09 1.39 ± 0.18 1.39 ± 0.09 1.55 ± 0.19 1.43 ± 0.09 

λ3  

[10-3 mm2/s] 

1.11 ± 0.10 1.07 ± 0.05 1.12 ± 0.11 1.02 ± 0.10 1.06 ± 0.07 1.16 ± 0.09 1.08 ± 0.06 

MD  

[10-3 mm2/s] 
1.50 ± 0.11 1.46 ± 0.11 1.50 ± 0.09 1.46 ± 0.20 1.47 ± 0.07 1.62 ± 0.16 1.49 ± 0.10 

FA  

[-] 
0.28 ± 0.03 0.29 ± 0.03 0.28 ± 0.05 0.30 ± 0.02 0.30 ± 0.01 0.30 ± 0.03 0.29 ± 0.02 

B - After post processing 

 PT FCU FDP QUA EDC SUP WMV 

λ1  

[10-3 mm2/s] 
1.88 ± 0.06 1.91 ± 0.11 1.93 ± 0.11 1.89 ± 0.19 1.96 ± 0.07 1.98 ± 0.09 1.92 ± 0.06 

λ2  

[10-3 mm2/s] 
1.38 ± 0.06 1.39 ± 0.09 1.41 ± 0.08 1.42 ± 0.16 1.40 ± 0.05 1.47 ± 0.07 1.39 ± 0.06 

λ3  

[10-3 mm2/s] 

1.10 ± 0.04 1.14 ± 0.09 1.18 ± 0.07 1.13 ± 0.14 1.15 ± 0.09 1.16 ± 0.08 1.12 ± 0.05 

MD  

[10-3 mm2/s] 
1.46 ± 0.06 1.47 ± 0.10 1.50 ± 0.07 1.48 ± 0.17 1.50 ± 0.06 1.54 ± 0.08 1.47 ± 0.06 

FA [-] 0.27 ± 0.02 0.26 ± 0.02 0.25 ± 0.03 0.26 ± 0.01 0.28 ± 0.02 0.27 ± 0.02 0.27 ± 0.01 

 

4.5  Discussion 

In this study we presented detailed DTI muscle fiber reconstructions of the human forearm. All 

muscles could be segmented and fiber tractography showed convincing visual correspondence 

with dissections of a human cadaver forearm. Tacktography of human forearm muscles has been 

shown before (29,42). However, to the best of our knowledge, these are the first detailed DTI 

tractography reconstructions showing all of the human forearm muscles using a single acquisition. 

The time-efficient MRI examination makes this protocol clinically usable. 
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Most of the DTI muscle tractography studies have focused on reconstructions of the larger 

muscles of the lower extremities, such as the calf (10,21,43) and thigh (11). DTI of the human 

forearm is particularly challenging. In order to reveal the 19 smaller and larger muscles of the 

forearm a high spatial resolution is required. Even minor magnetic field inhomogeneity-induced 

distortions may be of similar dimensions as the thickness of the smaller muscles. Part of the 

volume of the human forearm is occupied by inter muscular and subcutaneous fat, bone, blood 

vessels, nerves and tendinous tissue. The close proximity of these tissues to muscle results in 

partial volume effects with negative effects on the quality of the tractography. Moreover, muscle 

has a low T2 at 3T, resulting in low SNR of the diffusion-weighted SE-EPI acquisitions and 

introducing inaccuracies in the diffusion tensor estimation (28,29,44). Resolution and SNR may be 

improved at the expense of a longer scan time. However, the goal of the present study was to 

develop a patient-friendly clinically applicable protocol, which required a short total examination 

time. We therefore decided to cope with above difficulties and, where possible, correct for them 

using appropriate post processing of the image and tensor data.  

 

Spatial deformations of the diffusion tensor as a consequence of field inhomogeneities were 

adequately corrected using a ΔB0-field map, which was obtained from a short gradient-echo 

acquisition. Nevertheless, this method does not fully recover the original signal intensities from 

the squeezed or stretched voxels, which could lead to incorrect tensor estimations (32,45,46). An 

improvement to the present field-inhomogeneity correction protocol might be found in a 

pixel-wise measurement of the point-spread-function, which could be used to recover original 

signal intensities even in heavily deformed regions (47). However, the latter approach increases 

the total examination time as it requires a longer B0-mapping and point-spread-function 

acquisition. 

 

The mean values and standard deviations of the diffusion parameters changed after post 

processing. These changes were in line with the expectations based on simulations done by 

Damon et al. (44). With the current acquisition parameters and SNR one would expect a slight 

overestimation of the first and second eigenvalue and the MD. After noise suppression, 

registration and correction of the data these mean values indeed dropped slightly. Also the third 
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eigenvalue would be largely underestimated which is also clearly indicated by the 5 % increase of 

the parameter after post processing. As a result of the slight overestimation of λ1 and λ2 and 

underestimation of λ3 the FA was considerably overestimated. After post processing this 

parameter decreased almost 10 %. Due to the variance in SNR between the different subjects the 

over and underestimation was different for each subject, thus increasing the inter group 

variability. The standard deviation of the parameters decreased with 15 % to 30 % by correcting 

for all the artifacts, except for λ3 where the standard deviation slightly increased. The reduced 

standard deviation of the parameters will increase the repeatability of the measurement and thus 

allow for smaller group sizes or detection of smaller differences in parameters between groups. 

 

Validation of the forearm muscle fiber tracking reconstructions consisted of comparisons to 

human cadaver dissections. A shortcoming of this approach is that DTI acquisitions were 

performed on a healthy young subject, while cadaver dissections were of an elderly subject. Also 

the validation is subjective and not quantifiable. Nevertheless, the correspondence between 

cadaver muscle specimens and DTI muscle tractography was very convincing. Alternatively, one 

could further compare the muscle tractography quantitatively by performing DTI measurements 

on cadaver specimens, an approach that previously has been used to establish alignment of the 

principal eigenvector with local muscle fiber direction in the ex vivo rat tibialis anterior muscle (3). 

However cadaver tissue does not have the same diffusion properties as living tissue, which 

complicates a straightforward extrapolation of the fiber tractography accuracy towards the in vivo 

measurements. Another possibility for validation could be ultrasound. This technique is widely 

used to quantitatively estimate the muscle architectural characteristics in 2D. However, 

determination of 3D fascicle orientation has only recently been proven possible with limited 

resolution (48). Currently, there exists no other noninvasive technique to compare with the 

muscle tractography, emphasizing the uniqueness of in vivo muscle DTI. 

 

The post-processing tool, developed in this work, was fully automated and required no user input. 

In contrast, segmentation of individual muscles was based on manually drawn ROIs. Even though 

we only needed a low number of ROIs per muscle, this was a time-consuming iterative and 

potentially subjective process. ROI drawing and segmentation was supported by anatomical 
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information from the T1-weighted images, which could be used directly for segmentation 

purposes because of the good registration of DTI and T1-weighted data. Nevertheless, for 

application of these techniques to large study groups, further improvements are needed to 

automate the segmentation process. One could envision combining anatomical information 

derived from T1-weighted images, like positions of bones, tendons and blood vessels, with DTI 

muscle tractography to improve the automatic segmentation algorithms. Another solution could 

be the seed surface technique as proposed by Lansdown et al. (20). However, due to the complex 

muscle anatomy in the human forearm this approach is very difficult to implement and potentially 

more time consuming. For example the common flexor tendon is the origin—in part—of all the 5 

superficial volar muscles and the Flexor digitorum superficialis muscle arises from three different 

locations and ends in four tendons.  The current protocol can be adapted for other regions, which 

makes the method a useful tool in clinical education and research of anatomy and movement 

science. Finally, subject specific muscle architectural parameters, such as fiber lengths, 

physiological cross-sectional area and pennation angles, could be extracted. 

 

In conclusion we have presented a time-efficient patient-friendly acquisition protocol and a 

post-processing tool for DTI tractography and segmentation of human forearm muscles. The 

protocol can be applied to study human muscle architecture in vivo, which may serve as input for 

models of musculoskeletal mechanics, as well as aid in diagnosis and assessment of muscle injury 

and pathology. 
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4.7 Supplemental digital content 

SDC 4.1 - Phase map and deformation grid.avi  video 

A movie (avi file) showing the displacement maps of all slices in the dataset. 

 

SDC 4.2 - Flexor carpi ulnaris – A4.avi    video 

A movie (avi file) of the fiber tractography reconstruction of the flexor carpi ulnaris (FCU) muscle 

together with the cadaver dissection, showing the muscle rotating around the proximal-distal axis. 

 

SDC 4.3 - Supinator – D1.avi     video 

A movie (avi file) of the fiber tractography reconstruction of the supinator (SUP) muscle together 

with the cadaver dissection, showing the muscle rotating around the proximal-distal axis.  
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Chapter 5 – Feasibility of diffusion tensor imaging for the 
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5.1 Abstract 

The purpose of this study was to show that a change of diffusion-tensor MRI (DT MRI) derived 

parameters are able identify sports induced delayed onset muscle soreness (DOMS) that goes 

undetected on traditional T2-weighted MRI. Five male healthy amateur long-distance runners had 

an MRI examination (DT-MRI, T1- MRI and T2-weighted MRI with fat saturation) of both upper legs 

one week before (time point A), and 2 days (time point B) and 3 weeks (time point C) after they 

participated in a marathon. From the DT-MRI data 5 diffusion parameters were calculated, i.e. the 

tensor eigenvalues (λ1, λ2 and λ3), the mean diffusivity (MD) and the fractional anisotropy (FA). 

The research was approved by the local institutional Ethics Committee Review Board and the 

volunteers provided written consent prior to the study. T2-weighted MRI with fat saturation 

revealed grade 1 muscle strains in 9 of the 180 investigated muscles. For the biceps femoris 

muscle, the three eigenvalues, MD and FA were significantly increased (p < 0.05) to two days after 

running. Furthermore, the eigenvalues and MD were still significantly (p < 0.05) elevated 3 weeks 

after the marathon (time point C versus A). For Semitendinosus and Gracilis muscles, λ1, λ2, and 

MD were significantly (p<0.05) increased at time point B. In conclusion, muscle fiber tractography, 

diffusion parameters and anatomical MRI provided insights in changes in aspects of muscle 

physiology after running. We have shown that DOMS as a result of marathon running increased 

the diffusivity of water in specific leg muscles that appeared normal on traditional T2-weighted 

MRI.. 
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5.2 Introduction 

Skeletal muscle injuries, hamstring injuries in particular, are among the most common injuries in 

sports (1-3). Muscle injury can be direct damage, e.g. a contusion, or indirect damage resulting 

from exercise, tensile overstretching or overuse (4,5). Muscle strains are severe injuries caused by 

excessive tensile forces due to overstraining of the myofibers, resulting in rupture of the 

myotendinous junctions and intramuscular or intermuscular hematoma (6). A milder form of 

muscle injury with little clinical impairment is delayed onset muscle soreness (DOMS) (7,8), which 

is a sensation of discomfort or muscle pain following unaccustomed muscular exertion (9). 

Delayed onset muscle soreness increases in the first 24 h and peaks roughly between 24 and 72 h, 

accompanied by mild swelling, stiffness and loss of muscle strength (10,11). Normally, within 5 to 

7 days after the exercise symptoms disappear (10,11). The soreness relates to the disruption of 

the myofilaments, especially at the z-disks, and the muscle connective tissue(5). During a period of 

muscle soreness, several factors including compensatory mechanisms (8), an athlete’s incorrect 

perception of the temporal impairment (12) and reduction in muscle strength (13,14) may 

increase the risk of further injury. This can be of importance during professional sports training or 

physical rehabilitation intervention. 

 

Diagnosis of muscle injury is commonly performed using ultrasound (15,16) or MRI (2,3,17). 

Extensive muscle edema, hemorrhage and severe cases of DOMS can be diagnosed using 

T2-weighted MRI with fat saturation. However, for mild forms of injury, with minor swelling and 

rupture, muscle damage is not reflected in T2-weighted MRI (18,19).  

 

A potentially more sensitive readout of muscle injury is diffusion-tensor MRI (DT-MRI). DT-MRI 

allows for a noninvasive quantification of water diffusion and its directional anisotropy in tissues 

(20-22). The DT-MRI-derived diffusion parameters — λ1, λ2 and λ3, mean diffusivity (MD) and 

fractional anisotropy (FA) — are specifically sensitive to changes in the tissue microstructure. The 

technique has previously been used to evaluate microstructural alterations in skeletal muscle 

tissue in a variety of cases, e.g. after mechanical injury (23), during disease (24,25), as a 

consequence of denervation (25,26), after ischemia and reperfusion trauma (27,28), during the 
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time-course of muscle de- and regeneration (29), induced edema (30), after exercise-induced 

trauma (31-34) and changes in muscle length (35-38).  

 

We hypothesize that water diffusion in the muscle will increase because of cell swelling or 

disruption of diffusion-hindering structures (39). These quantitative DT-MRI readouts may be used 

to diagnose sports-related muscle injuries that go undetected on traditional qualitative T2-

weighted MRI with fat saturation and may be a potential biomarker for the detection of early 

muscle damage. The purpose of this study was to show that a change of diffusion-tensor MRI (DT 

MRI) derived parameters are able identify sports induced delayed onset muscle soreness (DOMS) 

that goes undetected on traditional T2-weighted MRI. 

 

5.3 Materials and Methods 

5.3.1 Study Subjects 

The research was approved by the local institutional Ethics Committee Review Board and the 

volunteers provided written consent prior to the study. Both upper legs of 5 male healthy amateur 

long-distance runners underwent an MRI examination one week before (time point A), and 2 days 

(time point B) and 3 weeks (time point C) after they participated in a marathon. The volunteers on 

average were 51 ± 3 years of age, 1.85 ± 0.05 m in height and weighed 86 ± 11 kg. Subjects were 

screened for MRI contraindications and underwent a Sport Medical Evaluation on each of the 

three time points using a standardized questionnaire. The runners all trained at least four times a 

week and were experienced marathon runners with an average of 20 previous marathons.  

 

5.3.2 MRI protocol 

Measurements were done with a 3T Philips Intera scanner (Philips Healthcare, Best, The 

Netherlands) using a 16-channel receiver coil as depicted in Figure 5.1 A. The study subjects were 

placed feet first in the scanner in a supine position. Four acquisitions were performed: T1-

weighted imaging (T1) for anatomical reference, T2-weighted imaging with fat saturation (T2) to 
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assess muscle damage, dual-echo gradient echo (GE) imaging to derive a B0-field inhomogeneity 

map and diffusion-tensor MRI (DT-MRI).  

 

The data was acquired in three 40-slice stacks with a 5-slice overlap using a moving table approach 

without repositioning of the coil (Figure 5.1 B). The slice thickness for all the acquisitions was 4 

mm covering a total of 440 mm with a FOV of 400x400 mm2. Total scan time was approximately 45 

min. Further imaging parameters were; T1: turbo-spin-echo (TSE) with voxel size: 0.83x0.83 mm2, 

matrix size: 480x480, TR/TE: 760/16 ms, number of signal averages (NSA): 2, and turbo factor: 7; 

T2: turbo-spin-echo (TSE) with voxel size: 0.83x0.83 mm2, matrix size: 480x480, TR/TE: 5500/70 

ms, and NSA: 2, turbo factor: 16; fat saturation: SPIR GE: voxel size: 3.125x3.125 mm2, TR/TE1/TE2: 

12/4.6/9.6 ms, matrix size: 128x128 and NSA: 1; DT-MRI: diffusion-tensor spin-echo 

echo-planar-imaging (SE-EPI) with Stejskal-Tanner pulsed field gradients, voxel size: 3.125x3.125 

mm2, matrix size: 128x128, 15 diffusion gradient directions, TR/TE: 7500/36 ms, NSA: 2, b=400 

s/mm2, G: 88 mT/m, ∆/δ: 17.6/6.9 ms, halfscan: 0.625, EPI-train length: 41, fat suppression: SPAIR, 

and SENSE factor: 1.4. Signal to noise ratios (SNR) for the DTI data were calculated using the 

background noise (40).  

 
Figure 5.1: Experimental setup. A) Schematic top and side views. Dashed red lines indicate position of the RF 

coils. B) Three 40-slice stacks with 5 slices overlap were positioned to cover the full upper legs, as schematically 

indicated by the three colored surfaces. 



 
Chapter 5 

104 

 

5.3.3 Data preprocessing 

The DT-MRI data were processed using a custom built toolbox in Mathematica 8 (41). First the 

data was filtered using a Rician noise suppression algorithm (42) after which the diffusion-

weighted data was registered (43,44) to the non-weighted images using an affine transformation 

and corresponding b-matrix rotation (45). Next the diffusion tensor was calculated and corrected 

for deformations induced by field inhomogeneities. The preprocessing markedly improves the 

quality of the data, by reducing the variation of the tensor parameters and improving the quality 

of the fiber tractography (41). Finally the three individual slice stacks were fused together to 

create one large set of 110 slices.  

 

5.3.4 Image analysis 

An experienced musculoskeletal radiologist (over 15 years of experience) evaluated the T2-

weighted images with fat saturation for signs of muscle damage. An automated tensor based 

masking algorithm was used to create a mask containing only the muscle tissue volume (MTV). Six 

muscles in both upper legs, i.e. semitendinosus muscle (ST), biceps femoris muscle long head (BF), 

gracilis muscle (GR), adductor longus muscle (AL), sartorius muscle (SA), rectus femoris muscle 

(RF), were manually segmented based on the T1- and T2-weighted images. 

 

5.3.5 Diffusion parameters and fiber tractography 

The diffusion tensor D and its eigenvalues (λ1, λ2 and λ3) were calculated for each voxel. Mean 

diffusivity (MD) and fractional anisotropy (FA) were calculated from the eigenvalues using the 

definitions as provided by Le Bihan et al. (46). Fiber tractography of the segmented muscles was 

done using the DTITool software, (version 3.0.6; http://bmia.bmt.tue.nl/software/dtitool). 

Tractography was initiated from seed points, which were evenly distributed in the selected muscle 

volumes with 2 mm spacing. Tracts continued bidirectionally with 0.2 mm integration steps and 

were terminated when the angle change per step was larger than 10 degrees or the fractional 

anisotropy was smaller than 0.1 or larger than 0.5.  

 

http://bmia.bmt.tue.nl/software/dtitool
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5.3.6 Statistical analysis 

Mean values of λ1, λ2, λ3, MD and FA in the MTV and the segmented muscle volumes in both legs 

were calculated by fitting the parameter distribution of each volume with a skew normal 

distribution. Data per muscle from time points A, B and C and the right and left leg were compared 

using a two-way mixed-design ANOVA (IBM SPSS statistics 19, IBM, Armonk, NY). For each variable 

the assumption of sphericity was tested and violations were corrected. If an overall time effect 

was observed (p < 0.05) a Bonferroni post-hoc test was performed to identify which time points 

significantly differed from each other (p < 0.05). 

 

5.4 Results 

The average marathon finishing time of the five volunteers was 4 h 11 min ± 27 min. A sport 

medical examination revealed slightly shortened hamstring muscles in 4 of 5 volunteers before the 

marathon, whereas the other muscles appeared normal. Post marathon, 3 of 5 volunteers 

experienced stiffness of the hamstring muscles resulting in restricted movement. All 5 volunteers 

indicated feeling some form of muscle soreness in the first 3 days after the marathon. The T2-

weighted images are shown in Figure 5.2. Radiological examination revealed 9 cases of grade 1 

muscle strain and edema, which are listed in Table 5.1. 

Table 5.1: Location of the grade 1 muscle lesions as found on the T2-weighted images with fat saturation. 

Runner Time point Leg Muscle and Location 

1 

A right biceps femoris muscle - proximal muscle belly 

B 

left 
biceps femoris muscle - distal muscle belly 

gracilis muscle - distal muscle belly 

right 
biceps femoris muscle - distal muscle tendinous junction 

adductor longus muscle - distal muscle belly 

C right biceps femoris muscle - distal muscle belly 

4 B right biceps femoris muscle - proximal tendon 

5 C 
left rectus femoris muscle - proximal muscle tendinous junction 

right adductor longus muscle - epimisial 
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Figure 5.2: Axial T2-weighted images (TSE with TR/TE: 5500/70 ms) of the five subjects. Slice position was 16 cm 

below the center of the femoral head. Column 1: Time point A (one week before the marathon). Column 2: Time 

point B (two days after). Column 3: Time point C (three weeks after). 

 

For the raw DT-MRI data, which is shown in Figure 5.3 columns 1 and 2, the signal to noise ratios 

were calculated. The average signal to noise ratios (SNR) of the non-weighted images of all 15 

measurements was 26.8 ± 2.4 and that of diffusion-weighted images was 14.3 ± 3.1. The quality of 

the diffusion tensor is considerably improved by the noise suppression and deformation correction 

procedures as is shown in Figure 5.3 column 3 and 4. Image noise was markedly reduced and 

artifacts due to patient motion, eddy currents and field inhomogeneities, which show up as noisy 

shaded areas around the legs in column 3, are strongly reduced in the images in column 4. 
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Figure 5.3: Diffusion-weighted MRI (SE-EPI with TR/TE: 7500/36 ms) and diffusion tensor Dxx component for four 

axial slices through the legs of one representative subject at time point A. Column 1: Non-weighted image 

(b = 0 s/mm2). Column 2: Diffusion-weighted image (b = 400 s/mm2). Column 3: Dxx tensor component calculated 

without preprocessing. Column 3: Dxx tensor component calculated after preprocessing.  

 

T1- and T2-weighted images of time point A of one representative subject are presented in Figure 

5.4, overlaid with colored ROIs of the 6 muscles in both legs. Column 3 of Figure 5.4 shows the 

same ROIs on images of the Dxx tensor component, illustrating that ROIs, which were derived from 

the T1- and T2-weighted images were well registered to the diffusion-tensor data. Column 4 shows 

the colored MTV on top of the non-weighted diffusion images. Whole-volume fiber tractography 

of the upper legs next to a text-book illustration (Figure 5.5 A) is displayed in Figure 5.5 B. Three-

dimensional ROI-based muscle segmentations are presented in Figure 5.5 C. Fiber tractography of 

individual muscles is shown in Figure 5.5 D.  
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Figure 5.4: ROI definition in four axial slices through the legs of one representative subject at time point A. 

Column 1: T1-weighted images (TSE with TR/TE: 760/16 ms) with colored ROIs. Column 2: T2-weighted images 

(TSE with TR/TE: 5500/70 ms) with colored ROIs. Column 3: Dxx tensor component with colored ROIs. Column 4: 

Non-weighted diffusion image (SE-EPI with TR/TE: 7500/36 ms and b = 0 s/mm2) with colored MTV. 

 

Mean values and standard deviations of the diffusion-tensor derived parameters – λ1, λ2, λ3, MD 

and FA – for all the runners for time points A, B and C are given in Table 5.2. Table 5.3 shows the 

percentage change of each of the parameters between the time points. For the entire muscle 

tissue volume, there were no significant differences for any of the diffusion-tensor parameters 

between time points A, B and C. For the biceps femoris muscle, the three eigenvalues, MD and FA 

were significantly increased at time point B. For the semitendinosus and gracilis muscles, λ1, λ2, 

and MD were significantly increased at time point B. For the biceps femoris muscle, eigenvalues 

and MD were still significantly elevated at time point C versus time point A. Since focal changes in 

T2-weighted signal intensities in 9 of the 180 muscles were observed that could  
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Table 5.2: Mean diffusion-tensor parameters of the entire muscle tissue volume (MTV), Biceps Femoris (BF), 

Semitendinosus (ST), Gracilis (GR), Adductor Longus (AL), Sartorius (SA), and Rectus Femoris (RF). 

 TP λ1 [mm2/s] λ2 [mm2/s] λ3 [mm2/s] MD [mm2/s] FA [-] 

MTV A 2.02 ± 0.06 1.63 ± 0.06 1.29 ± 0.05 1.64 ± 0.06 0.22 ± 0.02 

B 2.05 ± 0.06 1.63 ± 0.06 1.31 ± 0.05 1.66 ± 0.05 0.22 ± 0.02 

C 2.03 ± 0.07 1.61 ± 0.06 1.29 ± 0.06 1.64 ± 0.06 0.22 ± 0.02 

BF A 2.05 ± 0.07 1.66 ± 0.05 1.34 ± 0.08 1.68 ± 0.06  0.20 ± 0.03 

B 2.12 ± 0.07 1.75 ± 0.07 1.44 ± 0.06 1.78 ± 0.06 0.19 ± 0.03 

C 2.10 ± 0.08 1.72 ± 0.06 1.40 ± 0.08 1.74 ± 0.05 0.20 ± 0.03 

ST A 2.04 ± 0.06 1.50 ± 0.03 1.28 ± 0.03 1.60 ± 0.03 0.24 ± 0.02 

B 2.12 ± 0.08 1.57 ± 0.04 1.34 ± 0.04 1.68 ± 0.06 0.24 ± 0.02 

C 2.08 ± 0.08 1.54 ± 0.04 1.32 ± 0.06 1.65 ± 0.05 0.24 ± 0.02 

GR A 1.80 ± 0.05 1.29 ± 0.05 1.10 ± 0.05 1.39 ± 0.04 0.25 ± 0.03 

B 1.84 ± 0.05 1.33 ± 0.05 1.13 ± 0.06 1.43 ± 0.04 0.24 ± 0.02 

C 1.78 ± 0.10 1.30 ± 0.09 1.11 ± 0.09 1.39 ± 0.09 0.24 ± 0.02 

AL A 1.92 ± 0.08 1.57 ± 0.05 1.30 ± 0.05 1.59 ± 0.05 0.19 ± 0.02 

B 1.94 ± 0.06 1.57 ± 0.07 1.30 ± 0.07 1.60 ± 0.06 0.19 ± 0.02 

C 1.92 ± 0.08 1.55 ± 0.08 1.30 ± 0.07 1.59 ± 0.07 0.20 ± 0.02 

SA A 2.04 ± 0.13 1.54 ± 0.13 1.21 ± 0.09 1.60 ± 0.13 0.25 ± 0.01 

B 2.03 ± 0.09 1.56 ± 0.09 1.23 ± 0.06 1.61 ± 0.09 0.25 ± 0.01 

C 2.00 ± 0.08 1.51 ± 0.07 1.19 ± 0.08 1.58 ± 0.07 0.26 ± 0.02 

RF A 2.18 ± 0.08 1.81 ± 0.06 1.39 ± 0.05 1.80 ± 0.06 0.22 ± 0.02 

B 2.17 ± 0.10 1.79 ± 0.08 1.38 ± 0.08 1.78 ± 0.08 0.22 ± 0.02 

C 2.15 ± 0.05 1.74 ± 0.06 1.34 ± 0.07 1.75 ± 0.06 0.23 ± 0.03 

 

indicate more severe damage than DOMS, we investigated whether exclusion of these muscles 

affected the statistical analysis of the DT-MRI parameters. Exclusion of these muscles did not 

change the statistical outcome, except for the biceps femoris for which the difference in FA from 

time point A to B changed from significant (p < 0.05) to a trend (p = 0.055). Temporal changes in 

the diffusion-tensor parameters of the muscle tissue volume, biceps femoris muscle and 

semitendinosus muscle of individual runners are presented in more detail in Figure 5.6. 
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Table 5.3: Percent change in diffusion-tensor parameters over time for the entire muscle tissue volume 

(MTV), Biceps Femoris (BF), Semitendinosus (ST), Gracilis (GR), Adductor Longus (AL), Sartorius (SA), 

and Rectus Femoris (RF). 

 TP λ1 λ2 λ3 MD FA 

MTV A  B 1.4 0.1 1.5 1.3 -0.5 

B  C -1.2 -1.4 -1.2 -1.4 2.2 

A  C 0.2 -1.2 0.3 -0.1 1.7 

BF A  B 3.9 a 5.3 a 7.2 a 5.7 a -5.8 b 

B  C -1.3 -1.8 -2.7 -2.3 2.1 

A  C 2.5 d 3.5 d 4.3 c 3.3 d -3.8 

ST A  B 3.7 a 4.5 a 5.0 a 4.6 a 0.2 

B  C -1.7 -1.9 -1.5 -1.6 -0.7 

A  C 2.0 2.6 3.5 2.9 -0.5 

GR A  B 2.2 b 2.7 b 3.1 2.6 b -2.4 

B  C -3.1 -1.9 -2.1 -2.9 -0.3 

A  C -0.9 0.7 0.9 -0.4 -2.7 

AL A  B 0.7 0.0 0.4 0.3 3.0 

B  C -0.8 -1.0 -0.5 -0.6 1.1 

A  C -0.1 -1.0 -0.1 -0.4 4.1 

SA A  B -0.1 1.3 1.2 1.0 -0.6 

B  C -1.6 -2.8 -2.9 -2.4 3.7 

A  C -1.7 -1.5 -1.7 -1.4 3.1 

RF A  B -0.7 -1.0 -0.7 -0.6 0.6 

B  C -0.9 -2.7 -2.7 -2.2 4.9 

A  C -1.6 -3.7 -3.4 -2.8 5.5 

a: Bonferoni post hoc test revealed that value at time A was significantly different from that at time 
point B (p<0.005) 
b: idem a (p<0.05) 
c: Bonferoni post hoc test revealed that value at time A was significantly different from that at time 
point C (p<0.005) 
d: idem c (p<0.05) 
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Figure 5.5: Posterior view of segmented muscles and fiber tractography. A) Textbook illustration of upper leg 

muscles. B) Whole muscle volume fiber tractography. C) ROI based muscle segmentation. D) Tractography of 

individual muscles. 

 

5.5 Discussion 

In this study we have shown that quantitative diffusion-tensor MRI is a sensitive technique (38,47) 

that is able to detect subtle changes in muscle after long-distance running. Diffusivity increased 

both parallel as well as perpendicular to the muscle fibers. Higher values indicate that water 

diffusion is less restricted, which may be related to interstitial edema, cell swelling or the 

disruption of diffusivity barriers, such as cell membranes, z-disks and myofibers, as a consequence 
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Figure 5.6: Diffusion-tensor parameters for individual subjects at time points A, B and C. Significant differences 

are denoted by * (p < 0.05) and ** (p < 0.005). Measurements of the two legs of the five subjects are plotted as 

colored lines. The thick black line is the mean value and the standard deviation of these individual measurements 

is indicated by the vertical black lines.  

 

of muscle injury. Tensor eigenvalues for the BF and ST muscles were increased from one week 

before to two days after running a marathon. For the BF, eigenvalues and MD were still 

significantly elevated 3 weeks after the marathon. These findings are consistent with a high risk for 

injury in BF and ST muscles during long-distance running (48,49). 
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Previous research has established DT-MRI as a reproducible technique (38,47,50) to evaluate 

changes in muscle status (23,31-34). Zaraiskaya et al. (23) reported an increase in eigenvalues and 

a decrease in FA in 4 patients with muscle tears. Establishing muscle tears however can be done 

with regular qualitative T2-weighted MRI with fat saturation and therefore the added clinical value 

of DT-MRI was rather limited. The effect of exercise on diffusion-tensor parameters has been 

investigated as well. Walking exercise with training equipment that exerts appropriate stress on 

muscles has been demonstrated to increase FA values (31). Also, the MD in the ankle dorsiflexor 

muscles was increased after exercise (34). However above studies focused on acute changes 

immediately after exercise that stressed isolated muscles under controlled conditions, rather than 

on genuine sports-related DOMS. In most studies non-physiological interventions are used, 

designed to induce muscle injury in isolated muscle groups. In this study, the performed exercise 

intentionally was designed not to induce muscle injury on specific muscle groups. Furthermore, we 

are, to the best of our knowledge, the first that performed DT-MRI covering both upper legs from 

hip to knee. As an added benefit, DT-MRI delivered three-dimensional reconstructions of all 

muscles in both upper legs in a single examination. 

 

Recently, Yanagisawa et al. (33) have evaluated muscle diffusion-tensor parameter changes over 

multiple days after ankle plantar flexion exercise under controlled conditions, inducing an 

eccentric contraction that is commonly used to investigate DOMS (8). The authors found that that 

the FA decreased 2 to 5 days after the exercise. Also, λ2, λ3 and MD were increased 3 days after 

the exercise. Also muscle damage was very apparent on T2-weighted MRI with fat saturation, 

which was not the case in our study, indicating that more severe damage was induced. 

Furthermore, DTI was performed up to 8 days after exercise, whereas in this study we evaluated 

changes in DTI parameters up to 3 weeks after exercise. 

 

Although, DT-MRI and T2-weighted MRI with fat saturation can both describe processes associated 

to muscle injury and healing, the techniques discriminate between different processes. Heemskerk 

et al. (29) have shown that an increase in T2 elevation corresponds to inflamed areas whereas MD 

increase was associated with swollen cells. It is to be mentioned here that if the affected muscle 

has an increased intensity on T2-weighted images, DT-MRI results should be interpreted with care. 
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An increase in SNR by increased T2-weighted signal intensity would lead to an apparent decrease 

of λ1 and FA, and increase of λ3 (51), without actual changes in the underlying diffusion 

parameters. Whether these DT-MRI parameters have any prognostic value for recovery from, or 

risk of further injury needs to be further investigated.  

 

Our study has limitations. DT-MRI data quality was sufficient to reveal subtle changes in muscle 

diffusion-tensor parameters over time. Parameter accuracy and reproducibility might be further 

improved by increasing total scan time, allowing for more averaging or increased number of 

diffusion-gradient directions and increased signal-to-noise (47,51). There is room in the protocol 

for improvement, because currently only 15 min of the 45 min protocol was used for DT-MRI 

acquisition. A limitation to this study is the manual segmentation step that was required to define 

ROIs of individual muscles. Automatic segmentation algorithms are highly needed (52).  

 

In the present study we revealed changes in diffusion-tensor parameters over time in DOMS, 

which was not recognized with the evaluation of qualitative T2-weighted MRI with fat saturation. 

The diffusivity only increased in the muscles that are known to have a high risk of injury after long 

distance running. Thus, DT-MRI parameters are a possible imaging biomarker and may have 

diagnostic value in the evaluation of sports related injury. For DT-MRI to become a routine clinical 

tool in the evaluation of sports related injury, it should be able to report on changes in individual 

subjects. The feasibility for doing so could be tested by tracking a single subject over time, for 

example during sports training or physical rehabilitation intervention. Also, a database of normal 

diffusion-tensor parameter value ranges for individual muscles of subjects of different age, gender 

and physical activity levels, would be desired. Other clinical applications of the technique could be 

to monitor degenerative muscle disease (53,54), to evaluate effects of physical rehabilitation 

interventions (55) and to evaluate acute muscle injury (23).  

 

In conclusion, muscle fiber tractography, diffusion parameters and anatomical MRI provided 

insights in changes in aspects of muscle physiology after running. We have shown that DOMS as a 

result of marathon running increased the diffusivity of water in specific leg muscles that appeared 

normal on traditional T2w MRI.  
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6.1 Abstract 

The aim of this study was to prospectively determine the feasibility of diffusion tensor imaging 

(DTI) with fibre tractography as a tool for the three-dimensional (3D) visualisation of normal pelvic 

floor anatomy. Five young female nulliparous subjects (mean age 28 ± 3 years) underwent DTI at 

3 T. Two-dimensional diffusion-weighted axial spin-echo echo-planar (SP-EPI) pulse sequence of 

the pelvic floor was performed, with additional T2-TSE multiplanar sequences for anatomical 

reference. Fibre tractography for visualisation of predefined pelvic floor and pelvic wall muscles 

was performed offline by two observers, applying a consensus method. Three eigenvalues (λ1, λ2, 

λ3), fractional anisotropy (FA) and mean diffusivity (MD) were calculated from the fibre 

trajectories. In all subjects fibre tractography resulted in a satisfactory anatomical representation 

of the pubovisceral muscle, perineal body, anal - and urethral sphincter complex and internal 

obturator muscle. Mean FA values ranged from 0.23 ± 0.02 to 0.30 ± 0.04, MD values from 

1.30 ± 0.08 to 1.73 ± 0.12 10¯³ mm²/s. Muscular structures in the superficial layer of the pelvic 

floor could not be satisfactorily identified. In conclusion, this study demonstrates the feasibility of 

visualising the complex three-dimensional pelvic floor architecture using 3 T DTI with fibre 

tractography. DTI of the deep female pelvic floor may provide new insights into pelvic floor 

disorders.  
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6.2 Introduction 

The female pelvic floor has a multilayered complex anatomy and includes several closely aligned 

muscles (1). For imaging work-up of pelvic floor dysfunction, either evacuation proctography (2), 

transperineal ultrasound (3) or magnetic resonance imaging (MRI) can be used (4-6). MRI has the 

advantage that no ionising radiation is employed and offers a high contrast resolution multiplanar 

examination with a detailed demonstration of the pelvic floor anatomy. To date, MRI has been 

demonstrated to be valuable in the characterisation of pelvic floor muscle defects (7,8). However, 

the complexity of the pelvic floor anatomy does not make either the interpretation of these 

examinations or the communication of the results straightforward. This generally concerns the 

presence of muscular defects and altered signal intensity (e.g. scar tissue).  

 

In vivo diffusion tensor imaging (DTI) has emerged as a unique non-invasive tool to describe the 

directionality of the internal microstructure within anisotropic tissues (9). For anisotropic tissues, 

it is known that the diffusion of water is higher in the length of an internal microstructure and 

conversely, diffusion will be more restricted perpendicular to this direction. The directional 

dependence of water diffusion in tissue can be described by a three-dimensional (3D) diffusion 

tensor for each voxel. By combining the diffusion tensor data from multiple voxels, fibre tracts can 

be reconstructed that correlate with the principal diffusion direction of water molecules in a tissue 

microstructure (10). This can provide important information about the tissue’s architectural 

organisation that cannot be extrapolated from conventional MRI techniques. 

 

Thus far, MR- or fibre tractography has been studied extensively in order to visualise and 

characterise the normal and diseased cerebral and spinal white matter tracts (11), and to a lesser 

extent the fibre orientation of striated skeletal muscle (12,13). The latter is mostly limited to 

sizable muscles (muscle groups) of the upper and lower extremity, thereby avoiding motion-

related artefacts and complex multidirectional anatomy. Demonstration of the normal pelvic floor 

muscular anatomy is more challenging and if this were feasible with DTI it might prove valuable in 

evaluating pelvic floor defects. 
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The aim of this work was to investigate the feasibility of visualising the normal pelvic floor 

musculature in healthy female nullipara subjects using DTI at 3 T. In addition, a quantitative 

description of the different muscles was performed by calculating the mean eigenvalues (λ1, λ2, 

λ3) and derived parameters (fractional anisotropy (FA) and mean diffusivity (MD)) for isolated 

muscles.  

 

6.3 Material and methods 

6.3.1 Study population 

In this prospective pilot study, five healthy nullipara women volunteered to participate in this 

study (mean age 28 SD ± 3 yrs). Exclusion criteria for participating were history of pregnancy, any 

(symptom of) pelvic floor disease and/or previous pelvic surgery. Other exclusion criteria were 

(relative) contraindications to undergoing MRI; pacemakers, claustrophobia and pregnancy. 

 

In order to exclude pelvic floor dysfunction, subjects were subjected to composed standardised 

questionnaires, including Urogenital Distress Inventory (UDI), Defecation Distress Inventory (DDI) 

and Incontinence Impact Questionnaire (IIQ) (14,15). This study was approved by the institutional 

review board. All subjects gave written informed consent.  

 

6.3.2 MRI data acquisition  

Magnetic resonance imaging was performed using 3 T MRI (Intera, Philips Medical Systems, Best, 

the Netherlands). To allow coverage of the entire pelvic area a 6-channel surface coil was used, 

with subjects positioned in the supine position with the legs parallel, lightly flexed. Subjects were 

asked to empty the bladder before the examination. No contrast agent was administered in the 

bladder, urethra, vagina or rectum.  
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The MRI protocol comprised three sequences:  static T1-weighted imaging (Turbo Spin Echo (TSE), 

field of view (FOV): 200 x 200 mm2, matrix: 400 x 400, slice thickness: 5 mm, no. of  slices: 20 , 

TR/TE: 600/10 ms) ,T2-weighted imaging (FOV: 200x200 mm2, matrix: 400x400, slice thickness: 5 

mm, slices: 20, TR/TE: 1560/70 ms) and diffusion tensor imaging (DTI) (spin echo - echo 

planarimaging  (SE-EPI), FOV: 200 x 200 mm2, matrix: 80 x 80 with 112 x 112 reconstructed matrix, 

slice thickness: 5 mm,  slices: 20, 32 diffusion-weighed directions, TR/TE: 3250/48 ms, NSA: 2, b= 

400 s/mm2, Spectral Adiabatic Inversion Recovery (SPAIR) for fat suppression, imaging time: 

3min52s). The diffusion-weighted images were registered to their unweighted b=0 s/mm2 images 

using Philips software. Non-angulated T1-weighted TSE and DTI were performed in the axial plane. 

Non-angulated T2-weighted sequences of the pelvis were obtained in axial, sagittal and coronal 

orientations for anatomical reference.  

 

Image quality of the obtained T1- and T2-weighted sequences of all subjects, was analysed by 2 

physicists (AN, MF) who scored image quality regarding the presence of artefacts. DTI datasets 

were assessed regarding the presence of distortions due to field heterogeneity. 

 

6.3.3 Data analyses 

Fibre tractography was performed offline using a dedicated software program (DTITool, 

Biomedical Image Analysis group, Department of Biomedical Engineering, Eindhoven University of 

Technology, Eindhoven, the Netherlands (16)). All data sets were independently analysed and 

measurements were performed by two observers (FZ, MP). After the initial independent analyses, 

the fibre tracking results were discussed by the two observers and modified if necessary, applying 

a consensus reading method. Both observer 1 (FZ, a third-year resident in radiology with an 

additional 3-year experience as a teaching assistant at the department of Anatomy and 

Embryology, Academic Medical Center, Amsterdam) and observer 2 (MP, a second-year PhD 

student), were taught in the anatomy of the pelvic floor before  analysis by an abdominal 

radiologist (JS) with extensive experience in MRI of the pelvic floor (> 1500 examinations), 

including specific research into the MR anatomy of the pelvic floor. To determine whether fibre 

orientation and muscle shape were an adequate representation of the expected anatomical 
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appearance, the findings were rated as satisfactory or non-satisfactory. These final findings were 

used for quantitative analysis.  

 

The muscular structures of interest were:  pubovisceral muscle; superficial transverse perinea, 

bulbospongiosus and ischiocavernosus muscle and the fibromuscular perineal body (1). Also, 

special interest was focused on the muscular components of both the anal canal and urethral 

support, i.e. anal sphincter and the urethral sphincter complex.  In addition, measurements were 

performed to track the major striated muscular component of the pelvic wall, i.e. the internal 

obturator muscle. 

 

6.3.4 ROI selection 

To allow the 3D visualisation of the predefined muscles, a seed region of interest (ROI) in outline 

was manually drawn in the axial, coronal and/or sagittal planes on the resulting coloured FA map 

at the site where the course of the muscle could be expected.  On the FA map, the per-voxel 

absolute vector values were colour-coded: red (medio-lateral direction), blue (cranio-caudal 

direction) and green (antero-posterior direction) (Figure 6.1). The corresponding T2-weighted 

anatomical series was used for anatomical reference. Based on the initial fibre tracking results the 

seeding contour was manually adjusted. If the total extent of the muscle was insufficiently 

identified with a single seeding ROI, additional ROIs were appended. Overall, fibre tracking was 

automatically terminated if one of three conditions was met: 1) fibre length > 100  mm;  2) FA 

threshold < 0.1;  3) fibre angle > 10° / step. In the case of small and/or circular (fibro) muscular 

structures (i.e. perineal body, anal sphincter and urethral sphincter), fibre tracking stop criteria 

were adjusted to fibre angle > 15° / step and fibre length > 40 mm, respectively.  

 

6.3.5 DTI parameters 

For each muscle five DTI parameters were automatically calculated, the three eigenvalues (λ1, λ2 

and λ3), the mean diffusivity (MD), and the fractional anisotropy (FA), according to equations 6.1 

and 6.2, respectively (D = diffusion tensor):  
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Figure 6.1: Axial T1-weighted image (A), T2-weighted  image (B), b = 0 image (C) and corresponding FA map (D) 

of the pelvic floor of a 24-year old healthy nulliparous female subject. FA and direction map with per-voxel 

colour-coded vector values: red (right-left direction), green (antero-posterior direction); blue (cranio-caudal 

direction). With the application of whole volume seeding, present three dimensional (3D) fibre trajectories 

provide a comprehensive overview of  the complex pelvic floor anatomy (caudal view) (E).  
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For each muscle or muscle group the DTI parameters were calculated at multiple points per fibre 

along the fibre tracts. The parameters were considered as normal distributed data. From these 

data points the mean value for each of the parameters was calculated. Per-muscle data for five 

subjects were combined and were expressed as mean value ± standard deviation (SD). 

 

6.4 Results 

Based on the composed standardised questionnaires, none of the participating female subjects 

experienced any prolapse, micturition and/or defecation symptoms. Image quality of the obtained 

T1-weighted, T2-weighted and DTI datasets proved robust, and no influencing artefacts and/or 

distortions were detected.  
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Figure 6.2: Fibre tractography demonstrates the complex, multidirectional organisation of the different  

pubovisceral (PV)  muscle components in a 28-year old female subject in both oblique-anterior (A) and anterior-

posterior view (B). At the bottom of the pelvic floor transverse orientation of the fibre tracts are displayed 

matching the perineal body (PB). 

 

 
Figure 6.3: Fibre trajectories representing the anal sphincter complex in all five female subjects; 28 years, 32 

years, 24 years, 27 years and 31 years of age, respectively (A-E). Not all extrapolated fibre trajectories, matching 

the appearance of the anal sphincter complex, were perfectly circularly orientated. This might be attributed to 

both the predefined fibre angle cut-off point and the potential inaccurate fibre tractography based on signal 

originating from various muscles and ligamentous structures converging and interweaving in this area (e.g. 

perineal body (PB) and coccygeal ligament (CL)) (E). 

 

Fibre-tracking resulted in a satisfactory representation of the global muscle morphology and fibre 

orientation for the following predefined pelvic muscular structures: pubovisceral muscle (Figure 

6.2), perineal body, anal sphincter complex (Figure 6.3), urethral sphincter complex (Figure 6.4) 

and internal obturator muscle (Figure 6.5) in all five female volunteers.  
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Although for each identified muscle the corresponding origin and insertion could not be clearly 

identified, all fibres were positioned within the expected muscle boundaries as perceptible on 

corresponding anatomical T2-weighted series. At the level of both the anal canal and urethral 

sphincter complex, we were able to detect circularly orientated fibre trajectories (Figure 6.1, 

Figure 6.2 and Figure 6.4). No supplementary categorisation in muscular components (i.e. smooth 

muscle vs. striated muscle) could be stratified from the obtained fibre trajectories. The 

bulbospongiosus muscle, ischiocavernosus muscle and superficial transverse perineal muscle could 

not or could only partially be tracked in the available datasets and were therefore rated as 

unsatisfactory representations in all 5 volunteers. Accordingly, no parameters were calculated for 

these muscular structures. 

 

Per-group mean values of fractional anisotropy (FA) for the different muscles were comparable 

and ranged from 0.23 ± 0.02 to 0.30 ± 0.04. Lowest FA values were found for the urethral 

sphincter and highest for the anal sphincter complex. Lowest in-group variability was found for the 

obturator muscle (SD = ± 0.01). Highest per-group variability in mean diffusivity (MD) and the 

three eigenvalues (λ1, λ2 and λ3) was found for the pubovisceral muscle (Table 6.1).  

Table 6.1: Mean DTI values ± SD were calculated from five female subjects for each muscle 

 FA MD  * λ1 * λ2 * λ3 * # points † # fibers ‡ 

Anal Sphincter 0.30 ± 0.04 1.30 ± 0.08 1.70 ± 0.08 1.24 ± 0.08 0.95 ± 0.11 22566 457 

Urethral Sphincter 0.23 ± 0.02 1.73 ± 0.12 2.15 ± 0.17 1.69 ± 0.11 1.36 ± 0.10 9241 174 

Pubovisceral 

Muscle 
0.28 ± 0.04 1.49 ± 0.47 1.89 ± 0.51 1.45 ± 0.47 1.12 ± 0.43 60550 1035 

Perineal body 0.27 ± 0.04 1.32 ± 0.19 1.67 ± 0.17 1.28 ± 0.21 0.99 ± 0.20 3896 97 

Internal Obturator 
Muscle 

0.27 ± 0.01 1.51 ± 0.11 1.93 ± 0.13 1.43 ± 0.09 1.16 ± 0.10 89330 888 

FA = Fractional Anisotropy; MD = Mean Diffusity  

* MD, λ1, λ2, λ3 are in units of 10¯³ mm²/s 

† Refers to the mean number of points of which DTI parameters are calculated. 

‡ Refers to the mean number of fibers per isolated muscle. 
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Figure 6.4: Transverse colour coded FA-map image of the inferior pelvic floor of a 31-year old nulliparous female 

subject (A). Several anatomical structures are depicted on this level based on the colour code: external 

obturator muscle (OE) and puborectal sling (PS). Similar to the anal sphincter complex, the vector orientation on 

the level of the urethral sphincter was medio-laterally (red ) orientated at the anterior and posterior borders, 

and antero-posteriorly (green ) orientated at the lateral border in all subjects, as an indication of the circular 

organisation of the structure (dotted circle) (A). Fibre trajectories reflecting the urethral sphincter complex with 

a cranial (B) and anterolateral view (C). 

 

 
Figure 6.5: Fibre trajectories as a representation of the internal obturator muscle (IO) from a postero-medial 

(A), posterior (B) and postero-lateral view (C) in a 27-year old female subject.  The flat muscle shape is 

satisfactory represented; the muscle is medio-inferiorly bounded by the ischio-anal fossa (IAF). Fibre tracks 

converge posteriorly and bend laterally into the greater sciatic foramen (*). 

 

6.5 Discussion  

In this feasibility study we obtained three-dimensional (3D) fibre trajectories of the female pelvic 

floor and wall muscles, which match the global appearance of the pubovisceral muscle, perineal 

body, anal sphincter complex, urethral sphincter complex and internal obturator muscle based on 

fibre orientation, shape, size and location. Furthermore, the extrapolated objective 

microstructural parameters fitted within the range of values previously reported studying striated 

muscle diffusion tensor imaging (DTI) (10,12,13). 
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To date, studies assessing striated muscles by means of DTI are narrowed to mostly normal, 

perfectly geometrically arranged muscles in the muscle compartments of the lower extremity 

(10,12,13). By assessing the feasibility of DTI fibre-tracking of the muscular pelvic floor, we were 

confronted with a complex organisation of muscular structures, demonstrating a pennate 

architecture with indistinct boundaries regarding origin and insertion in close relation to adjacent 

pelvic viscera (e.g. bladder, vagina and rectum) (1). Yet, we were able to collect data sets without 

notable distortions at SE-EPI and T2-weighted TSE sequences and no disturbing motion-related 

artefacts were observed in the five data sets. 

 

Fibre tracts at the level of the anal- and urethral sphincter complex demonstrated a strong circular 

directionality in all five female subjects, which therefore was appreciated as a representation of 

both sphincter complexes. However, both urethral sphincter and anal sphincter constitute two 

important cylindrical muscular structures, i.e. smooth muscle inner layer (lissosphincter, internal 

sphincter, respectively) and striated muscle outer layer (rhabdosphincter, external sphincter, 

respectively) (1), which we were unable to discriminate. In the current literature, little is known 

about fibre tracking applied in smooth muscle cell structures, and one can question whether its 

anisotropic characteristics in DTI applications are similar to those of striated muscle. Because of 

such uncertainties, we have considered the fibre tracts as a representation of the cylindrical 

sphincter complex, rather than as a representation of striated sphincter alone. 

 

The highest variability in mean diffusivity (MD) values was found for the pubovisceral muscle (1.49 

± 0.47 10¯³ mm²/s) and might be attributed to the complex organisation of this muscle.  The 

pubovisceral muscle encompasses several muscular components: the puboperineal/pubovaginal 

muscle, puboanal muscle and puborectal muscle (1). Muscle fibres are orientated in different 

directions, are closely aligned and demarcations among the endopelvic fascia, intermuscular fat 

issue and neurovascular bundle are indistinct. The relatively wide ROIs used for data collection for 

this muscle might therefore be subjected to alterations in both fibre tracking and extrapolated 

parameters.   
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Muscular structures of the superficial layer of the pelvic floor (bulbospongiosus, ischiocavernosus 

and superficial transverse perineal muscle) could not be satisfactorily identified in the available 

datasets, although these muscles play a less important supportive role in pelvic floor dysfunction 

and are therefore are of less clinical importance (1). Optimising the protocol and increasing 

resolution might solve present limitations for detecting these small superficial structures, but can 

also result in lower SNR which decreases the accuracy of fibre tractography and parameter 

estimation. Also, increasing the resolution would increase the echo train length of echo planar 

imaging (EPI) acquisition leading to more artefacts associated with EPI imaging, e.g. deformation 

due to field heterogeneities.  

 

Owing to the relatively small dimensions of some of the pelvic muscles (1,17), relative to the voxel 

dimensions (5 x 1.79 x 1.79 mm3), it was difficult to isolate individual small muscles. Voxels might 

contain signal originating from multiple muscles or both muscle and fat leading to partial volume 

effects, which could lead to inaccurate values for the DTI parameters and fibre tractography. As a 

fibre trajectory originating from a single muscle voxel connects to a subsequent voxel containing 

signal from a different muscle, the tract might continue its path in a different muscle to that in 

which it originated. Reduction of this partial volume effect can be accomplished by reducing the 

voxel size, which consequently decreases the signal-to-noise ratios (SNRs). Another option is to 

use high angular resolution diffusion imaging (HARDI) which is a novel post-processing technique 

that is able to describe multiple fibre directions in a single voxel (18). 

 

Although fibre tractography in the pelvic region was proven feasible for most predefined muscular 

structures, several issues need improvement. The seeding of fibres is a time-consuming iterative 

manual process and is reported to be strongly user-dependent, which ultimately affects the 

output results (19). For fibre tractography as a clinical tool this is not desirable.  

 

This feasibility study has recognised limitations. The number of subjects studied was limited, but 

the consistent feasibility of DTI of the important pelvic floor structures shows the robustness of 

the technique. As variation in observed diffusion parameters in relation to age and gender have 
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been reported (20), larger and more heterogeneously composed cohorts need to be evaluated in 

order to derive objective reference values for pelvic floor diffusion parameters. We included only 

female subjects of relatively young age and without symptoms in this feasibility study as we 

wanted to demonstrate the normal anatomy before considering studying patients. As pelvic floor 

dysfunction primarily concerns women, we limited our study to female subjects. 

 

The current available musculoskeletal DTI tractography literature shows a rather large 

heterogeneity in reported diffusion parameter values. This heterogeneity might be attributed to 

the recognised user-dependent analytical methods to some degree (19). From this perspective, 

the assessment of reproducibility (i.e. intra-observer and inter-observer variability) is essential in 

order to evaluate DTI with tractography for diagnostic purposes. This study was primarily aimed at 

assessing the feasibility of visualising the muscular anatomy of the pelvic floor and therefore 

reproducibility was not assessed. 

 

In conclusion, 3 T diffusion tensor imaging (DTI) with fibre tractography is a technically feasible 

method for the 3D visualisation of the normal female muscular pelvic floor. The overall small SDs 

of the extrapolated fractional anisotropy (FA), the mean diffusivity (MD) values strongly suggest 

that we were able to reliably measure per-muscle DTI parameters in the pelvic area. In this pilot 

study we studied the normal anatomy in nulliparous women without previous pelvic trauma. 

Research is needed to define the potential role of DTI and fibre tractography in demonstrating 

alterations in pelvic organ support in pelvic floor dysfunction. This may not only concern 

anatomical defects but also differences in measured diffusion parameters between normal and 

injured muscle tissue (21,22), whereas it is assumed that tissue integrity is altered when injured 

and therefore results in a focal distortion of diffusion and derivative parameters (22).  
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7.1 Abstract 

The aim of this study was to prospectively explore the clinical application of diffusion tensor 

imaging (DTI) and fiber tractography in evaluating the pelvic floor. For this purpose 10 patients 

with pelvic organ prolapse, 10 with pelvic floor symptoms and 10 asymptomatic women, were 

included. 2DSE-EPI sequence of the pelvic floor was acquired. Offline fiber tractography and 

morphological analysis of pelvic MRI were performed. Inter-rater agreement for quality 

assessment of fiber tracking results was evaluated using weighted kappa (κ). From agreed tracking 

results eigenvalues (λ1, λ2, λ3), mean diffusivity (MD) and fractional anisotropy (FA) were 

calculated. MD and FA values were compared using ANOVA. Inter-rater reliability of DTI 

parameters was interpreted using the intra-class correlation coefficient (ICC). Substantial inter-

rater agreement was found (κ = 0.71, with 95 % CI = 0.63–0.78). Four anatomical structures were 

reliably identified. Substantial inter-rater agreement was found for MD and FA (ICC: 0.60–0.91). 

No significant differences between groups were observed for anal sphincter, perineal body and 

puboperineal muscle. Significant difference in FA was found for IO between the prolapse group 

and the asymptomatic group (0.27 ± 0.05 vs. 0.22 ± 0.03; p = 0.015). In conclusion, DTI with fiber 

tractography permits identification of part of the clinically relevant pelvic structures. Overall, no 

significant differences in DTI parameters were found between groups.  
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7.2 Introduction 

Pelvic floor dysfunction entails a variety of conditions, including pelvic organ prolapse (POP), faecal 

and urinary incontinence. Certain basic risk factors have been considered, which among others 

include complicated vaginal delivery, normal aging and obesity (1,2). Although its precise 

pathophysiology is currently only partly understood, defects in the levator ani muscle are known 

to be highly associated with the presence of pelvic floor prolapse (3). Therefore, visualisation of 

the pelvic floor musculature, identification of muscle injuries and in particular evaluation of 

muscle structure and function, would complement generally used clinical tools, and might reveal 

aetiological factors for pelvic organ prolapse. 

 

Both static and dynamic magnetic resonance imaging (MRI) enable a comprehensive 

interpretation of the complex pelvic floor anatomy and are increasingly proposed as a 

complementary diagnostic tool in pelvic floor dysfunction (4-7). In the search for an improved 

three-dimensional (3D) understanding of anatomical relationships in the pelvic floor and changes 

in muscle integrity, which might correlate with pelvic floor dysfunction, recently the use of 

diffusion tensor imaging (DTI) with fiber tractography was proposed for the visualisation of the 

normal female pelvic floor (8). Recent studies have reported DTI as a useful method for detecting 

alterations in tissue organisation of injured striated skeletal muscles compared with normal 

muscles (9,10), which can be expressed in basic DTI parameters, i.e. eigenvalues, mean diffusivity 

(MD), and fractional anisotropy (FA). The enhanced 3D visualisation with DTI and fiber 

tractography might have the potential to both visualise and quantify abnormal pelvic floor support 

in patients with prolapse, but has not been studied yet.  

 

The purpose of this study was to examine the clinical application of diffusion tensor imaging (DTI) 

and fiber tractography of the pelvic floor support, by prospectively evaluating and comparing the 

fiber tract outcomes and basic DTI parameters of women with pelvic organ prolapse with those of 

women with pelvic floor symptoms, but without pelvic organ prolapse, and with those of 

asymptomatic nulliparous women. We also intended to investigate the degree of inter-rater 

reliability. 
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7.3 Materials and Methods 

7.3.1 Subjects 

For this prospective cross-sectional study, institutional review board approval was obtained and all 

participants gave written informed consent. Three different groups of subjects were included; in 

total 30 female subjects were enrolled in this study. Based on a published feasibility study (8), we 

anticipated the detection of (micro) structural differences between the symptomatic and 

asymptomatic pelvic support even in a small sample size. 

 

The first group consisted of women with pelvic floor symptoms and at least a stage 2 pelvic organ 

prolapse as staged with Pelvic Organ Prolapse Quantification (POPQ) staging criteria, according to 

the recommendations of the International Continence Society (ICS) (11). The second group, which 

was age-matched with the prolapse group, consisted of women who had pelvic floor symptoms 

but no clinical relevant pelvic organ prolapse (maximum stage 1). The third group consisted of 

nulliparous women, with no pelvic floor symptoms. All women were recruited in an outpatient 

clinic of a tertiary referral centre and underwent a clinical examination during which the presence 

of a prolapse was assessed and staged (11). Pelvic symptoms comprised prolapse symptoms, 

defecation and/or micturition symptoms and were measured in all subjects using a disease-

specific symptom questionnaire, which was based on the Urogenital Distress Inventory (UDI), 

Incontinence Impact Questionnaires (IIQ) and Defecation Distress Inventory (DDI) items (12,13). 

Exclusion criteria for all groups included previous pelvic floor surgery and general 

contraindications to undergo MRI (e.g. pacemakers, claustrophobia and pregnancy).  

 

7.3.2 Image Acquisition  

Each woman underwent MRI in the supine position at rest with the legs parallel, slightly flexed 

using a 3 T MRI (Intera, Philips Healthcare, Best, the Netherlands) with a 16-channel phased-array 

surface coil (SENSE-XL-Torso, Philips Healthcare) for signal reception. No intravenous contrast 

medium was administered. Subjects were asked to empty the bladder 1 hour before the 

examination. MR imaging comprised the acquisition of a multishot Turbo Spin Echo (TSE) T1-
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weighted sequence (TR/TE: 600/10 ms, field-of-view (FOV): 200 x 200 mm2, slice thickness: 5 mm, 

slices: 20 , echo train length: 7), multishot TSE T2-weighted sequence (TR/TE: 3021/80 ms, FOV: 

300 x 300 mm2, slice thickness: 4 mm, slices: 31 , slice gap 0.4 mm, echo train length: 16) in axial, 

coronal and sagittal planes for anatomical reference and dual-echo gradient echo imaging to 

derive a B0-field heterogeneity map (TR/TE1/TE2=12/4.6/9.6 ms, FOV: 200 x 200 mm2, acquisition 

matrix: 80 x 80, pixel size: 2.5 x 2.5 mm2, slice thickness: 5 mm, number of signal averages (NSA) = 

2). Axial two-dimensional (2D) diffusion-weighted images were acquired with a diffusion-weighted 

Spin-Echo Echo-Planar Imaging  (SE-EPI) pulse sequence using the following MRI parameters; 

TR/TE: 3750/40 ms, FOV: 200x200 mm2, acquisition matrix: 80 x 80, pixel size: 2.5 x 2.5 mm2 , slice 

thickness: 5 mm, slices: 20, 32 diffusion-weighted directions, NSA: 2, b = 400 s/mm2, spectral 

adiabatic inversion recovery (SPAIR) for fat suppression). The total acquisition time for the DTI 

sequence was less than 4 min. The axial DTI sequence was non-angularly positioned and care was 

taken to place the anal sphincter complex and coccygeal bone within the FOV. 

 

7.3.3 Post-processing and Visualisation 

Diffuse tensor imaging data were processed using a custom-built toolbox in Mathematica 8.0 (14). 

Initially the data were filtered using a Rician noise suppression algorithm (15), after which the 

diffusion-weighted data were registered to the non-weighted images using an affine 

transformation and corresponding b-matrix rotation (16). Subsequently the diffusion tensor was 

calculated and corrected for field heterogeneity-induced deformations. The per-voxel absolute 

vector direction was colour coded according to standardised FA map colour coding: red indicating 

the left–right direction, blue the superior–inferior direction and green the antero–posterior 

direction. Offline fiber tracking was performed independently by two observers (FZ, MP), blinded 

to subject symptomatology and to prolapse status, using DTI software (DTITool, Biomedical Image 

Analysis group, Department of Biomedical Engineering, Eindhoven University of Technology, 

Eindhoven, the Netherlands , http://bmia.bmt.tue.nl/software/dtitool). Observer 1 (FZ, a fourth-

year resident in radiology with additional 3-year experience as a teaching assistant at the 

department of Anatomy and Embryology, Academic Medical Centre, University of Amsterdam, 

Amsterdam) and observer 2 (MP, medical doctor and third-year PhD student), were experienced 

with the complex pelvic floor anatomy and subsequent 3D DTI tractography (8). 
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In the acquired FA maps and/or T1-weighted sequence, multiplanar, both manually drawn and 

positioned user-defined regions-of-interest (ROIs) were used to construct 3D fiber tracts of each of 

the predefined anatomical structures in the pelvic floor and wall (levator ani muscle (i.e. 

pubovisceral, puborectal and iliococcygeus muscle (17)), anal  and urethral sphincter complex, 

perineal body  and internal obturator muscle) and the pelvic floor superficial layer (superficial 

transverse perineal, bulbospongiosus muscle (also called bulbocavernosus muscle) and  

ischiocavernosus muscles). As the pubovisceral muscle consists of different subdivisions (with 

insertions at the level of the vagina (pubovaginal muscle), perineal body (puboperineal muscle) 

and the anal sphincter complex (puboanal muscle), respectively (17)), observers were instructed 

to check whether these subdivisions could be separately visualised. Applied tracking parameters 

were standardised: minimal/maximal fiber length 10–100 mm; minimum/maximum FA thresholds 

0.10–0.50; angle threshold < 10–15°; integration step length 0.1 voxel. In the case of a paired 

anatomical structure, the left and right muscles were tracked separately. The two symmetrical 

parts of both the bulbospongiousus and the puboperineal muscle were considered as an unpaired 

structure for analytical purposes as these structures were difficult to isolate as a paired structure.  

 

7.3.4 Qualitative data analysis 

The resultant 3D representation of each isolated anatomical structure was independently rated by 

both observers using a four-point scale (good=high-quality representation of the expected 

anatomical appearance within expected boundaries; sufficient: adequate representation of the 

expected anatomical appearance, based on fiber orientation, shape and location, but presence of 

focal tracking distortions and non-tracking; insufficient: non-satisfactory visualisation with 

presence of only a few fiber tracks and/or deviant fiber orientation, not found: not present). 

Subsequently, rates were categorised into satisfactory (good and sufficient) and non-satisfactory 

(insufficient and not found). By using a consensus-based method, individual 3D fiber trajectories 

were qualitatively evaluated and ROIs were adjusted if necessary, resulting in a consensus-based 

dataset. 
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Towards a better understanding of qualitative and quantitative fiber tractography outcomes, one 

observer bilaterally evaluated the pubovisceral muscle on multiplanar 2D TSE T2-weighted images 

using a grading system that was previously reported to assess (birth-associated) muscle 

abnormalities (18). A four-point Likert scale was used to qualitatively assess the pubovisceral 

musculature (0 = no visible defects; 1 = less than half of muscle bulk lost; 2 = more than half of 

muscle bulk lost; 3 = complete muscle bulk lost) (18). 

 

7.3.5 DTI parameters  

For quantitative analysis, mean values (± SD) of the three eigenvalues (λ1, λ2 and λ3) were 

calculated for multiple points per fiber along the resultant fiber tracts. Mean diffusivity (MD) and 

fractional anisotropy (FA) were defined as (D = Diffusion tensor): 
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7.3.6 Statistical Analysis 

Interobserver agreement analysis was performed for each isolated anatomical structure. For the 

overall qualitative data (i.e. four-point scale quality assessment of 3D representation), inter-

observer agreement was determined using quadratic weighted kappa statistics. Kappa statistics 

with 95% confidence intervals were calculated. For qualitative subanalyses, prevalence- and bias-

adjusted kappa (κ) statistics (PABAK) were used.  

 

Diffusion tensor imaging parameters (i.e. mean MD and FA values) were recorded and compared 

amongst the three groups if an isolated muscle was rated satisfactory (i.e. good or sufficient) in at 

least seven subjects per group. This cut-off was chosen to avoid statistically significant differences 

between groups based on substantial differences in group size.  Per-muscle means for MD and FA 
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values were compared among the three groups using a one-way analysis of variance (ANOVA). In 

the event of a significant difference (P < 0.05 ) a post-hoc Student’s t-test with Bonferroni 

correction (P < 0.016) was performed to study the significance among the sets of two groups. 

Inter-rater agreement for the per-muscle quantitative data between the two independent 

observers was assessed using intra-class correlation analysis (ICC).  

 

7.4 Results 

From January 2010 to December 2010, thirty women were included in this study. One subject was 

not willing to complete the MRI examination after a technical interruption of the acquisition 

procedure. In one subject image quality was poor and therefore fiber tractography was 

impossible, leaving 28 subjects for analyses.  Baseline characteristics of the cohorts are shown in 

Table 7.1. 

 

Table 7.1: Baseline characteristics of the study groups 

 Nulliparous group Age-matched controls Prolapse group 

Subjects per study group 9 9 10 

Age  28.8 (20.8-32.3) 52.6 (43.7-65.3) 59.4 (45.0-69.9) 

BMI  21.5 (20.5-26.3) 22.2 (19.9-31.4) 24.3 (22.2-35.1) 

Parity  0 (0-0) 2 (0-3) 2 (1-3) 

 POP-Q stage  

Anterior compartment 0 (0-0) 0 (0-1) 2 (0-3) 

Middle compartment 0 (0-0) 0 (0-1) 1 (0-2) 

Posterior compartment 0 (0-0) 1 (0-1) 1 (0-2) 

 PVM injury  

Right 0 (0-0) 0 (0-2) 0 (0-2) 

Characteristics are expressed as median (range); BMI, body mass index; POP-Q, pelvic organ 
prolapse quantification; PVM, pubovisceral muscle 
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Figure 7.1: A) Axial T2-weighted image of the pelvic area (IT – ischial tuberosity, PS – pubic symphysis) of a 31-

year old nulliparous woman, with projected 3D fiber tractography. Fiber tracts represent the anal sphincter 

complex (AS), perineal body (PB), transverse perineal muscle (TP) and puboperineal muscle (PPM). Vector 

directions are colour coded: red indicating the left–right axis, blue the superior–inferior axis and green the 

antero-posterior axis. B) An area of compact, horizontally orientated fiber tracts (red) is demonstrated at the 

level of the perineal body (PB), when fiber tracts are viewed from left anterolaterally. C-D) In the same patient, 

the vector direction on the level of the anal sphincter complex (AS) reflects a predominating left–right (red) 

orientation at the anterior and posterior borders and combined anterior–posterior (green) and superior–inferior 

(blue) orientation at the lateral border, indicating circular orientation from right lateral (C) and left anterolateral 

views (D) 

 

7.4.1 Qualitative analysis and inter-rater agreement   

DTI with fiber-tractography was feasible in the 28 datasets, consequently resulting in 28 unpaired - 

and 56 paired anatomical structures. Fiber-tractography resulted in a satisfactory  anatomical 

representation of the pubovisceral muscle in 34% (19/56); puborectal muscle in 13% (7/56); 

superficial transverse perineal muscle in 27% (15/56); ischiocavernosus muscle in 54% (30/56); 

bulbospongiosus muscle in 43% (12/28)  and urethral sphincter complex in 29% (8/28) of the 

datasets, respectively. No perceptible differences in tractability or non-tractability were found in 

per-group distributions.  The iliococcygeus muscle was rated non-satisfactory in all datasets 

(56/56). The following anatomical structures were identified in most of the DTI datasets:  perineal 

body 100% (28/28), anal sphincter complex 93% (26/28) and internal obturator muscle 100% 

(56/56) (Figure 7.1). Despite the overall non-satisfactory visualisation of the global appearance of 
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the pubovisceral muscle in the data sets (37/56), analyses of its subdivisions resulted in a 

satisfactory visualisation of the puboperineal muscle in 23 of the 28 subjects (Figure 7.2). Both the 

pubovaginal and puboanal subdivision could not or only insufficiently be tracked. 

 

Substantial overall inter-rater agreement was found for the independent qualitative scores. The 

overall weighted kappa for all muscle assessments was 0.71 (95% CI: 0.63 – 0.78). Qualitative 

inter-observer agreement for the anatomical structures which met the criteria for quantification 

was also substantial (PABAK = 0.76). 

 
Figure 7.2: A-C) Tractography of the pelvic floor in a 70-year-old woman with pelvic organ prolapse, representing 

the anal sphincter complex (AS), perineal body (PB) and puboperineal muscle (PPM) with an right anterolateral 

view, (B) anterior and (C) posterior view. Vector directions are colour coded: red= left–right axis; blue = superior–

inferior axis; green = anterior–posterior axis. Fiber tracts originating from the pubic bone with posterior–inferior 

orientation of the vector as representation of the puboperineal muscle (PPM) reflected an overall blue and green 

colour coded fiber tract. Both fiber tracts bend medially to insert into the perineal body (PB) 
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7.4.2 DTI parameters and inter-rater agreement   

No statistical difference was detected in the mean values of MD between asymptomatic 

nulliparous women, age-matched controls and the prolapse group for the perineal body, anal 

sphincter complex, internal obturator muscle and the puboperineal muscle (Table 7.2). Mean MD 

values between groups, ranged from 1.35 ± 0.09 10-3 mm²/s to 1.52 ± 0.11 10-3 mm²/s and FA 

values between 0.22 ± 0.03 to 0.27 ± 0.04. Analysis of variance demonstrated no significant 

differences in mean diffusivity between the three groups for the perineal body, anal sphincter 

complex and the puboperineal muscle (Table 7.2). Mean FA value for the left obturator muscle  

 

Table 7.2: Mean diffusion tensor imaging (DTI) values ± SD were compared among the nulliparous, control and 

prolapse groups. DTI measures for the internal obturator muscle were combined (FA = fractional anisotropy, MD 

= mean diffusivity) 

 λ1 * λ2 * λ3 * FA P value a MD * P value a 

A - Perineal body 

Nullipara 1.79±0.18 1.35±0.16 1.00±0.14 0.25±0.06 0.203 1.39±0.11 0.877 

Controls 1.67±0.18 1.29±0.16 1.03±0.16 0.24±0.05  1.36±0.14  

Prolapse 1.90±0.44 1.50±0.38 1.18±0.26 0.24±0.06  1.51±0.36  

B - Anal  sphincter 

Nullipara 1.76±0.13 1.37±0.11 1.08±0.13 0.25±0.04 0.881 1.38±0.10 0.340 

Controls 1.76±0.30 1.40±0.30 1.09±0.22 0.25±0.04  1.42±0.28  

Prolapse 1.70±0.18 1.36±0.11 1.09±0.12 0.22±0.03  1.39±0.12  

C - Internal obturator muscle † 

Nullipara 1.80±0.16 1.38±0.13 1.12±0.10 0.23±0.03 0.013 1.43±0.13 0.870 

Controls 1.84±0.18 1.39±0.17 1.09±0.16 0.25±0.04  1.44±0.18  

Prolapse 1.91±0.27 1.42±0.17 1.08±0.15 0.27±0.05  1.46±0.15  

D - Puboperineal muscle 

Nullipara 1.71±0.10 1.31±0.10 1.00±0.09 0.26±0.04 0.127 1.35±0.09 0.319 

Controls 1.74±0.11 1.37±0.15 1.07±0.17 0.27±0.04  1.39±0.14  

Prolapse 1.81±0.27 1.41±0.22 1.14±0.19 0.23±0.05  1.47±0.21  

* MD, λ1, λ2, λ3 are in units of 10¯³ mm²/s 
a statistical differences among groups using one way-= ANOVA test 

† DTI measures of the left and right sides were combined 
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was significantly lower in asymptomatic nulliparous women than in the prolapse group (mean FA 

0.22 ± 0.03 and 0.27 ± 0.05 (P < 0.05), respectively) which consequently resulted in a significant 

difference between these groups for the combined obturator DTI measures (Table 7.2). 

 

For the perineal body, anal sphincter complex, internal obturator muscle and the puboperineal 

muscle, the inter-rater agreement and 95% confidence interval (CI) for mean diffusivity and FA are 

summarised in Table 7.3. The intra-class correlation coefficient ranged between 0.60 and 0.91, 

which was interpreted as a substantial inter-rater agreement. Highest correlation between the 

two observers was found for the perineal body. The pubovisceral muscle status was normal for 

asymptomatic nulliparous women. Minor muscle injury (accumulated bilateral score 1–3, (18)) was 

observed for the age-matched control group. Both minor and major muscle injuries (accumulated 

bilateral score 4–6, (18)) were observed in the prolapse group. Median unilateral scores are 

expressed in Table 7.1. 

Table 7.3: Inter-rater agreement for mean diffusivity (MD) and fractional anisotropy (FA). Intraclass correlation 

coefficient (ICC) and 95% confidence interval (CI) are shown 

 ICC 95% CI 

A - Perineal body 

FA 0.82 0.65 - 0.91 

MD 0.91 0.81 - 0.96 

B - Anal  sphincter 

FA 0.76 0.55 - 0.88 

MD 0.60 0.30 - 0.79 

C - Internal obturator muscle (R) 

FA 0.76 0.55 - 0.88 

MD 0.69 0.43 - 0.84 

D - Internal obturator muscle (L) 

FA 0.70 0.44 - 0.85 

MD 0.74 0.52 - 0.87 

E - Puboperineal muscle 

FA 0.71 0.44 - 0.86 

MD 0.66 0.37 - 0.84 
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7.5 Discussion 

Diffusion tensor imaging (DTI) permits three-dimensional visualisation and quantification of part of 

the pelvic floor anatomy, with reliable high-quality tractability of the anal sphincter complex, 

perineal body, the puboperineal muscle – a subdivision of the pubovisceral muscle – and the 

internal obturator muscle. Basic DTI parameters could be determined with substantial inter-

observer agreement. No apparent statistically significant differences in mean diffusivity (MD) and 

fractional anisotropy (FA) were demonstrated in the pelvic floor support between women with 

symptoms and stage 2 pelvic organ prolapse, women with symptoms and no clinically relevant 

prolapse and asymptomatic nulliparous controls.  

 

Diffusion tensor imaging characterises and is able to visualise the local (micro-) structural 

organisation within anisotropic tissues, such as brain white matter (19) and striated skeletal 

muscle (20). The technical feasibility of 3 T DTI with fiber tractography as a method of visualising 

the normal female pelvic anatomy was recently reported (8). In that study, early estimates of the 

range of mean MD and FA values (1.30 ± 0.08 10-3 mm²/s to 1.73 ± 0.12 10-3 mm²/s and 0.23 ± 

0.02 to 0.30 ± 0.04, respectively) of pelvic floor structures in five healthy nulliparous women were 

provided. Current derived DTI parameters are concordant with these results.   

 

The association between levator ani muscle impairment and the presence of pelvic floor prolapse 

has been recognised (3). As DTI has been reported to be valuable in the assessment of muscle 

fatigue and defects (9), there was particular interest in the tractability of the pubovisceral muscle 

and its subdivisions (i.e. pubovaginal, puboperineal and puboanal muscle (17)), puborectal and 

iliococcygeus muscle in the present three study groups. It is known that the iliococcygeus muscle, 

the most posterior part of the levator ani muscle, is often poorly developed and consequently 

difficulties in fiber tracking were expected and were confirmed during analyses.  
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Based on the initial hypothesis, potential alterations in water diffusivity as measured in the levator 

ani musculature were expected to be found in the prolapse group and to a lesser extent in the 

age-matched group for the pubovisceral muscle.  The pubovisceral muscle could be reliably 

tracked in a third of the women and the non-tractability of the pubovisceral musculature was 

proportionally distributed over the three study groups. In an earlier published pilot study in 

normal volunteers the pubovisceral muscle anatomy was globally demonstrated, although the 

highest variability in mean MD values was found for this muscle (1.49 ± 0.47 10-3 mm²/s) and was 

attributed to its multifaceted organisation (8). The relatively complex architecture of the 

pubovisceral muscle together with the relatively large voxel size and subsequent partial volume 

effects with potentially bending of effective diffusion vectors, made fiber tracking of the overall 

pubovisceral muscle in this study rather challenging with the currently applied MRI techniques. 

Despite these restrictions, assessment of the pubovisceral muscle resulted in a reliable 3D 

representation matching the global appearance of the puboperineal muscle anatomy, which 

appeared as robust fiber trajectories originating from the pubic bone and inserting into the 

perineal body. However, no significant differences were found in DTI measures among the groups.  

 

Significantly higher mean FA values in the left internal obturator muscle were found for women in 

the prolapse group, compared with nulliparous women. The principal function of the internal 

obturator muscle is to abduct the flexed thigh and although it forms the most important element 

of the pelvic wall, it is not regarded as a pelvic floor constituent. Yet, whereas the levator ani 

musculature anatomically originates partially from the tendinous ridge of the internal obturator 

muscle fascia, one might hypothesise a possible relation between levator ani muscular defects and 

subsequent changes in the internal obturator muscle on a microstructural level. In our study most 

levator ani muscle defects (18) in the prolapse group were observed unilaterally on the left side.  

 

There are considerable differences in size between the four isolated anatomical structures, as 

quantified and compared, in which the  internal obturator muscle comprises a comparatively large 

muscular structure. Consequently, the mean number of fibers per isolated anatomical structure 

differ substantially among the anal sphincter complex, perineal body, the puboperineal muscle 

and the internal obturator muscle (8). Whereas for each structure the DTI parameters are being 
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calculated at multiple points per fiber along the fiber tracts, it seems reasonable to assume that 

subtle differences in architectural organization are easier to detect in structures with a large 

number of fiber tracts. Detecting differences in DTI parameters in the closely aligned pelvic floor 

constituents is consequently challenged by both the relatively small number of fiber tracts and 

partial voluming effects that are more prominent in the smaller structures. We foresee that 

technical developments in DTI may overcome these limitations to at least a considerable extent in 

the near future. 

 

The perineal body, located between the vagina and the anal sphincter complex, serves as an 

anchor point for the pelvic floor. Recently, the anatomy of the perineal body has been studied 

extensively by the Pelvic Floor Research Group with the use of thin-slice 3 T MRI, in an attempt to 

enhance our understanding of this centrally located anatomical structure (5). In that study, 3D 

models were created based on conventional MRI acquisition methods in women without pelvic 

floor dysfunction, which allowed the complex anatomy to be organised into a superficial, mid and 

deep part (5). With the use of a 5-mm slice thickness we were able to observe the large number of 

fiber tracts transversing and bending in this complex area. The perineal body anatomy or central 

perineal tendon (21) could be tracked in all subjects, demonstrating an area of compact 

horizontally orientated fiber trajectories located caudally in the midline between the urogenital 

area and anal sphincter complex. Given the increasing interest in the perineal body, detailed 

demonstration of this anchor point at DTI could be a potential advantage of this technique. 

 

Because of the uniform left–right orientation of the mean diffusion tensor in this area, the 

perineal body could easily be identified on coloured FA maps in all subjects and therefore fiber 

tracts were obtained with high inter-rater agreement (ICC > 0.80 for mean FA and MD values). This 

differed from the findings in the overall pubovisceral muscle, where fiber tract detection was 

much less apparent owing to its complex anatomy with closely aligned muscles each with their 

own distinctive fiber direction. By assessing the different pubovisceral components during the 

analysis, we were able to overcome multidirectional tracking difficulties to a certain extent.  
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The DTI fiber tracking process is reported to be highly user-dependent whereas the placement of 

the seeding ROI and the tracking criteria are determined by the individual observer (22). By the 

use of predefined tracking parameters, which were applied by both observers, the fiber tract 

stopping criteria were standardised. Also, by the application of consensus-based reading, an 

attempt was made to reduce the user dependence of this method. For the anal sphincter complex, 

perineal body, puboperineal muscle and the internal obturator muscle, high intra-class coefficients 

were found, which can be interpreted as a substantial inter-observer reliability of DTI measures. 

 

This study has recognised limitations. At present, we were not able to compare DTI measures of all 

clinically relevant anatomical structures of the pelvic floor support among the three groups, owing 

to the limited fiber tractability of some anatomical structures. It is possible that injury of the pelvic 

floor musculature is more subtle and that DTI is not yet able to quantify this as effectively as in leg 

muscles (9). Technical improvements may overcome these limitations. The current study was 

performed using a 3 T system, 16-channel surface coil and optimised imaging parameters, but still 

relatively large voxel dimensions were acquired (5 × 2 × 2 = 20 mm3) compared with the commonly 

small diameter pelvic muscles.  By increasing the number of acquisitions for the different encoding 

directions, an improvement of the signal-to-noise ratio (SNR) and fiber tractogrphy precision can 

be obtained (23). However, this will result in prolonged SE-EPI acquisition time (> 10 min), which is 

associated with a higher likelihood of motion artefacts. Yet, spatial resolution can be optimised 

using dedicated coils, permitting the visualisation of smaller anatomical structures and to minimise 

spatial volume effects.  

 

The use of an endoanal coil will ultimately result in improved visualisation of the perineal body 

anatomy and anal sphincter complex, but it will distort the local anatomy while the small effective 

volume will preclude evaluation of the complete pelvic floor. The latter can be overcome by using 

a combined pelvic and endoanal coil. Endosonography is widely used in clinical practice and shown 

to be as accurate as MRI for evaluating anal sphincter lesions (4). However, this does not allow 

simultaneous evaluation of the complete pelvic floor support as in MRI. Based on the published 

feasibility study (8), we anticipated the detection of quantitative (micro)structural differences 
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between the symptomatic and asymptomatic pelvic support even in a small sample size. Yet, our 

current findings may result from substantial per-subject variation in tissue characteristics. 

 

In conclusion, DTI with fiber tractography allows for in vivo 3D visualisation of part of the pelvic 

floor support, with reliable visualisation of the anal sphincter complex, perineal body, 

puboperineal muscle and the internal obturator muscle in women with pelvic organ prolapse 

(POP) as well as in symptomatic age-matched controls and asymptomatic nulliparous women. No 

significant differences were found in extrapolated per-muscle DTI parameters of the pelvic 

support, amongst the groups. Mean MD and FA values were assessed with substantial consistency 

by the different observers and overall SDs for the parameters were small. Further technical 

developments can be expected to lead to increased visualisation of those muscular structures that 

are not or only partly visualised in this series.   
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Chapter 8 – Fiber architecture of the female pelvic floor: 

An exploratory investigation using different diffusion MRI 

tractography algorithms 
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8.1 Abstract 

The aim of this study was to investigate the benefit of high angular resolution diffusion imaging 

(HARDI) acquisition protocols and explore diffusion tensor imaging (DTI) and constrained spherical 

deconvolution (CSD) based tractography algorithms to visualize the female pelvic floor muscle 

anatomy in vivo. For this purpose we have acquired data from 5 healthy female volunteers with a 

3 T MRI system. The acquisition protocol consisted of a T2-weighted high-resolution scan and two 

HARDI scans with 32 and 60 diffusion directions. The depiction of the general anatomy was 

consistent over the different protocols and methods. Our results demonstrated that both DTI- and 

CSD-based tractography can adequately describe the global architecture of the female pelvic floor. 

Nonetheless, there were variations in the fiber tractography of specific anatomical structures. DTI 

seems to follow highly curved fiber orientations more easily e.g. the anal sphincter. However, it 

cannot resolve multiple fiber orientations e.g. components of the levator ani. For CSD with high 

Lmax, the opposite has been observed. Taken together, CSD-based fiber tractography with Lmax = 4 

seems to be the optimal choice, generally able to track both regions with high curvature as well as 

regions with kissing fibers. 
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8.2 Introduction 

Magnetic resonance imaging (MRI) can provide insight into the complex pelvic floor anatomy (1) 

using various static and dynamic imaging techniques (2-7). Detailed visualization of the female 

pelvic anatomy greatly aids the management and understanding of pathogenesis of pelvic floor 

muscle dysfunction (6,8) e.g. pelvic organ prolapse (9,10) or fecal and urinary incontinence 

(5,11,12). Furthermore, studies into causes of pelvic floor dysfunction benefit from better 

description of the pelvic floor musculature. A common risk factor is (complicated) vaginal child 

birth (13-15), which can cause disruption of the levator ani muscle and, in turn, can lead pelvic 

floor dysfunction (7,9,10). For better understanding, the exact mechanism of pelvic floor muscle 

damage during childbirth has been investigated using models and simulations (16,17). For these 

simulations the exact 3D muscle anatomy, fiber directions and muscle anisotropy are invaluable 

input parameters (16). However obtaining such information is not trivial (2,18,19).  

 

Diffusion tensor imaging (DTI) based fiber tractography can be used to visualize skeletal muscle 

tissue (20-24), including the pelvic floor (25-27), in vivo in the human body. However, a major 

limitation of this technique is that it assumes the presence of only one fiber orientation in a single 

voxel. Particularly for the brain this assumption has proven largely incorrect (28,29). By contrast, 

for skeletal muscle DTI the assumption of a single fiber population is generally considered true, 

since skeletal muscle mostly does not exhibit crossing fibers and muscle fibers do not diverge (30). 

Thus, DTI should be sufficient to describe the muscle tissue architecture. However, the muscles in 

the female pelvic floor are an exception, because here multiple very thin and some sheet like 

muscles combined with highly curved sphincter muscles occupy a very small volume (31,32). 

Partial volume effect may lead to voxels that contain highly curved muscles or several muscle fiber 

bundles along different orientations. DTI-based fiber tracts resulting from these voxels may 

therefore not represent the correct underlying anatomy.  

 

Other models have been proposed to overcome this limitation of DTI and are commonly based on 

high angular resolution diffusion imaging (HARDI). One of these techniques is constrained 

spherical deconvolution (CSD) (33). The assumption associated with CSD is that each fiber 
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population within a voxel creates a similar diffusion-weighted signal and, therefore, that the total 

signal measured in that voxel is the sum of signals from the different fiber populations. The fiber 

orientation distribution (FOD) in a voxel can thus be estimated from the measured total diffusion-

weighted signal by spherical deconvolution of the response function, which is the diffusion 

weighted (DW) signal profile for a typical fiber population (33-35). 

 

Although DTI of the pelvic floor has been proven feasible in both female (25,27) and male (26) 

subjects, it remains challenging to segment and identify the individual muscles due to the limited 

resolution and partial volume effects (25,36). In this study, we investigated the benefit of HARDI 

acquisition protocols and we explored DTI- and CSD-based tractography algorithms to visualize the 

female pelvic floor muscle anatomy in vivo. This unique detailed 3D visualization might improve 

the appreciation of the pelvic floor musculature which is essential to understand normal and 

abnormal function (1). 

 

8.3 Methods 

8.3.1 Volunteers 

For this study five healthy women volunteered to participate (26 ± 5 years). Exclusion criteria for 

participating were history of pregnancy, any symptom of pelvic floor disease and/or previous 

pelvic surgery. All subjects were screened for MRI risk factors and provided written consent prior 

to the study. The research was approved by the institutional Ethics Committee Review Board.  

 

8.3.2 MRI acquisition 

The pelvic floor of the five volunteers was imaged using a 16-channel phased-array coil on a 3 T 

Philips Intera scanner (Philips Healthcare, Best, The Netherlands). The subjects were positioned 

head first in a supine position in the scanner with their legs slightly flexed and supported. The MRI 

examination consisted of T2-weighted imaging for anatomical reference and two HARDI 

acquisitions. The total acquisition time was 25 min.  
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The T2 weighted imaging was performed with a turbo spin echo sequence with the following 

acquisition parameters: FOV: 240 x 240 mm2, matrix size: 480 x 480, 35 slices, voxel size: 0.5x0.5x3 

mm3 TR/TE: 2500/70 ms.The two diffusion-weighted SE-EPI datasets were acquired with 32 and 60 

diffusion-weighted gradient directions, respectively. The gradient directions were evenly spaced 

on half a sphere (37,38). Further acquisition parameters were: FOV: 240x240 mm2, matrix size: 

80x80, voxel size: 3x3x3 mm3, 35 slices, TR/TE: 8000/44 ms, NSA: 2, b=400 s/mm2, SENSE: 2, 

Partial Fourier: 0.75, fat suppression: SPAIR, scan time: 7:14 min (32 directions) / 14:38 min (60 

directions). 

 

8.3.3 Data processing 

The data was processed with ExploreDTI (39). First, for each of the acquired HARDI data sets SNR 

was determined using two identically acquired non-weighted (b = 0 s/mm2) images (40,41). Next, 

the two datasets containing 32 and 60 gradient directions were combined into one dataset 

containing 92 unique gradient directions. Subsequently, for all three data sets the diffusion-

weighted images were corrected for subject motion and eddy currents induced geometric 

distortions accompanied with the appropriate b-matrix reorientation (42).  Finally a volume of 

6x9x6 cm3 was selected containing the pelvic floor musculature and whole volume DTI and CSD 

fiber tractography were performed (43). Seed points were spaced evenly with a 3 mm isotropic 

resolution. The predefined minimum and maximum tract lengths were 30 mm and 300 mm, 

respectively. Tracts were stopped at a curvature greater than 30 degrees per 1 mm integration 

step. This empirically proved to be the best value for which the structures of interest could be 

traced and also limited known false positive fiber tracts. For DTI, fiber tracts continued for a FA 

range between 0.1 and 0.5, which equals the mean value (0.3) of pelvic muscle FA ± 0.2 (25) 

preventing tracking of tendons and connective tissue outside this FA range. For the CSD approach, 

the maximal harmonic degrees (Lmax) of the estimated fiber orientation distribution function were 

2, 4, 6 and 8. The response function was estimated from well-known single fiber population data. 

The FOD threshold was empirically determined and was set to 0.3, which allowed for optimal fiber 

tractography in regions containing skeletal muscle. 
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Because of large variation and complexity of the pelvic floor anatomy per dataset, exclusive 

regions of interest (ROIs) were manually drawn to remove spurious fiber tracts minimizing known 

false positive findings. During the evaluation of the data we first looked at the effect of image 

registration and the exclusive ROIs using DTI tractography. Then we compared the same DTI 

tractography results for all five subjects using the same exclusive ROIs for all subjects. Next for 

three subjects we compared DTI and CSD (Lmax = 2, 4, 6 and 8) based tractography using a custom 

set of exclusive ROIs per subject but constant for each tractography method. To better evaluate 

the differences between the techniques we looked more closely at two different regions, one 

which contains fiber tract with high curvature and one containing voxels with kissing fiber tracts. 

Finally, we made a detailed comparison between whole volume fiber tractography based on DTI 

and CSD with Lmax = 4. 

 

8.4 Results 

All diffusion acquisitions were evaluated for artifacts and were considered to be of good quality 

allowing for DTI and CSD based tractography. Figure 8.1 A and B show a representative T2-

weighted image and a non- weighted HARDI image, respectively. The dashed rectangles indicate 

the region of interest, which contains the pelvic floor muscles. For the acquired HARDI data the 

SNR was 12.5 ± 5.2 for the non-weighted images and 6.3 ± 2.6 for the diffusion weighted-images. 

Figure 8.2 C, D and E depict color-coded FA maps of the calculated diffusion tensor using 32, 60 

and 92 gradient directions, respectively. Whole volume fiber tractography of the same DTI data is 

shown in Figure 8.2 F and G. In these figures one can clearly distinguish the muscular anatomy of 

the entire pelvic floor region. 

  

Whole volume DTI-based fiber tractography using 32, 60 and 92 diffusion directions in one subject 

is shown in Figure 8.2. The figure also shows the effect of registration of the diffusion-weighted 

images to the non-weighted images. When spurious fiber tracts are removed using exclusive ROIs 

the muscle architecture of the pelvic floor became clearer as can be seen in columns 2 and 4 of 

Figure 8.2. Although in all panels the general anatomy of the pelvic muscles can be recognized, 

increasing the number of gradient directions and registration of the data did seem to improve the 
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delineation of the individual pelvic floor muscles (Figure 8.2 L). However, for some anatomical 

features this did not hold, e.g. the urethral sphincter muscle was best depicted in using 60 

gradient directions in the unregistered data (Figure 8.2 E and F). 

 

 
Figure 8.1: A) T2-weighted image. B) Non-weighted diffusion image. C-E) Color coded FA maps for 32 (C), 60 (D) 

and 92 (E) gradient directions. F) DTI based whole volume fiber tractography, superior view. G) DTI based whole 

volume fiber tractography, inferior view. The dashed rectangles indicate the 6 x 9 cm2 region of interest 

containing the pelvic floor muscles. In the images the numbers represent the following anatomical structures:  

1 - anus, 2 – levator ani, 3- vagina, 4 – urethra, 5 – external obturator muscle, 6 – internal obturator muscle,  

7 – pectineus muscle, 8 – rectus femoris muscle, 9 – gluteus maximus muscle, 10 – pubic symphysis, 11 – ischial 

bone, 12 – femur, 13 – anococcygeal ligament, 14 – transversal perineal muscle, 15 – perineal body,  

16 – bulbospongious muscle. 
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Figure 8.2: DTI based whole volume fiber tractography, superior view. Each row is show the result for a different 

number of diffusion weighting gradient directions: A-D) 32 directions, E-H) 60 directions, I-L) 92 directions. The 

first column shows fiber tractography of the raw data. The second column shows the same fiber tracts after 

applying exclusive ROIs to remove some fiber tracts. The third column shows fiber tractography of the data after 

registration of the diffusion weighted images to the corresponding non-weighted images. The forth column 

shows the same fiber tracts from the registered data after applying the same exclusive ROIs used for the second 

column. 

 

Figure 8.3 shows whole volume DTI-based fiber tractography for all five subjects using 92 gradient 

directions after data registration. For each of the 5 subjects the same anatomical features could be 

identified by visual inspection. However, despite the overall resemblance there was great 

variability between the results due to anatomical variation and data quality. Consequently it was 

necessary to optimize the exclusive ROIs for every volunteer. 
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Figure 8.3: DTI based whole volume fiber tractography for five different subjects (columns 1 to 5). The top row 

shows the superior view (A to E) and the bottom row shows the inferior view (F to J). The same set of exclusive 

ROIs was used for all 5 sets to remove spurious fiber tracts. In all 5 sets the same general anatomical features can 

be recognized: 1 – anus, 2 – urethra, 3 – levator ani, 4 – anococcygeal ligament, 5 – transversal perineal muscle, 

6 – perineal body, 7 – bulbospongious muscle 

 
Figure 8.4: Whole volume fiber tractography of three different data sets (A-E: set1, F-J: set2, K-O: set 3). Column 

1 is DTI based fiber tractography and columns 2 to 5 are CSD based fiber tractography with Lmax orders 2, 4, 6 and 

8, respectively.  
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Next to DTI-based whole volume fiber tractography also CSD-based tractography was performed 

using Lmax values of 2, 4, 6 and 8 as shown in Figure 8.4 for data of volunteers 1, 3, and 5. 

Tractography based on DTI and CSD with Lmax = 2 both result in one fiber population per voxel and 

gave very similar results as depicted in Figure 8.4 column 1 and 2. Although there is great 

resemblance there were also difference, e.g. CSD-based tractography allowed for the visualization 

of the urethral sphincter muscle in sets 3 and 5, which was not possible using DTI. CSD-based 

tractography with Lmax = 4 and higher allows for 2 fibers directions per voxel which is displayed in 

Figure 8.4 columns 3 to 5. Although the general anatomy was still recognized for higher Lmax 

values, increasing the Lmax resulted visually in less accurate representation of the anatomy.  

 

To investigate the differences between DTI and CSD in more detail we looked at two regions of 

interest in more detail as depicted in Figure 8.5 A. The first region is the external anal sphincter, 

which contains fiber tract with high curvature, for which two examples are shown in Figure 8.6. 

The second one is located in the area where the puboanalis muscle and puborectalis muscle cross 

resulting in voxels containing kissing fiber tracts, for which two examples are shown in Figure 8.7. 

For this purpose we have considered both the fiber tracts as well as the fiber direction in each 

voxel. For the latter we used glyphs that are a combination of (a) transparent DTI ellipsoids, (b) 

tubes that display the DTI fiber direction, and (c) CSD glyphs representing the FOD. Figure 8.5 B, C 

and D show examples of such combined glyphs for voxels containing 1, 2 and 3 fiber directions, 

respectively. 

 

Figure 8.5: A) Two regions of interest: 1 – high 

curvature fibers of the external anal sphincter, 2 – 

kissing fibers of the puborectalis muscle and the 

puboanalis muscle. B-D) Examples of combined DTI 

and CSD glyphs which are used in figure 6 and 7. 

The DTI ellipsoids are shown in transparent white, 

the primary diffusion direction of the diffusion 

tensor is represented by white tubes. The CSD 

FODs are shown in red, green and blue 

representing 1, 2 and 3 fiber directions, 

respectively 
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Figure 8.6: Two examples of fiber tractography of regions with high curvature representing the anal sphincter. 

The first and fourth rows show glyphs depicting the fiber orientation of the DTI and CSD models. The lines, which 

are overlaid on the DTI glyphs, schematically represent the DTI (white) and CSD (yellow) reconstructed tracts. 

The first column shows DTI based fiber tractography and columns 2 to 5 show CSD based fiber tractography and 

glyps with Lmax orders 2 to 8, respectively. 
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Figure 8.7: Two examples of fiber tractography of regions with kissing fibers representing two parts of the 

levator ani musclegroup, the puborectalis muscle (bluish tracts running more vertical) and the puboanalis muscle 

(greenish trats running more horizontal). The first and fourth rows show glyphs depicting the fiber orientation of 

the DTI and CSD models. The lines, which are overlaid on the DTI glyphs, schematically represent the DTI (white) 

and CSD (yellow) reconstructed tracts. The first column shows DTI based fiber tractography and columns 2 to 5 

show CSD based fiber tractography and glyphs with Lmax orders 2 to 8, respectively. 

 

In regions that contain fiber tracts with high curvature, fiber tractography based on DTI and CSD 

with Lmax = 2 gave similar results, as shown in Figure 8.6 columns 1 and 2 respectively. If the 

curvature becomes too high the fiber tractography will terminate due to the restriction of the 30 

degree angle per 1 mm integration step. CSD tractography with Lmax = 4 was still able to continue 
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through regions with high curvature. However, more fiber tracts terminated in these regions, 

which resulted in lower fiber tract density due to the minimum fiber length of 30 mm. For higher 

values of Lmax fiber tractography becomes inaccurate in regions of high curvature where the CSD 

model reconstructs curvature as crossing fibers. This is most apparent in the glyphs (green and 

blue glyphs) shown in the first rows of Figure 8.6 A and B. 

 

 
Figure 8.8: Whole volume muscle fiber tractography. A-B) DTI based tractography, C-D) CSD based tractography 

with Lmax=4. Panel A and C are superior anterior view and panel B and D are inferior posterior view. The following 

anatomical features can be recognized. 1 –anal sphincter, 2 – urethral sphincter, 3 – puborectalis muscle, 4 – 

puboanalis muscle, 5 – perineal body, 6 – transversal perineal muscle, 7 –bulbospongious muscle, 8 – 

ischiocavernosus muscle, 9 – anococcygeal ligament, 10 – anococcygeal ligament, 11 – rectal sling, 12 – 

urogenital diaphragm. 
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The regions that contained fiber tracts with high curvature as well as the region that enclosed 

voxels with multiple muscle fiber directions showed similar results for tractography based on DTI 

and CSD with Lmax = 2, as illustrated in Figure 8.7 columns 1 and 2, respectively. In the first 

example (Figure 8.7 A), CSD-based fiber tractography with Lmax = 4 and higher was interpreted as 

crossing fiber tracts. However the same region in example 2 (Figure 8.7 B) was correctly 

reconstructed as a single curved fiber tract. Only for Lmax = 6 and 8 parts of the fiber tracts going 

through the region were visualized as crossing.  

 

Based on the above findings, CSD-based tractography with Lmax = 4 seems to be the best tradeoff 

between visualizing kissing and curving muscle fibers. Figure 8.8 shows a comparison between DTI- 

and CSD-based (Lmax = 4) techniques. Movies of these fiber tractography results are shown in 

Supporting Digital Content 1 (DTI tractography) and 2 (CSD tractography)). Both tractography 

methods depicted the same overall muscle anatomy but also revealed very different anatomical 

details including the anal sphincter, the rectal sling, the urethral sphincter and regions the levator 

ani muscle group. 

 

8.5 Discussion 

In this exploratory study we have demonstrated three-dimensional visualizations of the female 

pelvic floor muscle fiber architecture using various acquisition protocols and tractography 

methods. The depiction of the general anatomy was consistent over the different protocols and 

methods. However, there were variations in the fiber tractography of specific anatomical 

structure, e.g. the anal sphincter or the components of the levator ani muscle group. 

 

Traditionally the pelvic floor is imaged using (dynamic) MRI or ultrasound, which have advanced 

greatly over the last decade (44). However, these techniques only allow two dimensional 

representations and are restricted in their capability to visualize muscle architecture. The detailed 

visualization of the female pelvic floor anatomy presented in this study may allow new insights in 

the intricate function and dysfunction. Despite the small region of interest and the limited 
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resolution compared to the muscle sizes we were able to clearly distinguish different anatomical 

features. Furthermore, fiber tractography also permits the quantification of muscle architectural 

parameters, e.g. physiological cross-sectional area (PCSA), fiber length, axis of force generation 

and muscle fiber pennation angle, which are important determinants of muscle function (45-48). 

The unique detailed 3D visualization allows for better appreciation of the complex pelvic floor 

musculature which is essential to understand normal and abnormal function (1,44) 

 

DTI and fiber tractography of the abdominal region is feasible as has been shown for the female 

pelvic floor (25) and the sacral plexus (49). Nevertheless, data acquisition in this region remains 

challenging. The used single shot echo planar imaging sequence is sensitive to susceptibility 

artifacts caused by air tissue interfaces in the intestines, which results in deformation of the 

images. However, the sequence benefits from being robust against ghosting artifacts due to 

macroscopic motion. This is especially important since the abdominal region is highly dynamic due 

to constant breathing motion and activity of the intestines. To correct for motion and eddy 

currents distortions the diffusion-weighted images are registered before tensor calculation, which 

markedly improves the quality of the fiber tractography (42). However, the soft tissue deformation 

in the abdomen is mostly non-rigid and global affine registration can lead to less optimal solution 

locally (Figure 8.2). The use of a non-rigid algorithm could improve the registration (50).  

 

The pelvic floor muscles are small, have complex architecture and are situated deep inside the 

abdomen. Ideally, the small muscle volume requires data acquisition with high resolution. 

However, due to its locations a large field of view (FOV) is necessary to cover the entire abdomen 

and avoid fold over of signal from outside the region of interest. This limits the resolution because 

the long readout time needed to cover the large FOV with high resolution would increase the 

susceptibility artifacts. One possible solution would be to reduce the FOV in the phase encoding 

direction by outer volume suppression (51,52). 
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Another challenge was to acquire the data with sufficient SNR, which was important for 

quantification of diffusion tensor parameters and to perform accurate fiber tractography (53). The 

T2 of skeletal muscle is around 40 ms at 3T (54,55). Even with the use of SENSE and half Fourier, a 

b-value of 400 s/mm2 resulted in a minimal echo time of around 45 ms, which limited the SNR. 

Additionally, the large distance of the region of interest to the surface coils for signal reception 

restricted the SNR. Studies of prostate cancer have shown that using an endorectal coil for 

localized signal reception from within the body can be beneficial (56-60). Furthermore, SNR could 

be increased by acquisition of a higher number of signal averages. Nevertheless this would result 

in longer scan times and a decrease in effective resolution due to blurring artifacts. With constant 

scan time the number of signal averages and gradient directions are interchangeable (61), but 

acquiring data with a low number of directions will exclude the possibility of CSD tractography. 

 

It has been shown that of CSD-based fiber tractography can be performed with a large range of b-

values. The b-value is typically between 1000 and 3000 s/mm2 in studies of brain white matter 

(33,35,43,59,60). In this context, the b-value in this study may seem low. However, the FA of pelvic 

floor muscles is only 0.30 which is much lower than for white matter, whereas the MD and AD of 

muscle are typically around 1.6 and 2.0 x 10-3 mm2/s, respectively, which is twice as large as for 

white matter (25,62,63). Thus a b-value of 400 s/mm2 applied to skeletal muscle results in 

comparable signal attenuation at a b-value of 800 s/mm2 when applied to brain white matter. 

Overall, our b-value of 400 s/mm2 proved the best tradeoff between b-value and echo time, which 

was important to get enough SNR while maximizing the angular resolution. 

 

Fiber tractography with both DTI- and CSD-based algorithms gave similar results using 

standardized data acquisition and tractography settings for all subjects. However, because of the 

large variation of anatomy between subjects it was challenging to apply standardized selection of 

fiber tracts. This necessitates prior anatomical knowledge and training for the evaluation and 

interpretation off the results (64). Also the wide range of different muscle anatomy, ranging from 

highly curved muscles to multipennate thin muscles, and partial volume effects due to the limited 

resolution challenges a standardized approach for fiber tractography. Describing muscle fiber 

architecture will demand a tradeoff between accurate visualization of highly curved fibers, which 
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is best done using DTI or low order CSD tractography, and kissing fibers, which is only possible 

using higher order CSD tractography. In future clinically oriented applications of fiber tractography 

as a tool to investigate pelvic floor disorders, the anatomical variation may be even greater, 

complicating objective comparison between patients and healthy controls. Description of the 

pelvic floor muscles is further complicated because there is a large presence of connective tissue 

and ligaments in which fiber tractography can easily continue. Furthermore, the pelvic floor 

musculature is in close proximity to subcutaneous fat causing chemical shift artifacts which could 

negatively affect the fiber tractography. 

 

In conclusion, we have shown that both DTI- and CSD-based tractography can adequately describe 

the global architecture of the female pelvic floor. However, in regions with complex structures 

they showed different results. DTI and CSD with Lmax = 2 gave similar results and seemed to follow 

highly curved fiber orientations more easily, but it could not resolve multiple fiber orientations. 

For CSD with high Lmax, the opposite was observed. Taken together, CSD-based fiber tractography 

with Lmax = 4 seem to be the optimal choice, generally able to tract both regions with high 

curvature as well as regions with kissing fibers. 
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Chapter 9 – General discussion and future perspectives 
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9.1 Overview 

This thesis demonstrated that diffusion tensor imaging is a versatile technique that allows for the 

three-dimensional in vivo characterization of skeletal muscle architecture and microstructure. 

Muscle fiber organization could be visualized in great detail in various parts of the body, e.g. in the 

upper legs, the forearm, the lower back and the pelvic region, as well as for the masticator 

muscles (see the compilation in Figure 9.1). Moreover, subtle changes in tissue microstructure 

were detected with high sensitivity, e.g. in delayed onset muscle soreness (Chapter 5). We and 

others have shown that DTI is able to report on a variety of skeletal muscle related injuries, e.g. by 

mechanical causes (1), during disease (2), as a consequence of denervation (3-5), after ischemia 

and reperfusion trauma (6,7), in the presence of edema (8), after exercise (9-11) and induced by 

flexion (12-19), as was outlined in the first chapter.  

 

 
Figure 9.1: Skeletal muscle DTI-based fiber tractography in different regions of the human body. Seeding ROIs are 

in red. A) Iliocostalis lumborum pars lumborum left and right. B) Temporalis C) Semimembranosus and tendinosus 

left and right. D) Flexor digitorum profundus. E) Female pelvic floor 1. Urethral sphincter complex 2. external 

obturator 3. pubovisceral components and puborectal sling 4. internal obturator.. Froeling et al. 2011 (20) 
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Despite the wide spread application of skeletal muscle DTI, data acquisition and interpretation 

remain challenging. Chapter 2 described that derived tensor parameters and fiber tractography 

are sensitive to noise and the choice of acquisition parameters, and provided important guidelines 

for the robust use of DTI in skeletal muscle research. In literature, a wide variety of approaches 

and settings have been used. This could complicate the comparison between studies. However, 

when one sticks to the same acquisition protocol the diffusion tensor derived parameters can be 

reproducibly measured (18,21,22) as was shown in chapter 3. When an acquisition protocol is 

optimized for a specific application and the appropriate post processing is applied, DTI allows for 

the visualization of complex muscle architecture, e.g. the forearm (chapter 4) and the female 

pelvic floor (chapters 6, 7 and 8). Furthermore, DTI derived parameters can be used to quantify 

changes in the micro anatomy of skeletal muscle, which was demonstrated in chapter 5.  

 

The studies presented in this thesis have covered and discussed various aspects of diffusion 

weighted imaging applied to skeletal muscle, ranging from simulation to clinical applications. In 

this final chapter some limitations, opportunities for improvements, and future perspectives will 

be discussed. 

 

9.2 Acquisition and modeling 

The most common problem every MRI scientist encounters is to decide on the tradeoff between 

SNR, acquisition time and spatial resolution. Optimizing one of the three parameters will generally 

negatively influence the other ones. In DTI the most important one is SNR, because low SNR will 

negatively affect the derived parameters and fiber tractography. One possible solution could be 

data acquisition at higher field strength. The higher field strength will lead to higher SNR for the 

same resolution or higher resolution at the same SNR. The higher resolution allows for better 

delineation of small structures. An example of higher spatial resolution DTI of the human forearm 

at 7 T is depicted in Figure 9.2 (23). The high resolution could potentially enable better 

segmentation of the individual muscles or allow more accurate tractography of the peripheral 

forearm nerves (23,24).  
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Important questions that still remain are which structures primarily cause the hindered water 

diffusion and which processes dominate changes in this diffusion due to exercise, injury or disease. 

A better understanding of the causes of the attenuation of the diffusion signal and its effects on 

the diffusion parameters could aid better interpretation. In contrast to brain, in muscle DTI the 

second and third eigenvalue have different values. In literature some hypotheses have been made 

about the differences between the second and third eigenvalues (25-27). Also it has been shown 

that the second eigenvector exhibits structure and can even be traced (28,29).  

 

One important aspect of diffusion imaging in skeletal muscle that is commonly ignored is the 

influence of muscle perfusion. Although muscle perfusion is low, blood circulation in the capillary 

network causes phase dispersion and thus signal attenuation (30). The active flow induced 

attenuation is called “pseudo-diffusion” and is most apparent at low b-values. By measuring 

multiple b-values and assuming a bi-exponential model for signal attenuation the pseudo-diffusion 

and the hindered tissue diffusion can independently be estimated. Measurements of the pseudo-

diffusion allow for the characterization of the anisotropy of skeletal muscle microvasculature 

(31,32). During and shortly after muscle exercise the perfusion and the blood volume will increase 

and the effect of the pseudo diffusion will increase. The change in pseudo-diffusion has been 

shown to contribute significantly to changes in the total measured diffusion in skeletal muscle 

after exercise (33-35). 

 

In general the FA of skeletal muscle is low (0.3) which makes fiber tractography more difficult than 

for brain where the FA is around 0.6. One method that has been used to overcome this problem is 

using a stimulated echo sequence that uses very long mixing times (up to one second). With short 

mixing times the diffusion of tissue water displacement profile is Gaussian and only a small 

percentage of the water encounters the impermeable cell membrane and other structural 

elements. Increasing the mixing time strongly reduces the diffusion perpendicular to the fiber 

direction, because a larger percentage of the water encounters the diffusion barriers, which is less 

so along the fiber direction. This will cause a strong increase of the FA which in turn will simplify 

fiber tractography (36,37). 
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9.3 Applications  

9.3.1  Muscle modeling 

Models of muscle mechanics help provide a scientific basis for treating movement disorders (38) 

or improve understanding of soft tissue biomechanics (39). A common assumption is that muscle 

fibers shorten along their longitudinal axes. However, muscle contraction is much more complex. 

Three dimensional reconstructions of muscle architecture can provide new insights in muscle and 

tendon mechanics (38). Studies of skeletal muscle contraction using traditional MRI and 

mechanical modeling have shown non-uniform muscle fiber shortening (40) and strains (41). In a 

more recent study, a combination of spatially tagged and diffusion tensor MRI was used for the 

direct measurement of muscle strain and muscle fiber direction and revealed that the principal 

shortening direction deviated significantly from the fiber direction (17). The authors concluded 

that three-dimensional analyses of strain interpreted with respect to the fiber architecture are 

necessary to characterize skeletal muscle contraction in vivo for which DTI and fiber tractography 

are essential. Furthermore, identification of the anisotropic and viscoelastic mechanical properties 

of living human muscle can improve finite element models of muscle impact biomechanics (Figure 

9.3). In order to correctly model the complex anisotropic non-linear elastic behavior of muscle 

detailed knowledge of muscle fiber direction is necessary (39,42). 

 

9.3.2 Muscle disease 

Another promising application of skeletal muscle DTI are chronic and incapacitating 

neuromuscular diseases, for which treatment will greatly benefit from improved noninvasive 

readouts to follow disease progression and monitor response to therapy. Examples include post-

polio syndrome (43,44), focal/monomelic spinal muscular atrophy (45) and multifocal motor 

neuropathy (46,47). 
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Figure 9.2: Human forearm DTI at 7 T. Image matrix shows axial slices at two locations in two datasets: dataset 1 

– top two rows, voxel size: 2x2x2 mm3 and dataset – bottom two rows, voxel size 1x1x3 mm3. Data was acquired 

on a 7 T Philips scanner using a volume transmit coil and a custom-build 16 channel small element surface 

receive coil array consisting of 4 independent 4 coil modules. The orange line in the second column indicates the 

coil placement. Froeling et al.(23) 2011  
 

 
Figure 9.3: DTI in biomechanics. Finite element modeling of the human upper arm where high resolution 

anatomical MRI data provided the finite element geometry and DTI fiber tractography provided the muscle fiber 

architecture needed for the modeling of the anisotropic and viscoelastic mechanical properties. A) High 

resolution anatomy and DTI fiber directions. B) Finite element model based on the anatomical MRI. C) Combined 

finite element model and fiber tractography. D-F) Finite element simulations of muscle deformation brought 

about an indentor. Moerman et al. 2011 (39) 
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In a pilot study into post-polio syndrome (48) we have used automated DTI parameter based 

segmentation of healthy muscle and subcutaneous fat and fat infiltrated muscle (Figure 9.4). Fiber 

tractography of the fat infiltrated muscle compartment still revealed organized structures as is 

also present in healthy muscle but not in subcutaneous fat (Figure 9.5 and supplemental digital 

content 9.1). Standard clinical assessment only allows for a dichotomous characterization: muscles 

are normal, or show atrophy and/or replacement by fat without giving information about the 

presence of residual muscle fibers. This notion may have important clinical implications. 

 

 
Figure 9.4: DTI in neuromuscular disease. T1-weighted images (left) together with the segmented compartment 

masks overlaid on the un-weighted diffusion image (right). A-B) Images of a healthy volunteer. C-D) Images of a 

post-polio patient. Blue represents the muscle compartment, green the fat compartment and red the residual 

voxels. Froeling et al. 2012 (48) 
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Another proof-of-principle study was to investigate the added value of DTI in the evaluation of 

focal/monomelic spinal muscular atrophy (SMA). Using needle electromyogram (EMG) the 

extensor digitorum muscle was identified as being one of the muscles affected by the disease. In a 

fiber tractography reconstruction of the forearm fiber tracts were color-coded according to the 

fractional anisotropy. For a healthy volunteer the color coded fiber reconstruction revealed a 

homogeneous FA for all the forearm muscles (Figure 9.6 top row). In case of the SMA patient the 

reconstruction revealed increased FA values for the extensor digitorum muscle (Figure 9.6 bottom 

row). More importantly, the technique was able to identify regions with increased FA outside the 

region identified by needle EMG investigations that seemed to be affected. However, for 

neuromuscular disorders the changes of the muscle physiology reflected in the DTI parameters 

usually have a neurological origin.  

 

Diffusion tensor imaging also allows for visualization of peripheral nerves (24) and of the nerve 

plexuses (sacral plexus - Figure 9.7 A-B and supplemental digital content 9.2; brachial plexus Figure 

9.7 D-F). DTI acquisitions allowed for the quantitative assessment of diffusion parameters along 

the nerves (49). Future research may reveal whether DTI of nerve tracts can identify changes that 

reflect conduction blocks, which can now only be identified by EMG if the nerves are located 

distally (50). 

 

 
Figure 9.5: DTI in neuromuscular disease. A-B) Whole volume fiber tractography of a healthy volunteer (A: 

posterior view; B: anterior view). C-D) Whole volume fiber tractography of a post-polio patient (C: posterior 

view; D: anterior view). Fiber tracts in the segmented fat compartment are shown in blue. Froeling et al. 2012 

(48) 
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Figure 9.6: DTI in muscle atrophy. Fiber tractography in lower arm of healthy volunteer (top) and 

focal/monomelic spinal muscular atrophy (SMA) patient (bottom). Increased FA values are visible in the Extensor 

Digitorum (ED) muscle. This muscle was previously identified by electromyography (EMG) as being one of the 

muscles affected by the disease. Importantly, DTI identified regions with increased FA values outside the ED, 

which were missed by the EMG diagnosis. 

 
Figure 9.7: DTI of peripheral nevers. A-B) DTI-based fiber tractography of the normal sacral plexus. A) Fiber tracts 

are color coded for direction; red (right-left direction), green (antero-posterior direction); blue (cranio-caudal 

direction). See supplemental digital content 9.2 for an animation. B) Fiber tracts are color coded for FA. Based on 

van der Jagt et al. (49) C-E) DTI-based fiber tractography of the plexus brachialis in a healthy volunteer visualized 

in three directions. Fiber tracts are color coded for direction, as mentioned before. 
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9.3.3 Cardiac DTI 

The left ventricle of the heart contains many individual myofibers that are aligned to form helical 

curves (51) which has been shown by histological studies (52,53) as well as ex-vivo DTI 

experiments (51). However, due to heartbeat and breathing motion the translation to in vivo 

human myocardial diffusion imagining is challenging. Nevertheless, technical developments made 

it possible to apply DTI in vivo (54-58) and now allows for whole heart fiber reconstruction (57,58) 

in systole and diastole. It has been shown that DTI acquisition of the beating heart is possible 

during free breathing (59). This will be critical if the use of DTI is to be extended to patients with 

cardiovascular disease and limited breath-hold capacity.  

 

Of special interest is the evaluation of myocardial remodeling resulting from myocardial infarction. 

Using diffusion tensor imaging in laboratory animal models of myocardial infarction changes in 

diffusion parameters and myofiber architecture have been observed (60-63). In vivo cardiac DTI 

holds the promise of providing structural information to complement data from traditional MRI 

acquisitions e.g. perfusion, tagging, late gadolinium enhanced or T1 mapping. To better 

understand cardiac morphology and mechanics Toussaint et al. (64) proposed statistical atlas of 

the left ventricular fiber architecture reconstructed from in-vivo DT images acquired in healthy 

volunteers. Dou et al. (56) performed an analysis of strain and diffusion tensors and showed that 

fiber shortening and shear contributed little to myocardial thickening, in contrast to sheet shear 

and extension. Chen et al. (65) performed ex vivo DTI on excised rat hearts were fixated in three 

states which represented early systole, systole or diastole. In this study they observed that the 

transmural distribution of the myofiber helix angle remained unchanged but endocardial and 

epicardial fibers became more longitudinally orientated in end systole. Recently preliminary 

results were presented showing the feasibility of dual phase human cardiac DTI in-vivo (57). 

Furthermore studies have shown that diffusion tensor derived parameters allow for the for the 

analysis of myocardial infarcts ex-vivo sheep hearts (66). 

 

The rapid development of techniques that allow in-vivo DTI acquisition of the myocardium 

provides a new and unique research tool to better understand the fiber architecture and 
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physiology of the periodical contracting heart. The ability to image a periodically moving muscle 

also opens new possibilities for the imaging of skeletal muscle exercises. If the exercise can be 

performed inside the scanner using periodically motion e.g. bicycle (67) or repetitive flexion 

dynamic changes in muscle physiology could be measured.  

 

9.4 Conclusion 

This thesis has shown that DTI of skeletal muscle is a unique, powerful and versatile technique. 

Diffusion tensor derived parameters allow for quantitation of aspects of skeletal muscle 

physiology. Furthermore, the unique three dimensional reconstructions enable visualization of in 

vivo muscle anatomy and quantification of muscle architectural parameters. Since the technique 

was first applied to skeletal muscle in vivo little over 10 years ago it has matured into a proven 

research tool which is gradually making its way to clinical applications. 

 

9.5 Supplemental digital content 

SDC9.1 – Post polio.avi   video 

A movie (avi file) of the fiber tractography reconstruction of healthy and fat infiltrated muscle. 

 

SDC9.2 – Sacral plexus.avi   video 

A movie (avi file) of the fiber tractography reconstruction of the sacral plexus. 
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A1.2 Diffusion weighted imaging 

Diffusion is the random displacement of molecules under the influence of temperature and/or 

concentration gradients. Diffusion of water can be measured using diffusion-weighted magnetic 

resonance imaging (DW-MRI). This technique can be extended by measuring diffusion in multiple 

directions to quantify the direction dependency of diffusion. Instead of defining diffusion by a 

single scalar the apparent diffusion coefficient (ADC) is then rather described by a 3x3 tensor. This 

technique is called diffusion tensor imaging (DTI). With this technique different type of tissues can 

be characterized by calculating scalars from the diffusion tensor. Also this diffusion tensor can be 

used as a base for fiber tracking of fibrous tissue like skeletal muscle. 

 

Figure A1.1: Single-shot diffusion-weighted spin echo echo planar imaging (EPI) pulse sequence. Diffusion 

sensitizing of a spin-echo sequence is done by using pulsed field gradients. Two rectangular gradients (G) of equal 

size are placed on both sides of a 180 degree refocusing pulse. The entire k-space is filled with a single EPI readout 

train. Since the EPI-readout train occupies a lot of the time available in the second half of the TE interval (tEPI/2), 

the maximum duration of the diffusion pulse gradient (G) is mostly determined by the time TE/2 - tEPI/2. 

Parameters are: tEPI = time of the EPI readout train, TE = echo time, δ  = duration of diffusion pulse gradient, 

∆  = delay between the leading edges of the diffusion pulse gradients, G = pulse gradient magnitude, RF = radio 

frequency pulses, GF = frequency encoding or read out gradients, GS = slice selection gradients, GP = Phase 

encoding gradients.  
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Diffusion weighted imaging is based on measuring the signal loss due to diffusion spins under the 

influence of two intense gradient pulses with short duration δ  separated by time interval ∆  which 

is schematically shown in Figure A1.1. Figure A1.2 shows a schematic representation of what 

happens to fixed (no movement), flowing (nonrandom movement) and diffusing (random 

movement) spins under the influence of pulsed field gradients (PFG). Fixed spins are not 

influenced by PFG, they accumulate no phase and the net transversal magnetization remains the 

same. For flowing spins the displacement is the same for all spins. There is no loss in net 

transversal magnetization but because they rephase at a different location and thus experience a 

different magnetic field strength as were they dephased there is a net phase difference due to the 

PFG. Diffusion spins also move during the PFG but they all move in a random direction. Each spin 

accumulates a phase difference in the same way as flowing spins but each spin ends up with a 

different random phase change after rephasing. This results in no net phase difference but a loss 

of net transversal magnetization. 

 

Figure A1.2: Schematic representation of the distributions of the phase of spins in the transversal plain of a voxel 

which is under the influence of diffusion sensitizing gradients. Parameters are: M0 = equilibrium net magnetization 

vector, M = net magnetization vector, M0 = equilibrium phase of magnetization vector, ϕ = phase of magnetization 

vector, b = diffusion weighting factor, D = diffusion coefficient in gradient direction. A) Fixed spins undergo the 

same dephasing and rephasing gradient, this results in no difference in phase and net magnetization. B) Flowing 

spins all undergo the same dephasing and rephasing gradient, but the rephasing is different from the dephasing 

because the spins are displaced. Because the displacement is equal for all spins this results in a net phase shift but 

no difference in net magnetization. C) Diffusing spins displace randomly in all directions. Each spin is subjected to a 

different dephasing and rephasing gradient. Because the displacement random this results in no difference in net 

phase shift but a decrease of net magnetization. 
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A1.3 The diffusion tensor 

If the diffusivity of water in tissue is largely independent of the orientation of the tissue (isotropic 

diffusion) the diffusion can be characterized by a single scalar, the apparent diffusion coefficient 

(ADC). In tissue where the diffusion is dependent on the orientation of tissue (an-isotropic 

diffusion) the diffusivity of water cannot be characterized by a single scalar but is rather described 

as a 3 x 3 tensor D  

 
xx xy xz

xy yy yz

xz yz zz

D D D
D D D
D D D

 
 

=  
 
 

D  A1.1 

Because diffusion has to be described by real values, the tensor is symmetric. The diagonal 

elements xxD , yyD  and zzD  represent diffusion along the axis of the magnet coordinate system and 

are by definition positive. The off-diagonal elements xyD , xzD  and yzD  represent the correlation 

between these perpendicular diffusion directions. When diffusion is isotropic the diffusion in all 

directions is equal ( xx yy zzD D D ADC= = = ) and these principal diffusion directions are decoupled. 

( 0xy xz yzD D D= = = ). With an-isotropic diffusion this is not the case but we can construct a local 

orthogonal coordinate system, where along the principal coordinate axes the diffusion is 

decoupled. Because D  is symmetrical and positive its three eigenvectors 1ε , 2ε  and 3ε are 

orthogonal (principal diffusion directions) and their corresponding eigenvalues 1λ , 2λ  and 3λ  

(principal effective diffusivity) are positive and 1 2 3λ λ λ≥ ≥ .  
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The diffusion tensor provides information about the directional properties of diffusion, but it is 

rather hard to interpret quantitatively. The eigenvectors describe the principal diffusion directions 

and the corresponding eigenvalues the diffusivity in that direction. Therefore several rotation and 

scaling invariant scalar indices were introduced, which simplify the diffusion tensor. The mean 

diffusivity, given in equation A1.5, is an index that describes the MD of biological tissue and is 

given in [mm2/s]. Where the MD describes the isotropic diffusion, FA (equation A1.6) is an index 

that describes the anisotropy of diffusion. FA is a dimensionless and equals 0 for isotropic 

medium. For cylindrically symmetric anisotropic media the value of FA approaches 1. 

 1 2 3Tr( )MD
3 3 3

xx yy zzD D D λ λ λλ
+ + + +

= = = =
D  A1.5 

 ( ) ( ) ( )
( )

2 2 2
1 2 3

2 2 2
1 2 3

3FA
2

λ λ λ λ λ λ

λ λ λ

− + − + −
=

+ +
 A1.6 

Figure A1.3 shows a schematic representation of free and restricted diffusion. Generally, tissues 

differ in microscopic structure. Skeletal muscle has highly striated multi-nucleate cells structured 

in highly regular and parallel bundles. In skeletal muscle diffusion is hindered more perpendicular 

to the fiber direction than along the fiber direction. As a result the direction of the first 

eigenvector corresponds to the skeletal muscular fiber direction and can be used for fiber 

tractography as shown in Figure A1.4. 

 

A1.4 Tensor Calculation 

The diffusion Tensor can be calculated using three general methods; Linear Least-Squares (LLS), 

Weighted Linear Least-Squares (WLLS) and Nonlinear Least-Squares (NLS). For all three methods 

also there are also constrained methods (cLLS, cWLLS, cNLS) that force the tensor to be symmetric 

positive definite, which does not have to be the case for the unconstrained versions. 
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Figure A1.3: A schematic representation of free and restricted diffusion. The eigenvectors represent directions of 

the principal axes and the corresponding eigenvalues (λ1, λ2 and λ3) the magnitude of diffusion coefficients along 

these principal axes. A) Free isotropic diffusion, equal probability of displacement in all directions, represented by 

a sphere (λ1 = λ2 = λ3). B) Isotropic hindered diffusion, equal probability of displacement in all directions, 

represented by a smaller sphere  (λ1 = λ2 = λ3). C) Anisotropic diffusion, hindered in one direction, represented by 

a disc  (λ1 ≈ λ2 ≥ λ3). D) Anisotropic diffusion, hindered in two directions, represented by an ellipsoid (λ1 ≥ λ2 ≥ λ3). 

 

Figure A1.4: Principle of fiber tracking. Anisotropic diffusion in an environment with strongly aligned fibers (A) is 

represented by an ellipsoid (B). When the average fiber direction is determined for a voxel, represented by the 

open arrows, tracking can be performed by either a discrete (C) or continuous (D) number field. Fiber tracking 

starts in the voxel indicated with a (*). Actual fibers are represented by the curved arrows. The connected voxels 

resulting from tracking are shaded gray. With a discrete approach (C) tracts deviates from the actual fiber direction 

whereas the continuous approach succeeds as represented by the train of solid arrows. This approach also works 

in three dimensions as long as the vectors are aligned (E). When the vector orientation becomes random the 

tracking is ended (F). 
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A1.4.1 Linear Least-Squares 

The diffusion tensor can be represented as a seven-element column vector d


. Each column 

represents one of the six distinct tensor elements together with the logarithm of the un-weighted 

signal. 

 ( ) T

0, , , , , , lnxx yy zz xy xz yzD D D D D D S =  d


 A1.7 

The ith gradient direction with corresponding b-value can be represented in a seven-element row 

vector ib


  

 2 2 2, , , , , ,1i i ix i iy i iz i ix iy i ix iz i iy izb g b g b g b g g b g g b g g = − − − − − − b
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For N diffusion directions these are combined into one large 7N × matix B  
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 2 2

1

1

x y z x y x z y z
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B         A1.9 

The measured diffusion attenuated signals are represented in the 1N × column vector s  

 ( ) ( ) ( ) T
1 2ln , ln , , lnb b NbS S S=   s   A1.10 

which can be expressed as  

 = ⋅ +s B d η


  A1.11 

with η  a noise vector. Each measured diffusion weighted signal can thus be expressed as 

 

( )
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2 2 2

0
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i ix iz xz i iy iz yz

s S
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b d η
 

 A1.12 

However with more than 6 gradient directions B  is not a square matrix so there is no true inverse 

1−B and no exact solution for d


. The equation can still be solved by calculating a pseudoinverse 
ψB such that 
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 ψ
N N×=B B I  A1.13 

The pseudoinverse of B , ψB , can be calculated as 

 ( ) ( )1 1T T T T− −
⋅ = ⋅ =B B B s B B B B d d

 



 A1.14 

 ( ) 1ψ T T−
=B B B B  A1.15 

The solution for d


 is thus  

 ψ= ⋅d B s


  A1.16 

which is called the Linear Least Squares (LLS) method. 

 

A1.4.2 Weighted Linear Least-Squares 

In the LLS method all points are treated equally, which is generally true for the ibS  signal 

intensities. However, the solution is obtained using is and then the uncertainty is proportional to 

1 ibS if the signals have the same variance. Thus weighting each is  with their respective value ibS

would enhance the quality of the least-squares fit. This method is called the Weighted Linear Least 

Squares fit (WLLS) which is as follows 

 ( ) ( )1T 1 T 1−− −= ⋅d B W B B W s




 A1.17 

 

Where 1−W is defined as 

 ( )1 2 2diag ib iS σ− =W  A1.18 

In this equation 2
iσ is the image noise level, which usually is the same for all the images. However 

when each gradient direction has a different number of signal averages this is not the case. 
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A1.4.3 Nonlinear Least-Squares 

The third way to calculate the tensor is the Nonlinear Least-Squares (NLS) fit. This method uses a 

minimization algorithm, usually a Levenberg-Marquardt algorithm, to minimize the sum of the 

residuals of the tensor fit r  which is defined as. 

 ( )
1

ˆexp
N

i i
i

r s s
=

= −∑   A1.19 

With îs  defined as noise free diffusion weighted signal 

 îs = ⋅ib d
 

 A1.20 

 

A1.4.4 Constrained tensor fitting 

Although the diffusion tensor D  should be a symmetric positive definite matrix this will not always 

be the case. By definition of the B  the diffusion tensor will be symmetric but can be not positive 

definite. A solution is to apply the Cholesky parameterization to D . The tensor D  will be symmetric 

positive definite for T=D U U  with. 
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In this case the columns vector d


 is defined as  

 ( ) T2 2 2 2 2 2
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Chapter 2 – DTITools: a Mathematica toolbox 

for simulating, processing and analyzing DTI 

data 
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A2.1 Introduction 

DTITools is a lightweight package, only 600 kb, for Mathematica which contains over 125 functions 

for simulation, processing, correction, visualization and analysis of diffusion tensor data. The 

toolbox consist of Mathematica code only and does not need any additional software or plugins. It 

is easy to install and uses the normal Mathematica workflow and can be used in combination with 

all other Mathematica functions and toolboxes (Figure A2.1 left). The toolbox allows for importing 

of DICOM files and structures and exporting the tensors and additional anatomical volumes or 

masks to the vIST/e software (v1.0.0 - http://bmia.bmt.tue.nl/software/viste), which is used for 

fiber tractography. The toolbox contains documentation for all the functions and is fully integrated 

into the Mathematica documentation center (Figure A2.1 right). Together with the input 

assistance pallet (Figure A2.1 middle) the toolbox is easy to use even for the novice Mathematica 

user. 

 

A2.2 Data visualization 

Data quality control is the most important step in data processing. The toolbox contains versatile, 

flexible and user-friendly tools for visualization and comparison of one or two 2D, 3D and 4D 

datasets of any sort (Figure A2.2 A-B). The PlotData function allows for easy data navigation using 
 

 

Figure A2.1: Left – Mathematica command window; Middle – Input assistance pallet; Right – Mathematica 

help browser.  
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Figure A2.2: A-B) Data visualization interface, which allows for slice navigation (C-D: also coronal and sagital), 

dynamic control of plot range and color bars (E) and easy comparison of any combination of two 2D, 3D or 4D 

datasets using multiple overlay possibilities, e.g. transparent overlay (F) or chalkboard display (G) 

 
Figure A2.3: A) Examples of gradient optimization for different gradient numbers and geometries. B) Analysis 

of gradient performance using simulation and response surfaces.  

 
Figure A2.4: A-B) Example of a diffusion-weighed image before (A) and after (B) Rician noise suppression. C) 

Difference of A and B. D) SNR map of A 
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axial, sagital and coronal slices (Figure A2.2 C-D) and adjustment of the plot range and color 

functions (Figure A2.2 E). Two datasets can be displayed next to each other for data comparison, 

but can also be displayed as a transparent overlay, checker board plot or difference plot (Figure 

A2.2 F-G).  

 

A2.3 Gradient optimization 

One important step in DTI data acquisition is the choice of the number of gradients and 

optimization of these gradients. The tool has functions for the optimization of gradient sets both 

normal and efficient dual gradient mode (Figure A2.3 A). It also contains functions to visualize the 

gradient distribution and analysis of gradient performance using simulated data and response 

surfaces (Figure A2.3 B). 

 

A2.4 Data processing 

A2.4.1 Noise 

Since the diffusion tensor eigenvalues and eigenvectors are sensitive to noise and diffusion-

weighted data is typically of low SNR the toolbox contains functions for noise suppression and SNR 

calculation. The noise suppression algorithm uses a recursive linear least squares estimator using a 

Rician noise model to restore diffusion-weighted data (Figure A2.4 A-C). The toolbox also contains 

functions that calculate image SNR using the image background or by subtraction of two 

identically acquired images (Figure A2.4 D). 

 

A2.4.2 B0 field maps 

Diffusion-weighted images are commonly acquired using a EPI readout which commonly suffer 

from susceptibility-induced translation and deformation of the images. Using a B0-field map these 

deformations can be corrected.  For this purpose the toolbox contains noise robust 2D and 3D 
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Figure A2.5: A) Example of B0 map (middle) calculation using dual echo gradient echo phase data (left) of the 

upper legs, which can be used to correct susceptibility deformations of EPI images (right). B) Example of 

susceptibility deformations in the forearm.  

 
Figure A2.6: 2D and 3D image registration by Gauss-Newton minimization of the Normalized Gradient Fields. 

A) Dynamic monitoring of the registration process. On the top row, the left two graphs represent the 

minimization factor and the solutions of the 12 degrees of freedom as a function of the number of iterations. 

The right three images show the target image, the solution and their difference, respectively. The bottom two 

rows show examples of the normalized gradient field (left) and the corresponding Gaussian derivative in the x 

(middle) and y (right) of the target and solution images at two different scale spaces factors. B) Example of 3D 

registration of a rotated brain dataset. The first image shows the target data, the second image shows the 

rotated data and the third image shows the difference between the two before registration. The right two 

images show the registered data and the difference after registration, respectively. 
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phase unwrapping algorithms for B0-field calculation (Figure A2.5 A). It also contains function for 

the visualization and correction of distortions in EPI images due to the susceptibility artifacts 

(Figure A2.5 B). 

 

A2.4.3 Data registration 

To accurately calculate a diffusion tensor the diffusion-weighted images need to be corrected for 

motion and eddy currents induced geometric distortions accompanied with the appropriate b-

matrix reorientation. In this toolbox a fast and flexible scale space based registration algorithm 

using normalized gradient fields was implemented. The scale space allows for fast convergence of 

the Gaus-Newton minimization of normalized gradient fields. The algorithm also has a built in 

visualization of the registration process (Figure A2.6 A).  

 

A2.5 Tensor Calculation 

The toolbox contains multiple tensor calculation algorithms, tensor residual analysis (Figure A2.7 

E) and tensor based data segmentation of muscle and fat signal (Figure A2.7 F). The implemented 

tensor calculation methods are LLS, WLLS, NLL, cLLS, cWLLS and cNLS. The toolbox also contains 

various functions to calculate commonly used tensor derived parameters. Easy quality control the 

tensor parameters can be visualized as parameters maps, using probability density distributions or 

as function of slice or location.   

 

A2.6 Simulation 

The toolbox contains an extensive toolkit for the simulation of DTI data based on acquisition 

parameters, e.g. TE, TR, noise and b-value and tissue properties, e.g. tissue T2, fat fraction and 

tissue water diffusion (Figure A2.8 A-B). It includes analysis tools for every step from MRI signal 

analysis to eigenvector distribution (Figure A2.8 C-D) and fiber tracts derived parameters (Figure 

A2.8 E-F). 
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Figure A2.7: The Dxx tensor component before (A-B) and after (C-D) data pre-processing. E) Tensor residual 

map of B. F) Automated tensor based muscle segmentation. 

 
Figure A2.8: A) Simulation of tensor parameters as function of SNR for LLS and WLLS tensor calculation 

methods. B) Simulation of tensor parameters as function of b-value for LLS and WLLS tensor calculation 

methods. C) Simulation of tensor eigenvector error at an SNR of 25. D) Visualization of eigenvector distribution 

at an SNR of 25. E) Fiber tractography of simulated tensor data at varying SNR. F) Fiber tractography of 

simulated tensor data for varying pennation angle (left) and curvature (right). 
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Summary 
Diffusion tensor imaging of human skeletal muscle: from simulation to clinical implementation. 

 

A2.7 Introduction 

Diffusion tensor imaging (DTI) is a specialized MRI technique that is particularly suited to study 

muscle structure. Diffusion imaging provides quantitative information on muscle geometry, which 

is the main mechanical determinant of muscle performance, and on the local histopathological 

status of muscles to monitor disease progression or the effect of physical exercise or a 

pharmacological intervention. Diffusion MRI, like all other MRI techniques, is a noninvasive 

technology that provides a full three dimensional overview of the tissue of interest. It exploits the 

property that the apparent diffusivity of water is greatest along the dominant muscle fiber 

direction. In each imaging voxel a diffusion tensor is reconstructed from a series of diffusion-

weighted MR images along at least 6 independent diffusion encoding directions. An eigenvalue 

analysis yields the principal axis of diffusion, which parallels the local muscle fiber orientation. 

Principal diffusion directions of neighboring voxels are combined for three-dimensional muscle 

fiber tractography. Most of the information gained by diffusion MRI is unique – in the sense that 

no alternative procedures exist that deliver similar insights. 

 

Diffusion tensor imaging (DTI) and fiber tractography of skeletal muscle is challenging for a 

number of reasons. First the short T2 relaxation times of muscles result in low SNR, which limits 

the resolution. Also the EPI readout leads to susceptibility-induced deformations in the images. 

Furthermore eddy currents and macroscopic motion can lead to a shift of the diffusion weighted 

volumes with respect to the non-weighted volume.  

 

The principal aim of the research described in the thesis was to optimize and standardize DTI data 

acquisition and processing and explore clinical application of the technique. For this purpose a 
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custom built toolbox for Wolfram Mathematica 8 was developed, containing over 125 functions 

for simulating, processing, enhancing and analyzing DTI data. To investigate the clinical application 

of DTI a standardized protocol for acquiring and processing data was developed and tested to 

measure on various parts of the human body. Five studies were performed. The first study aimed 

to gain a better understanding of the influence of the sequence parameters, tensor-fitting 

algorithms, and post processing on image quality and SNR using a combination of simulations and 

experimentally acquired data. In the second study, reproducibility of the diffusion parameters was 

assessed. The third study focused on fiber tractography to visualize muscle architecture. In the 

fourth study DTI was applied to study delayed onset muscle soreness. In the final experimental 

study, the clinical feasibility of DTI in studies of the female pelvic floor was investigated. 

 

A2.8 Studies 

A2.8.1 Simulation  

In chapter 2 we have shown that although there are many parallels between DTI of skeletal muscle 

and brain, there are some fundamental differences. In brain DTI the FA is typically high (0.5 to 0.9) 

and the axial and radial diffusivities are low, whereas for muscle DTI the FA is low (0.2 to 0.3) and 

the diffusivity can be up to three times higher. As a result different acquisition parameters are 

needed and the effect of noise on the calculated parameters is different. In this study we explored 

the effect of SNR, b-values and different tensor estimation methods on diffusion parameters and 

fiber tractography in muscle DTI using simulations and experimentally acquired human data. We 

conclude that accurate DTI of skeletal muscle requires a SNR of at least 25, a b-value between 400 

and 500 s/mm2, and data acquired with at least 12 diffusion-gradient directions homogeneously 

distributed on half a sphere. When comparing studies or interpreting apparent changes in 

diffusion parameters this should be done with care, since differences between studies or changes 

due to pathology could have secondary causes. 
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A2.8.2 Reproducibility  

The aim of the study presented in chapter 3 was to evaluate a fast clinical protocol to enable DTI 

of the human forearm and assess the reproducibility of the DTI parameter. The right forearms of 

10 healthy volunteers were scanned twice, with a one week interval. Using a 7 min 40 s scan 

protocol, which was well tolerated by the volunteers, the reproducibility of DTI parameters was 

demonstrated. However repeatability varies depending on the ROI and DTI parameter. For 

example, 7 subjects would suffice for a 5% change in λ1 for the whole muscle volume of the 

forearm, whereas 23 subjects would minimally be needed for λ3. This should be taken into 

account when designing a longitudinal study.  

 

A2.8.3 Muscle Architecture of the Human Forearm 

In the fourth chapter the study goal was to image the complex muscle architecture of the human 

forearm and determining the accuracy of the fiber tractography. Post-processing proved essential 

to allow muscle segmentation based on combined T1-weighted and diffusion tensor data. To 

validate our approach, the fiber reconstructions of individual muscles from the in vivo scans were 

compared to photographs of those dissected from a human cadaver forearm. The protocol was 

able to visualize the muscle architecture of the human forearm in great detail and excellent 

agreement was obtained with the dissected cadaver muscles. The protocol can be applied more 

generally to study human muscle architecture in other parts of the body. 

 

A2.8.4 Detection of early muscle injuries 

In chapter 5 we applied diffusion-tensor MRI (DT-MRI) to evaluate sports-induced delayed onset 

muscle soreness (DOMS) that goes undetected on traditional T2-weighted MRI. Both upper legs of 

5 male healthy amateur long-distance runners received an MRI examination one week before 

(time point A), and 2 days (time point B) and 3 weeks (time point C) after they participated in a 

marathon. T2-weighted MRI with fat saturation revealed grade 1 muscle strains in 9 of the 180 

investigated muscles. For the biceps femoris muscle, the three eigenvalues, MD and FA were 
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significantly increased (p < 0.05) to two days after running. Furthermore, the eigenvalues and MD 

were still significantly (p < 0.05) elevated 3 weeks after the marathon (time point C versus A). 

DOMS as a result of marathon running increased the diffusivity of water in specific leg muscles. 

DT-MRI revealed changes in diffusion-tensor parameters in muscles for which traditional T2 

weighted MRI appeared normal. 

 

A2.8.5 DTI of the female pelvic floor 

Feasibility 

The aim of chapter 6 was to prospectively determine the feasibility of diffusion tensor imaging 

(DTI) with fiber tractography as a tool for the three-dimensional (3D) visualization of normal pelvic 

floor anatomy. Five young female nulliparous subjects (mean age: 28 ± 3 years) underwent DTI at 

3 T. In all subjects fiber tractography resulted in a satisfactory anatomical representation of the 

pubovisceral muscle, perineal body, anal - and urethral sphincter complex and internal obturator 

muscle. To quantitatively describe these muscles diffusion parameters were calculated from their 

representative fiber tracts. This study demonstrates the feasibility of visualizing the complex 

three-dimensional pelvic floor architecture using DTI with fiber tractography. DTI of the deep 

female pelvic floor may provide new insights into pelvic floor disorders.  

 

Evaluation Pelvic Organ Prolapse 

Following the feasibility study, DTI was used to identify muscular changes in pelvic organ prolapse 

(POP). For this study, presented in chapter 7, thirty women were consecutively included: 10 

patients with pelvic organ prolapse, 10 patients with pelvic floor symptoms and 10 asymptomatic 

women. Offline fiber tractography and morphological analysis of pelvic MRI were performed. 

Inter-rater agreement for quality assessment of fiber tracking results was evaluated using 

weighted kappa. Substantial inter-rater agreement was found (κ = 0.71, with 95% CI = 0.63–0.78). 

Four anatomical structures were reliably identified. Substantial inter-rater agreement was found 

for MD and FA (ICC = 0.60–0.91). No significant differences between groups were observed for  
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anal sphincter, perineal body and puboperineal muscle. Significant difference in FA was found for 

internal obturator between the prolapse group and the asymptomatic group (0.27 ± 0.05 vs. 

0.22 ± 0.03; p = 0.015). DTI with fiber tractography permits identification of part of the clinically 

relevant pelvic structures. Overall, no significant differences in DTI parameters were found 

between groups.  

 

DTI- and CSD-based tractography 

In the final study presented in chapter 9 we showed that, although DTI of the pelvic floor has been 

proven feasible, it remains challenging to segment and identify the individual muscles due to the 

limited resolution and partial volume effects. In this study, we explored DTI and CSD based 

tractography algorithms to investigate the female pelvic floor muscle anatomy in vivo. We have 

shown that both DTI and CSD tractography provide can adequately describe the global 

architecture of the female pelvic floor. However, in regions with complex structures they show 

different results. DTI seems to follow highly curved fiber orientations more easily, but it cannot 

resolve multiple fiber orientations. For CSD, the opposite has been observed. Taken together, CSD-

based fiber tractography with Lmax = 4 seems to be the optimal choice, generally able to tract both 

regions with high curvature as well as regions with kissing fibers. 

 

A2.9 Discussion and outlook 

In recent years DTI has been used to evaluate microstructural alterations in skeletal muscle tissue 

in a variety of cases, e.g. after mechanical injury, during disease, as a consequence of denervation, 

after ischemia and reperfusion trauma, during the time-course of muscle de- and regeneration, 

induced edema, after exercise-induced trauma and changes in muscle length. With the developed, 

clinically applicable imaging protocol and processing tools it proved possible to depict complex 3D 

muscle architecture as well as changes in the microscopic structure by quantitative diffusion 

parameters in a large range of muscle structures. 

 



Summary 

211 

 

This solid basis may facilitate clinical use of DTI in a broad range of problems e.g. to monitor 

degenerative muscle disease, to evaluate effects of physical rehabilitation interventions and to 

evaluate acute muscle injury. In this thesis, this was already partly demonstrated in de evaluation 

of DOMS in long distance runners and pelvic organ prolapse in females. To widen the clinical 

implementation pilot experiments have been performed in patients suffering from degenerative 

muscle diseases, specifically focal/monomeric spinal muscular atrophy and post-polio syndrome. 

Promising preliminary results showed that DTI was able to distinguish between healthy and 

diseased muscle tissue based on the quantitative diffusion parameters.  Also the 3D 

reconstructions of muscle fiber architecture could provide new insights the biomechanical 

function of healthy and affected muscles.  
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