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DIFFUSION KURTOSIS IMAGING (DKI) IN THE HUMAN CALF MUSCLES 
 

MIRABELLE LINDQUIST 
 

ABSTRACT 
 
 Human calf muscle injuries are relatively common among 

individuals from various backgrounds. Miniscule tears in the muscles of the calf 

such as the medial gastrocnemius, lateral gastrocnemius, and soleus, may be 

difficult to identify using traditional imaging modalities. Diffusion kurtosis imaging 

(DKI), is one type of diffusion imaging that has presented with some strengths 

over diffusion tensor imaging (DTI) and diffusion weighted imaging (DWI). 

Though DTI studies in the human calf have been published, no DKI studies in the 

human calf exist to our knowledge. The objective of this study is to determine 

whether or not DKI is applicable in identifying quantitative changes between 

states of dorsiflexion and relaxation in the human calf. One female participant 

underwent DKI. Data from the scanning was quantitatively analyzed via the use 

of FSLView and the NODDI MATLAB toolbox. A change in mean voxel intensity 

in the calf and mean orientation dispersion index was identified in each of the five 

slices analyzed, in each muscle group (medial gastrocnemius, lateral 

gastrocnemius, and soleus). Most of the changes, whether an increase or 

decrease in mean value—between the states of dorsiflexion and relaxation—

were statistically significant. We conclude that DKI may have a future in 

identifying physical/quantitative changes in calf muscles between the 

tense/relaxed states. Further studies using DKI on the human calf should be 
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conducted in the future and address the limitations of the current study. Further 

investigation could possibly benefit individuals with miniscule calf muscle injuries. 
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INTRODUCTION 

 

 Diffusion weighted imaging (DWI) is the simplest of three major diffusion 

magnetic resonance (MR) techniques. Through DWI, diffusion of water 

molecules can be quantified in vivo, without taking into account the direction of 

such diffusion (Le Bihan, 2003, as cited in Viallon et al., 2015). Pulsed magnetic 

field gradients allow for the sensitization of MRI to water diffusion, making such 

quantification possible (Stejskal & Tanner, 1965, as cited in Le Bihan, 2003). By 

measuring the displacement of protons contained in water molecules in vivo, 

during the diffusion time (amount of time between two gradient pulses), a 

diffusion coefficient (D) can be derived (Le Bihan, 2003). Parameterization of D, 

however, has allowed for the more appropriate use of a global parameter, the 

apparent diffusion coefficient (ADC). A higher ADC depicts greater diffusion in a 

structure; this in turn lowers the signal intensity on a diffusion-weighted MR 

image (Mukherjee, Berman, Chung, Hess, & Henry, 2008). Meanwhile, a lower 

ADC depicts less diffusion in a structure; this in turn increases the signal intensity 

on a diffusion-weighted MR image. While DWI has been known to be incredibly 

useful for the swift diagnosis of acute brain ischemia as well as helpful for the 

evaluation of brain tumors and infections, direction of diffusion is not necessarily 

accounted for (Viallon et al., 2015). Diffusion tensor imaging (DTI) introduces the 

ability to account for diffusion directionality. 
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 DTI further allows for the characterization of body tissue microstructures 

(Le Bihan et al., 2001, as cited in Viallon et al., 2015) through the changing of 

gradient pulse directions (Le Bihan et al., 2001). The concept of diffusion 

occurring more rapidly in the direction parallel to tissue fibers compared to that of 

the perpendicular direction has been shown to be useful in creating a map of 

white matter fiber orientations in the brain (Douek, Turner, Pekar, Patronas, & Le 

Bihan, 1991, as cited in Le Bihan et al., 2001). Scalar parameters such as mean 

diffusivity (MD) and fractional anisotropy (FA), which indicate the extent of 

diffusion and anisotropy of water molecules respectively, allow for the 

quantitative analysis of DTI data for assessment of fiber orientation (Viallon et al., 

2015). Anisotropic diffusion based on the tensor model used in DTI allows for the 

production of an ellipsoid, from which eigenvalues and eigenvectors can be 

gathered (Basser, Mattiello, & Le Bihan, 1994a, 1994b). The three eigenvalues, 

λ1, λ2, and λ3, represent the magnitude of diffusion in three orthogonal directions. 

The three eigenvectors, ε1, ε2, and ε3, represent the directional axes of the 

corresponding eigenvalues. Such DTI parameters allow for better tumor and 

white matter pathology characterization (Viallon et al., 2015), as well as fiber 

tracking (Mori & van Zijl, 2002), which provides benefits for surgery and anatomic 

visualization. One hindrance in using DTI, however, is the notion that DTI 

assumes diffusion to occur randomly and unrestrictedly—only potentially 

hindered (Viallon et al., 2015). Therefore, DTI assumes a Gaussian diffusion 

probability distribution function. Diffusion kurtosis imaging (DKI), in contrast, 
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assumes a non-Gaussian diffusion probability distribution function, allowing for 

the consideration of complex microarchitecture in vivo. 

 DKI provides the dimensionless metric known as the apparent excess 

kurtosis coefficient (AKC), which describes the extent of deviation from the 

Gaussian diffusion assumed in DTI (De Santis, Gabrielli, Palombo, Maraviglia, & 

Capuani, 2011, as cited in Viallon et al., 2015). Furthermore, DKI has been 

shown to illustrate higher crossing-fiber resolution when compared to that of fiber 

tracking using DTI in the developing human brain (Paydar et al., 2014). Though 

the use of DKI has been studied in the human brain and compared against DTI, 

such as in patients with Parkinson’s disease (Kamagata et al., 2014) and 

individuals with hypertension (Shimoji et al., 2014), studies utilizing DKI to 

specifically target the human calf muscles are nonexistent.  

 Human calf muscles, which are considered to be skeletal muscles, include 

an organization of fibers differing from that of fibers in the human brain. Put 

simply, muscles in the human calf are made up of a series of cylindrical-like 

groups of fibers; groups of fascicles make up a muscle, while groups of myofibrils 

make up a fascicle. The arrangement of fascicles may vary to form different 

patterns, contributing to the amount of force capable of being generated by the 

muscle (Lieber & Fridén, 2000). 

Often times, when an excessive amount of force is placed on a particular muscle, 

an injury can occur. In the calf muscle, strains—which lead to muscle fiber 

tears—are common and can be classified into those of the gastrocnemius and 
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those of the soleus (Bryan Dixon, 2009). In general, the most common calf 

strains are those occurring in the medial gastrocnemius (Brukner & Khan, 2002, 

as cited in Bryan Dixon, 2009). DTI studies have previously been conducted to 

quantify measurements taken from calf muscles and specifically attempted to 

detect physical signs of injury. 

 One study in particular evaluated differences in FA and ADC between 

healthy individuals and patients with subacute intramuscular hematoma injury, 

acute medial gastrocnemius muscle tear injury, chronic gastrocnemius muscle 

tear injury, and acute intramuscular hematoma injury (Zaraiskaya, Kumbhare, & 

Noseworthy, 2006). In the patients with some sort of injury, FA values were 

noticeably lower than those of the healthy participants. In contrast, ADC values 

were noticeably higher in the patients with injury compared to that of the healthy 

participants. 

 The observed differences between healthy and injured calf muscles in the 

above study highlight the concept that physical symptoms of injury may be 

observed through diffusion imaging techniques. Though literature on the 

capability of DTI to observe such injuries exists, literature on the capability of DKI 

to observe calf injuries—to our knowledge—do not. 

 The objective of this study is to determine whether or not DKI can be used 

to observe notable differences between states of dorsiflexion and relaxation in 

the calf muscle, with particular attention given to the gastrocnemius and soleus. 

Based on the principles of DKI and the collective results of previous DTI studies 
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on the human calf, we predicted a significant difference between parameters 

measured in states of dorsiflexion and relaxation using DKI. 
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METHODS 

 

 One participant was included in this study. The participant was a healthy 

female with twenty-one years of age and no known history of calf muscle injuries. 

The participant was placed in a 3 Tesla Philips Acheiva MRI scanner housed 

within the Center for Biomedical Imaging at the Boston University Medical 

Campus, with the left lower extremity submerged into the bore of the scanner. 

The participant was notified when to switch from the state of dorsiflexion to 

relaxation. A total of 15 encoding directions for a b=1000 and 30 encoding 

directions for a b=2000 were applied. 

 To convert the DICOM (Digital Imaging and Communication in Medicine) 

files to NIfTI (Neuroimaging Informatics Technology Initiative) format, MRIcron 

from the NITRC (Neuroimaging Informatics Tools and Resources Clearinghouse) 

was used to run dcm2nii. Usefulness of the DKI data was first verified by visual 

assessment using FSLView (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 

2012). BET (Brain Extraction Tool) in FSL was used to aid in the stripping of non-

muscle tissues from the calf scan (Smith, 2002). In conjunction with tissue 

stripping, a calf mask was generated. Version 0.9 of the NODDI (neurite 

orientation dispersion and density imaging) toolbox (Zhang, Schneider, Wheeler-

Kingshott, & Alexander, 2012) was then run through MATLAB (Release 2012b, 

The MathWorks, Inc., Natick, Massachusetts, United States) in order to obtain 
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parameters such as intracellular volume fraction, orientation dispersion index, 

and fiber orientation. 

 Using FAST (FMRIB’s Automated Segmentation Tool) (Zhang, Brady, & 

Smith, 2001), segmentation of the calf muscle scans in the relaxed state 

occurred. The segmentations were then manually edited in FSLView (Jenkinson 

et al., 2012) in the seventh, eighth, ninth, tenth, and eleventh scans to produce a 

region of interest (ROI) in the medial gastrocnemius, lateral gastrocnemius, and 

soleus muscles. Registration of the manually edited ROIs on the relaxed state 

scans with the calf scans under dorsiflexion was conducted using FLIRT 

(FMRIB’s Linear Image Registration Tool) (Jenkinson, Bannister, & Brady, 2002; 

Jenkinson & Smith) to verify that the ROIs were located in the corresponding 

muscle groups within the calf under dorsiflexion. 

 In Microsoft Excel, individual values located within the ROIs of the medial 

gastrocnemius, lateral gastrocnemius, and soleus of the seventh through 

eleventh slices of the calf muscle scans under both dorsiflexion and relaxation 

were recorded. For the seventh, eighth, ninth, tenth, and eleventh slices, the ROI 

values in each of the three muscles were averaged separately. Therefore, one 

average was calculated for the calf in the seventh slice under dorsiflexion while 

another average was calculated for the calf in the same slice under relaxation. In 

addition, a two-tailed matched/paired samples t-test was used to identify any 

significant differences between the data sets for the states of dorsiflexion and 

relaxation within one particular slice.  
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RESULTS 

 

 The mean intensity values of the calf muscle under dorsiflexion were 

257.23059 in the medial gastrocnemius, 324.4331 in the lateral gastrocnemius, 

and 233.64884 in the soleus for the seventh slice. The mean intensity values of 

the calf muscle under relaxation were 231.93871 in the medial gastrocnemius, 

308.26704 in the lateral gastrocnemius, and 231.09898 in the soleus for the 

seventh slice. 

 The mean intensity values of the calf muscle under dorsiflexion were 

262.00144 in the medial gastrocnemius, 302.77217 in the lateral gastrocnemius, 

and 224.99161 in the soleus for the eighth slice. The mean intensity values of the 

calf muscle under relaxation were 227.21447 in the medial gastrocnemius, 

302.24833 in the lateral gastrocnemius, and 235.89962 in the soleus for the 

eighth slice. 

 The mean intensity values of the calf muscle under dorsiflexion were 

248.5239634 in the medial gastrocnemius, 324.940279 in the lateral 

gastrocnemius, and 226.223984 in the soleus for the ninth slice. The mean 

intensity values of the calf muscle under relaxation were 265.0954488 in the 

medial gastrocnemius, 328.6486397 in the lateral gastrocnemius, and 251.18035 

in the soleus for the ninth slice. 

 The mean intensity values of the calf muscle under dorsiflexion were 

238.868153 in the medial gastrocnemius, 323.836838 in the lateral 
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gastrocnemius, and 210.091146 in the soleus for the tenth slice. The mean 

intensity values of the calf muscle under relaxation were 220.43943 in the medial 

gastrocnemius, 299.679246 in the lateral gastrocnemius, and 237.936514 in the 

soleus for the tenth slice. 

 The mean intensity values of the calf muscle under dorsiflexion were 

260.157212 in the medial gastrocnemius, 329.69253 in the lateral 

gastrocnemius, and 214.243778 in the soleus for the eleventh slice. The mean 

intensity values of the calf muscle under relaxation were 247.718937 in the 

medial gastrocnemius, 302.986939 in the lateral gastrocnemius, and 251.508897 

in the soleus for the eleventh slice. 

 Critical values in the seventh slice for the medial gastrocnemius, lateral 

gastrocnemius, and soleus, respectively, were 1.974808092, 1.976810994, and 

1.971777385. Critical values in the eighth slice for the medial gastrocnemius, 

lateral gastrocnemius, and soleus, respectively, were 1.975189163, 

1.974808092, and 1.970805592. Critical values in the ninth slice for the medial 

gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

1.971660889, 1.977692277, and 1.968010728. Critical values in the tenth slice 

for the medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, 

were 1.974100447, 1.976931489, and 1.968596344. Critical values in the 

eleventh slice for the medial gastrocnemius, lateral gastrocnemius, and soleus 

were 1.972662692, 1.980992298, and 1.969237496. All of the critical values 

were based on a significance value of 0.05. 
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The t-statistic values for the medial gastrocnemius, lateral gastrocnemius, 

and soleus, respectively, were 5.596972248, 3.101897845, and 0.512043752 for 

the seventh slice. The t-statistic values for the medial gastrocnemius, lateral 

gastrocnemius, and soleus, respectively, were 8.553515255, 0.138346671, and -

2.782651202 for the eighth slice. The t-statistic values for the medial 

gastrocnemius, lateral gastrocnemius, and soleus, respectively, were -

3.330944472, -0.637304149, and -6.119614814 for the ninth slice. The t-statistic 

values for the medial gastrocnemius, lateral gastrocnemius, and soleus, 

respectively, were 4.555819583, 7.28123784, and -7.283953037 for the tenth 

slice. The t-statistic values for the medial gastrocnemius, lateral gastrocnemius, 

and soleus, respectively, were 3.329829522, 9.306108353, and -7.749799701 

for the eleventh slice. 

For the seventh slice, the p-value was 9.19521E-08 for the medial 

gastrocnemius, 0.002320161 for the lateral gastrocnemius, and 0.609179746 for 

the soleus. For the eighth slice, the p-value was 1.01131E-14 for the medial 

gastrocnemius, 0.890139327 for the lateral gastrocnemius, and .005860275 for 

the soleus. For the ninth slice, the p-value was 0.001027331 for the medial 

gastrocnemius, 0.525006087 for the lateral gastrocnemius, and 2.96867E-09 for 

the soleus. For the tenth slice, the p-value was 9.9589E-06 for the medial 

gastrocnemius, 2.12751E-11 for the lateral gastrocnemius, and 3.40254E-12 for 

the soleus. For the eleventh slice, the p-value was 0.00104582 for the medial 
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gastrocnemius, 1.14921E-15 for the lateral gastrocnemius, and 2.14173E-13 for 

the soleus. 

Under dorsiflexion, the mean orientation dispersion index values for the 

medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

0.178526984, 0.121352312, and 0.113802365 for the seventh slice. Under 

relaxation, the corresponding orientation dispersion index values for the same 

slice were 0.302372837, 0.176837106, and 0.135786639, respectively. 

Under dorsiflexion, the mean orientation dispersion index values for the 

medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

0.167734987, 0.11841312, and 0.117494526 for the eighth slice. Under 

relaxation, the corresponding orientation dispersion index values for the same 

slice were 0.305314004, 0.181605816, and 0.134989372, respectively. 

In a state of dorsiflexion, the mean orientation dispersion index values for 

the medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

0.212442572, 0.160821874, and 0.146493875 for the ninth slice. In a state of 

relaxation, the corresponding orientation dispersion index values for the same 

slice were 0.317980034, 0.262460374, and 0.151660285, respectively. 

In a state of dorsiflexion, the mean orientation dispersion index values for 

the medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

0.17630413, 0.110862971, and 0.138225764 for the tenth slice. In a state of 

relaxation, the corresponding orientation dispersion index values for the same 

slice were 0.287085254, 0.184357097, and 0.134837222, respectively. 
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Under dorsiflexion, the mean orientation dispersion index values for the 

medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

0.181702423, 0.130985788, and 0.116498787 for the eleventh slice. Under 

relaxation, the corresponding orientation dispersion index values were 

0.309391885, 0.243756964, and 0.134686486, respectively. 

Critical values based on orientation dispersion values in the seventh slice 

for the medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, 

were 1.974808092, 1.976810994, and 1.971777385. Critical values based on 

orientation dispersion values in the eighth slice for the medial gastrocnemius, 

lateral gastrocnemius, and soleus, respectively, were 1.975189163, 

1.974808092, and 1.970805592. Critical values based on orientation dispersion 

values in the ninth slice for the medial gastrocnemius, lateral gastrocnemius, and 

soleus, respectively, were 1.971660889, 1.977692277, and 1.968010728. Critical 

values based on orientation dispersion values in the tenth slice for the medial 

gastrocnemius, lateral gastrocnemius, and soleus, respectively, were 

1.974100447, 1.976931489, and 1.968596344. Critical values based on 

orientation dispersion values in the eleventh slice for the medial gastrocnemius, 

lateral gastrocnemius, and soleus were 1.972662692, 1.980992298, and 

1.969237496. All of the critical values were based on a significance value of 

0.05. 

The t-statistic values based on orientation dispersion values for the medial 

gastrocnemius, lateral gastrocnemius, and soleus, respectively, were -
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11.27861243, -8.70562587, and -2.67482635 for the seventh slice. The t-statistic 

values based on orientation dispersion values for the medial gastrocnemius, 

lateral gastrocnemius, and soleus, respectively, were -11.87982422, -

6.570908273, and -4.72584793 for the eighth slice. The t-statistic values based 

on orientation dispersion values for the medial gastrocnemius, lateral 

gastrocnemius, and soleus, respectively, were -8.535301445, -10.83420367, and 

-0.750366715 for the ninth slice. The t-statistic values based on orientation 

dispersion values for the medial gastrocnemius, lateral gastrocnemius, and 

soleus, respectively, were -7.943587181, -10.66901647 and 0.493737164 for the 

tenth slice. The t-statistic values based on orientation dispersion values for the 

medial gastrocnemius, lateral gastrocnemius, and soleus, respectively, were -

10.52252047, -15.01245339, and -3.589463039 for the eleventh slice. 

Based on orientation dispersion indices for the seventh slice, the p-value 

was 4.73536E-21 for the medial gastrocnemius, 9.130241E-7 for the lateral 

gastrocnemius, and 0.000076384 for the soleus. Based on orientation dispersion 

indices for the eighth slice, the p-value was 1.2588E-23 for the medial 

gastrocnemius, 6.60335E-10 for the lateral gastrocnemius, and 0.000284537 for 

the soleus. Based on orientation dispersion indices for the ninth slice, the p-value 

was 3.19077E-15 for the medial gastrocnemius, 4.54413E-20 for the lateral 

gastrocnemius, and 0.453629913 for the soleus. Based on orientation dispersion 

indices for the tenth slice, the p-value was 2.63272E-13 for the medial 

gastrocnemius, 7.54065E-20 for the lateral gastrocnemius, and 0.621884488 for 
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the soleus. Based on orientation dispersion indices for the eleventh slice, the p-

value was 1.17903E-20 for the medial gastrocnemius, 9.00461E-29 for the lateral 

gastrocnemius, and 0.000396769 for the soleus. 

The calf scans under dorsiflexion are shown below: 

 

Figure 1: Slice Seven Calf Muscle Under Dorsiflexion. 
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Figure 2: Slice Eight Calf Muscle Under Dorsiflexion. 

 

Figure 3: Slice Nine Calf Muscle Under Dorsiflexion. 
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Figure 4: Slice Ten Calf Muscle Under Dorsiflexion. 

 

Figure 5: Slice Eleven Calf Muscle Under Dorsiflexion. 

The calf scans under relaxation are shown below: 
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Figure 6: Slice Seven Calf Muscle Under Relaxation. 

 

Figure 7: Slice Eight Calf Muscle Under Relaxation. 
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Figure 8: Slice Nine Calf Muscle Under Relaxation. 

 

Figure 9: Slice Ten Calf Muscle Under Relaxation. 
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Figure 10: Slice Eleven Calf Muscle Under Relaxation. 

The orientation dispersion images under dorsiflexion are shown below: 

 

Figure 11: Slice Seven Orientation Dispersion Under Dorsiflexion. 
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Figure 12: Slice Eight Orientation Dispersion Under Dorsiflexion. 

 

Figure 13: Slice Nine Orientation Dispersion Under Dorsiflexion. 
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Figure 14: Slice Ten Orientation Dispersion Under Dorsiflexion. 

 

Figure 15: Slice Eleven Orientation Dispersion Under Dorsiflexion. 

The orientation dispersion images under relaxation are shown below: 
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Figure 16: Slice Seven Orientation Dispersion Under Relaxation. 

 

Figure 17: Slice Eight Orientation Dispersion Under Relaxation. 
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Figure 18: Slice Nine Orientation Dispersion Under Relaxation. 

 

Figure 19: Slice Ten Orientation Dispersion Under Relaxation. 
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Figure 20: Slice Eleven Orientation Dispersion Under Relaxation. 
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DISCUSSION 

 

 A decrease in mean voxel intensity was observed in the shift from 

dorsiflexion to relaxation of the calf in slice seven. This decrease was found to be 

statistically significant. A decrease was also found in the lateral gastrocnemius 

and this change was found to be significant as well. Additionally, the soleus 

appeared to have a decrease in mean voxel intensity from dorsiflexion to 

relaxation in slice seven. This decrease in mean voxel intensity, however, was 

not found to be significant. 

Decreased mean voxel intensities in the medial and lateral gastrocnemius 

after a shift from dorsiflexion to relaxation in slice eight were observed. 

Meanwhile, an increase in mean voxel intensity in the soleus was observed. The 

change in mean voxel intensities of the medial gastrocnemius and soleus were 

found to be significant, while the change in mean intensity for the lateral 

gastrocnemius was not. 

An increase in mean voxel intensity occurred in the medial gastrocnemius 

of slice nine after a shift from dorsiflexion to relaxation. This increase in mean 

voxel intensity was found to be significant. In the lateral gastrocnemius of slice 

nine, there was also an increase in mean voxel intensity. This increase, however, 

was not found to be statistically significant. In the soleus, mean voxel intensity for 

slice nine increased as well; this increase was found to be statistically significant 

like that of the increase in the medial gastrocnemius. 
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 In slice ten, a decrease in mean voxel intensity was observed in the 

medial gastrocnemius and the lateral gastrocnemius after a shift from dorsiflexion 

to relaxation. Both of these changes in mean voxel intensity were found to be 

significant. In contrast, an increase in mean voxel intensity occurred from 

dorsiflexion to relaxation in the soleus in the same slice. This change in mean 

voxel intensity was also found to be significant. 

 The mean voxel intensities of the medial gastrocnemius and lateral 

gastrocnemius in slice eleven decreased in the transition from dorsiflexion to 

relaxation, while the mean voxel intensity increased in the soleus. All three of 

these changes were found to be significant. 

 An increase in the mean orientation dispersion index value occurred in the 

medial gastrocnemius, lateral gastrocnemius, and soleus, as a shift from 

dorsiflexion to relaxation occurred in slice seven. All of these increases were 

found to be statistically significant. 

 The mean orientation dispersion index values increased in all three 

muscle groups as the calf shifted from a state of dorsiflexion to relaxation, in slice 

eight. The increase in mean orientation dispersion value for each muscle group 

was found to be significant. 

As the calf changed from a state of dorsiflexion to relaxation, an increase 

in the mean orientation dispersion index values in all three muscle groups was 

observed in the ninth slice. The increases found within the medial gastrocnemius 
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and lateral gastrocnemius were found to be statistically significant, while the 

increase in the soleus was not. 

 In slice ten, an increase in mean orientation dispersion index values was 

observed in the medial gastrocnemius and lateral gastrocnemius, while a 

decrease was observed in the soleus. The changes found in the medial and 

lateral gastrocnemius were significant, while the change found in the soleus was 

not. 

 Slice eleven presented an increase in mean orientation dispersion index 

values within the medial and lateral gastrocnemius and soleus. All of these 

increases were found to be statistically significant. 

 Overall, a number of statistically significant changes were observed in the 

transition from dorsiflexion to relaxation of the calf muscle, in different muscle 

groups over different slices. Based on the results of this experiment, it seems 

possible to identify quantitative changes using DKI in calf muscles as the state of 

dorsiflexion to relaxation, and vice versa, changes. In this experiment, it is 

possible that a number of flaws could have contributed to the presence of non-

statistically significant changes in mean values. 

One possible reason for the number of non-statistically significant changes 

in mean values is the accuracy and precision of the ROIs used to analyze the 

data. Lack of experience in drawing ROIs and identifying exact borders of the 

medial gastrocnemius, lateral gastrocnemius, and soleus of the human calf could 
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have contributed to ROIs encompassing areas from other muscle groups. In turn, 

this would have skewed the data analyzed for each muscle group. 

Another possible reason for the non-significant changes in mean values is 

the protocol used for DKI scanning. Due to lack of literature on DKI in the calf 

muscles, a scanning protocol was adapted from that usually used in the human 

brain. It is possible that the calf images retrieved from scanning could have 

presented with better image quality for analysis. 

This study also has a few limitations. First, only one participant was 

included in this study. Presence of more participant data from varying individuals 

would likely contribute a more general and cohesive picture of the extent to which 

DKI is useful in quantifying differences between different states of relaxation and 

tension in the human calf. Second, only a couple parameters were included in 

the analysis of the participant due to lack of image quality for those parameters. 

In the future, a more comprehensive analysis of all parameters should be run to 

further identify the extent to which the calf muscles differ quantitatively. Lastly, a 

matched/paired samples t-test was used to find statistical significance for 

differences between mean values for dorsiflexion and relaxation. In the future, 

mapping of the differences of each individual voxel, based on individual ROIs, 

may provide a means of visually assessing extent of change between the 

relaxed/tense states. In addition, other means of statistical analysis may be 

explored. 
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In conclusion, the results of this study indicate to us that the use of DKI to 

identify physical/quantitative differences in the calf (under different states) is 

possible. More studies with a higher number of participants, more efficient 

scanning protocol, and a more thorough statistical analysis should be conducted 

in the future. Identifying the efficiency of DKI in measuring calf muscle 

differences could be beneficial to injured human beings. If DKI is further shown to 

be effective in measuring muscle differences, patients who complain of calf 

muscle injuries (that are not normally easily identified with or imaging 

protocols/modalities) may benefit from this type of diffusion imaging in the future. 



 30

REFERENCES 

 

Basser, P. J., Mattiello, J., & Le Bihan, D. (1994a). Estimation of the effective 
self-diffusion tensor from the NMR spin echo. Journal of Magnetic 
Resonance, Series B, 103(3), 247-254. doi:10.1006/jmrb.1994.1037 

 
Basser, P. J., Mattiello, J., & Le Bihan, D. (1994b). MR diffusion tensor 

spectroscopy and imaging. Biophysical Journal, 66(1), 259-267. 
doi:10.1016/S0006-3495(94)80775-1 

 
Brukner, P. & Khan, K. (2002). Clinical sports medicine (2nd ed.). Australia: 

McGraw-Hill. 
 
Bryan Dixon, J. (2009). Gastrocnemius vs. soleus strain: how to differentiate 

and deal with calf muscle injuries. Current Reviews in Musculoskeletal 
Medicine, 2(2), 74-77. doi:10.1007/s12178-009-9045-8 

 
De Santis, S., Gabrielli, A., Palombo, M., Maraviglia, B., & Capuani, S. 

(2011). Non-Gaussian diffusion imaging: a brief practical review. 
Magnetic Resonance Imaging, 29(10), 1410-1416. 
doi:10.1016/j.mri.2011.04.006 

 
Douek, P., Turner, R., Pekar, J., Patronas, N., & Le Bihan, D. (1991). MR 

color mapping of myelin fiber orientation. Journal of Computer Assisted 
Tomography, 15(6), 923-929. doi:10.1097/00004728-199111000-
00003 

 
Jenkinson, M., Bannister, P. R., Brady, J. M., & Smith, S. M. (2002). Improved 

optimisation for the robust and accurate linear registration and motion 
correction for brain images. NeuroImage, 17(2), 825-841. 

 
Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., & Smith, S. 

M. (2012). FSL. NeuroImage, 62(2), 782-790. 
doi:10.1016/j.neuroimage.2011.09.015 

 
Jenskinson, M. & Smith, S. M. (2001). A global optimisation method for robust 

affine registration of brain images. Medical Image Analysis, 5(2), 143-
156. 

 
Kamagata, K., Tomiyama, H., Hatano, T., Motoi, Y., Abe, O., Shimoji, K., 

Kamiya, K., Suzuki, M., Hori, M., Yoshida, M., Hattori, N., & Aoki, S. 
(2014). A preliminary diffusion kurtosis imaging study of Parkinson 



 31

disease: comparison with conventional diffusion tensor imaging. 
Neuroradiology, 56(3), 251-258. doi:10.1007/s00234-014-1327-1 

 
Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., 

& Chabriat, H. (2001). Diffusion tensor imaging: concepts and 
applications. Journal of Magnetic Resonance Imaging, 13(4), 534-546. 
doi:10.1002/jmri.1076 

 
Le Bihan, D. (2003). Looking into the functional architecture of the brain with 

diffusion MRI. Nature Reviews Neuroscience, 4(6), 469-480. 
doi:10.1038/nrn1119 

 
Lieber, R. L. & Fridén, J. (2000). Functional and clinical significance of 

skeletal muscle architecture. Muscle & Nerve, 23(11), 1647-1666. 
 
Mori, S. & van Zijl, P. C. (2002). Fiber tracking: principles and strategies—a 

technical review. NMR in Biomedicine, 15(7-8), 468-480. 
doi:10.1002/nbm.781 

 
Mukherjee, P., Berman, J. I., Chung, S. W., Hess, C. P., & Henry, R. G. 

(2008). Diffusion tensor MR imaging and fiber tractography: theoretic 
underpinnings. American Journal of Radiology, 29, 632-641. 
doi:10.3174/ajnr.A1051 

 
Paydar, A., Fieremans, E., Nwankwo, J. I., Lazar, M., Sheth, H. D., Adisetiyo, 

V., Helpern, J. A., Jensen, J. H., & Milla, S. S. (2014). Diffusional 
kurtosis imaging of the developing brain. American Journal of 
Neuroradiology, 35(4), 808-814. doi:10.3174/ajnr.A3764 

 
Shimoji, K., Uka, T., Tamura, Y., Yoshida, M., Kamagata, K., Hori, M., Motoi, 

Y., Watada, H., Kawamori, R., & Aoki, S. (2014). Diffusional kurtosis 
imaging analysis in patients with hypertension. Japanese Journal of 
Radiology, 32(2), 98-104. doi:10.1007/s11604-013-0275-8 

 
Smith, S. M. (2002). Fast robust automated brain extraction. Human Brain 

Mapping, 17(3), 143-155. 
 
Stejskal, E. O. & Tanner, J. E. (1965). Spin diffusion measurements: spin 

echoes in the presence of a time-dependent field gradient. The Journal 
of Chemical Physics, 42(1), 288-292. doi:10.1063/1.1695690 

 
Viallon, M., Cuvinciuc, V., Delattre, B., Merlini, L., Barnaure-Nachbar, I., 

Toso-Patel, S., Becker, M., Lovblad, K.-O., & Haller, S. (2015). State-
of-the-art MRI techniques in neuroradiology: principles, pitfalls, and 



 32

clinical applications. Neuroradiology, 57(5), 441-467. 
doi:10.1007/s00234-015-1500-1 

 
Zaraiskaya, T., Kumbhare, D., & Noseworthy, M. D. (2006). Diffusion tensor 

imaging in evaluation of human skeletal muscle injury. Journal of 
Magnetic Resonance Imaging, 24(2), 402-408. 

 
Zhang, H., Schneider, T., Wheeler-Kingshott, C. A., & Alexander, D. C. 

(2012). NODDI: practical in vivo neurite orientation dispersion and 
density imaging of the human brain. NeuroImage, 61(4), 1000-1016. 
doi:10.1016/j.neuroimage.2012.03.072 

 
Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain MR images 

through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Transactions on Medical Imaging, 20(1), 
45-57. 

  



 33

CURRICULUM VITAE 
 


