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Abstract

Structural asymmetry of whole brain white matter (WM) pathways, i.e., the connectome, has been 

demonstrated using fiber tractography based on diffusion tensor imaging (DTI). However, DTI-

based tractography fails to resolve axonal fiber bundles that intersect within an imaging voxel, and 

therefore may not fully characterize the extent of asymmetry. The goal of this study was to assess 

structural asymmetry with tractography based on diffusional kurtosis imaging (DKI), which 

improves upon DTI-based tractography by delineating intravoxel crossing fibers. DKI images 

were obtained from 42 healthy subjects. By using automatic segmentation, gray matter (GM) was 

parcellated into anatomically defined regions of interest (ROIs). WM pathways were reconstructed 

with both DKI- and DTI-based tractography. The connectivity between the ROIs was quantified 

with the streamlines connecting the ROIs. The asymmetry index (AI) was utilized to quantify 

hemispheric differences in the connectivity of cortical ROIs and of links interconnecting cortical 

ROIs. Our results demonstrated that leftward asymmetrical ROIs and links were observed in 

frontal, parietal, temporal lobes, and insula. Rightward asymmetrical ROI and links were observed 

in superior frontal lobe, cingulate cortex, fusiform, putamen, and medial temporal lobe. 

Interestingly, these observed structural asymmetries were incompletely identified with DTI-based 

tractography. These results suggest that DKI-based tractography can improve the identification of 

asymmetrical connectivity patterns, thereby serving as an additional tool in the evaluation of the 

structural bases of functional lateralization.
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1. Introduction

Even though both hemispheres of the human brain share similar topographic and surface 

anatomy, quantitative studies have demonstrated hemispheric asymmetries that are related to 

functional lateralization (Hugdahl, 2005; Toga and Thompson, 2003). For example, 

language and auditory processing region, which have been known for leftward functional 

lateralization, show a larger volume on the left hemisphere (Foundas et al., 1998; 

Geschwind and Levitsky, 1968; Steinmetz, 1996; Watkins et al., 2001). The close 

association between hemispheric asymmetry and functional lateralization suggests that 

structural asymmetry may constitute the structural basis for functional lateralization. 

Similarly, structural asymmetry is altered by pathological conditions that preferentially lead 

to isolated neurological deficits. Abnormal patterns of structural asymmetries have been 

observed in patients with dyslexia (Hynd et al., 1990; Larsen et al., 1990), schizophrenia 

(Crow et al., 1989; Petty, 1999), autism (Herbert et al., 2005; Hier et al., 1979), and 

Alzheimer’s disease (Derflinger et al., 2011; Geroldi et al., 2000).

Previous studies have conventionally assessed structural asymmetry using volumetric MRI 

measured on cortical and subcortical gray matter (GM) regions. Nonetheless, the regional 

volumetric measurement does not assess neural circuitry architecture. Because brain 

functions involve physiological processes that are supported by neural network architecture, 

the identification of connectivity asymmetries may provide a deeper understanding of the 

structural and functional properties of the human brain.

Recent advances in diffusion MRI (dMRI) acquisition and post-processing allow the 

quantitative mapping of whole brain neural connectivity, known as the brain connectome 

(Hagmann et al., 2006). The neural connectivity is established through white matter tracts 

interconnecting cortical and subcortical regions. The orientation of white matter tracts in 

each image voxel is determined based on the measured anisotropic diffusion. The white 

matter tracts are then connected across image voxels by assuming the orientational 

coherence along the tracts, called tractography. Our group previously demonstrated 

structural asymmetry of neural network architecture in older individuals (Bonilha et al., 

2014) using the connectome reconstructed from tractography based on diffusion tensor 

imaging (DTI) (Le Bihan, 2003; Mori and van Zijl, 2002). DTI assumes a single fiber 

orientation in an image voxel. Nonetheless, an image voxel is at a macroscopic millimeter 

scale and likely contain white matter tracts on the order of micrometers with multiple 

orientations, i.e. crossing fibers. Some subcortical areas have been shown to be densely 

populated by crossing fibers, such as the corona radiata, optic radiation, and the medial and 

posterior temporal lobes (Behrens et al., 2007; Wedeen et al., 2008). Thus, DTI tractography 

is limited in these areas (Tuch, 2004; Wedeen et al., 2005), and the connectome derived 

from DTI tractography may not fully identify asymmetrical neural circuitry involving fiber 

crossing areas.
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To address the problem, in this study, we employ the connectome reconstructed from 

diffusional kurtosis imaging (DKI) tractography (Jensen et al., 2005; Jensen et al., 2014) to 

study the structural asymmetry of the human brain. Compared to conventional DTI (with b = 

1000 s/mm2), DKI employs multiple b-values (up to 2000 s/mm2) to quantify the non-

Gaussianity of water diffusion, called kurtosis, which may provide additional information 

about tissue microstructure (Jensen et al., 2010). DKI has been shown to better represent 

crossing fibers than DTI (Jensen et al., 2014). We assess the hemispheric asymmetry in the 

microstructural connectivity and compare the assessments with DKI-based and conventional 

DTI-based tractography in the brain of healthy subjects.

2. Results

With DKI-based tractography, leftward ROI asymmetry was identified in the inferior, 

posterior, orbital frontal lobes, parietal lobes, temporal lobe, and insula. Rightward ROI 

asymmetry was identified in the superior frontal lobe, anterior cingulated cortex, fusiform, 

putamen, medial temporal lobe (Table 1 and Fig. 1).

Most asymmetrical ROIs were identified with both DTI- and DKI-based tractography. 

However, three asymmetrical ROIs were only identified with DKI-based tractography: 

lateral orbitofrontal (leftward), inferior temporal (leftward), and parahippocampal 

(rightward) regions.

With DKI-based tractography, the observed leftward asymmetrical links interconnect the 

leftward asymmetrical ROIs, including frontal, parietal, temporal lobes, and insula. 

Similarly, the observed rightward asymmetrical links interconnect the rightward 

asymmetrical ROIs, including superior frontal lobe, cingulate cortex, fusiform, putamen, and 

medial temporal lobe (Table 2 and Fig. 2).

Interestingly, one leftward asymmetrical link was only shown by DTI-based tractography: 

superior temporal to middle temporal regions, whereas 4 leftward asymmetrical links that 

interconnect insula, frontal, temporal, and parietal regions, and all the rightward 

asymmetrical links were only shown by DKI-based tractography.

3. Discussion

In this study, we investigated hemispheric asymmetries of structural networks employing 

brain connectomes reconstructed from DKI- and DTI-based tractography. Our results 

demonstrated leftward asymmetry in language processing regions, including inferior frontal, 

superior temporal, and parietal gyrus, corroborating the well-known lateralized language 

function. The results are also consistent with previous findings with conventional DTI-based 

tractography (Catani et al., 2007; Glasser and Rilling, 2008; Powell et al., 2006). 

Furthermore, we observed that DKI-based tractography demonstrated several asymmetrical 

regions that were not identified with DTI-based tractography (Table 1 and 2). Notably, DKI 

analyses demonstrated asymmetrical ROIs and links in frontal, parietal, temporal lobes, 

insula, cingulated cortex, fusiform, and putamen. However, the asymmetrical links 

interconnecting frontal, temporal lobes, insula, cingulate cortex, and fusiform were not 

revealed by the conventional DTI-based tractography. These results suggest that DKI-based 
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tractography may allow for a more complete characterization of asymmetrical neural 

networks.

We postulate that the different structural asymmetries revealed by DKI- and DTI-based 

tractography may be due to the better representation of crossing fibers with DKI-based 

tractography (Jensen et al., 2014). The assumption of single fiber orientation in DTI leads to 

a reduced number of tracts in areas of fiber crossing and might bias the calculations of 

structural asymmetries (Fig. 3). If the perceived number of fibers is reduced in only one 

hemisphere, an apparent yet false asymmetry may be detected. Conversely, if the reduction 

equalizes fibers from both hemispheres, an asymmetrical pattern is not detected. Our results 

showed that one asymmetrical link detected only with DTI-based tractography interconnects 

superior and middle temporal lobes and is known to be composed of crossing fibers 

(Behrens et al., 2007; Wedeen et al., 2008). However, more asymmetrical ROIs and links 

were detected only with DKI-based tractography and have been associated with crossing 

WM tracts, such as frontal, temporal lobes, insula, cingulate cortex, and fusiform (Behrens 

et al., 2007; Wedeen et al., 2008). Interestingly, these asymmetrical ROIs and links detected 

only with DKI-based tractography have been related to complex and lateralized brain 

functions, including emotion (orbitofrontal), visual processing (inferior temporal), and face 

and scene recognition (fusiform, parahippocampal). These results suggest that compared 

with DTI-based tractography, DKI-based tractography may better characterize the 

asymmetrical neural networks that are associated with lateralized brain functions.

Our reported structural asymmetries with DKI-based tractography are consistent with 

previous results using volumetric and morphometric measurements. Our observed leftward 

asymmetrical ROIs and links are involved in language (parstriangularis, parsopercularis, 

superior temporal, supramarginal), motor (precentral), sensory (postcentral), memory 

(middle temporal, inferior temporal), and emotion (insula, inferior parietal) functions, and 

have been reported to be leftward volumetric asymmetry (Anderson et al., 1999; Chiarello et 

al., 2013; Foundas et al., 1998; Frederikse et al., 1999; Goldberg et al., 2013; Rademacher et 

al., 2001; Saenger et al., 2012). Our demonstrated rightward asymmetrical ROIs and links 

are involved in motor skills (putamen) and cognitive control (rostral anterior cingulate, and 

caudal anterior cingulate), and have been reported to be volumetric rightward asymmetry 

(Abedelahi et al., 2013; Huster et al., 2007). However, one previous postmortem study 

reported leftward volumetric asymmetry in fusiform and parahippocampal cortices 

(McDonald et al., 2000), whereas our results showed rightward asymmetry with DKI-based 

tractography (Table 1). This inconsistent asymmetry may arise from the different 

approaches used to assess the structural asymmetry. Volumetric measurements quantify 

macroscopic volumetric changes in cortices, whereas microstructural connectivity employed 

in our study quantifies WM pathways interconnecting cortices. Interestingly, fusiform and 

parahippocampal cortices, involved in face and scene recognition, have been presumed to be 

rightward asymmetry (Levine et al., 1988; Owen et al., 1996), which is consistent with our 

findings. This suggests that microstructural connectivity may serve as an additional 

structural basis for better understanding lateralized brain functions.

Another imaging method called diffusion spectrum imaging (DSI) (Wedeen et al., 2005) can 

represent multiple fiber orientations and generate a more complete neural network 
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(Hagmann et al., 2007). It has been used to study the asymmetry of language processing 

WM pathways (Fernández-Miranda et al., 2014). Nonetheless, the data acquisition of DSI 

requires a long scan time and high gradient strength. Another advanced method called q-ball 

imaging (QBI) (Tuch, 2004) allows reconstructing WM pathways with less intensive scan 

time (Perrin et al., 2008; Sotiropoulos et al., 2010). In this study, we employed DKI-based 

connectome to demonstrate the asymmetrical neural network with a clinically feasible scan 

time (~7 mins), suggesting that DKI-based tractography may be useful to study disease 

processes that are associated with structural asymmetries.

In conclusion, we reconstructed whole-brain DKI-based tractography and demonstrated that 

the cortical ROIs and the links that are associated with lateralized brain functions were 

asymmetrical. These observed structural asymmetries were incompletely identified with 

conventional DTI-based tractography. These results suggest that asymmetrical neural 

network may be better assessed with DKI-derived tractography.

4. Experimental procedure

4.1 Participants

Forty-two right-handed healthy subjects (mean age ± standard deviation (SD) = 37.1 ± 11.7 

years, 28 females) were included in this study. All subjects had no previous neurological or 

psychiatric disorders. All subjects signed an informed consent to participate this study, 

which was approved by the Institutional Review Board of the Medical University of South 

Carolina.

4.2 Image acquisition

Image acquisition was performed on a Verio 3 Tesla MRI scanner (Siemens Medical, 

Erlangen, Germany). All subjects underwent MRI scans with the same protocol, including 

diffusion-weighted images (DWIs) and T1 weighted images. DWIs were obtained using a 

twice-refocused, single-shot echo planar sequence with diffusion weightings b-value = 0, 

1000, and 2000 s/mm2 applied along 30 non-collinear directions. Other imaging parameters 

were: repetition time (TR) = 8500 ms, echo time (TE) = 98 ms, field of view = 222 × 222 

mm2, matrix size = 74 × 74, bandwidth = 1324 Hz/pixel, parallel imaging factor of 2, no 

partial Fourier encoding, number of excitations (NEX) = 10 for b = 0 s/mm2, and 1 for b = 

1000, 2000 s/mm2, voxel size = 3 × 3 × 3 mm3, and 40 axial slices. T1 weighted images 

were obtained using a magnetization-prepared rapid gradient echo (MPRAGE) sequence 

with parameters: TR = 2250 ms, TE = 4.18 ms, flip angle = 6°, FOV = 256 × 256 mm2, 

matrix size = 256 × 256, NEX = 1, slice thickness: 1 mm and 192 sagittal slices.

4.3 Image processing

4.3.1 DKI processing and whole-brain tractography reconstruction—DKI 

processing was performed using in-house software package (http://nitrc.org/projects/dke) 

(Tabesh et al., 2011). The DWIs were first spatially aligned through a six-parameter rigid-

body transformation and were fitted jointly with diffusion tensor (DT) and diffusional 

kurtosis tensor (DKT) for each voxel, generating whole brain maps of mean diffusivity, 

fractional anisotropy (FA), and mean kurtosis. The measured DT and DKT were used to 

Lee et al. Page 5

Brain Res. Author manuscript; available in PMC 2015 November 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://nitrc.org/projects/dke


compute the kurtosis diffusion orientation distribution function (dODF) with the radial 

weighting factor of 4 (Jensen et al., 2014). The local maxima of the kurtosis dODF represent 

multiple fiber orientations at each voxel and were determined with the quasi-Newton 

method (Jensen et al., 2014).

The measured voxelwise fiber orientations were used to reconstruct the whole brain DKI-

based tractography. Streamlines of the tractography were seeded in WM regions, which 

were segmented from T1-weighted images using FreeSurfer [Martinos Center for 

Biomedical Imaging, Harvard-MIT, Boston USA] (Fischl et al., 2002) and transformed onto 

the space of DWIs through the linear registration using FSL FLIRT (Jenkinson et al., 2002). 

The streamlines propagated through WM regions according to the FACT algorithm (Mori et 

al., 1999; Xue et al., 1999), and were terminated when the changes in the direction were 

larger than 60° or values of FA were less than 0.2.

For comparison, whole brain DTI-based tractography was also reconstructed based on the 

Gaussian dODF (Jensen et al., 2014). The Gaussian dODF was derived from the measured 

DT assuming a single fiber orientation. Except for that, the algorithm and seed regions for 

DTI-based tractography were the same as those for DKI-based tractography.

4.3.2 Definitions of cortical ROIs and connectivity—For each subject, T1-weighted 

images were segmented into gray matter (GM) region. The GM region was parcellated into 

82 cortical region-of-interests (ROIs) based on the lausanne2008 atlas in FreeSurfer 

[Martinos Center for Biomedical Imaging, Harvard-MIT, Boston USA] (Fischl et al., 2002). 

These defined ROIs on T1-weighed images were then transformed onto the space of DWIs 

through the linear registration using FSL FLIRT (Jenkinson et al., 2002). The connectivity 

between two cortical ROIs was defined as a link, and was assessed by the number of the 

streamlines ending within these two ROIs. The connectivity was then corrected accounting 

for the biases arising from the length of streamlines and volume sizes of the ROIs (Hagmann 

et al., 2007).

4.3.3 Assessments of ROI and link asymmetries—The ROI connectivity was 

defined as the sum of the links (defined above) connecting that ROI and all other ROIs. The 

ROI asymmetries were assessed by comparing the ROI connectivity in the left-hemisphere 

with the connectivity of the homologous ROI in the contralateral hemisphere. The 

comparison was done by the asymmetry index (AI): (left – right)/[0.5(left + right)] 

(Steinmetz, 1996).

The assessment of the link asymmetries focused on the intra-hemispheric links, i.e., the links 

connecting two ROIs within the same hemisphere. The inter-hemispheric links were 

excluded. The link in the left-hemisphere was compared with the homologous link in the 

right hemisphere by using the AI as described above.

4.3.4 Statistical analysis—The mean of the AI across all subjects was compared to zero 

using the one-sample t-test (two-tailed) to determine the significant asymmetry. The 

comparison was only performed on the ROIs and links showing non-zero connectivity 

across all subjects (N = 42), resulting in 81 comparisons in ROIs and 42 comparisons in 
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links for the connectivity derived from DKI- and DTI-based tractography. We thereby 

adjusted the significance level of the one-sample t-test for multiple comparisons using the 

Bonferroni correction, yielding a corrected p-value of 6.17 × 10−4 for the ROI asymmetries 

and of 1.20 × 10−3 for the link asymmetries.
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highlights

1. Investigated structural asymmetry of whole brain white matter pathways

2. DKI-based tractography revealed asymmetrical cortical regions and links

3. These asymmetries were incompletely detected with DTI-based tractography

4. The differences may arise from resolving crossing fibers in DKI-based 

tractography

5. Asymmetrical neural networks may be better identified with DKI-based 

tractography
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Figure 1. 
Significantly asymmetrical ROIs evaluated with DTI- (a) and DKI-based tractography (b). 

The arrows in (b) highlight the asymmetrical ROIs revealed only with DKI-based 

tractography. t statistic was derived from the one-sample t test (mean asymmetry index 

compared to zero). The threshold of t statistic: 3.56 was adjusted with the Bonferroni 

correction; p-value = 6.17 × 10−4.
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Figure 2. 
Significantly asymmetrical links evaluated with DTI- (a) and DKI-based tractography (b). 

The link interconnects two cortical ROIs within the same hemisphere. t statistic was derived 

from the one sample t test (mean asymmetry index compared to zero). The threshold of t 

statistic: 3.24 was adjusted with the Bonferroni correction; p-value = 1.20 × 10−3.
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Figure 3. 
Hypothetical examples (a and b) of tractography, which assumes single fiber orientation, i.e. 

DTI tractography (left column), and tractography, which resolves crossing fibers, i.e. DKI 

tractography (right column). Tractography that assumes single fiber orientation failed to 

show the leftward asymmetry (a) and falsely showed the leftward asymmetry (b). Voxels 1 

and 2 are regions with crossing fibers. Streamlines were seeded in voxel 1 and propagated 

through the voxels according to the FACT algorithm (Mori et al., 1999; Xue et al., 1999). 

Tractography that assumes single fiber orientation started with one streamline (in blue), 

whereas tractography that resolves crossing fibers started with two streamlines.
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