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Abstract

Diffusion magnetic resonance imaging (dMRI) tractography has played a critical role in 

characterizing patterns of aberrant brain network reorganization among patients with epilepsy. 

However, the accuracy of dMRI tractography is hampered by the complex biophysical properties 

of white matter tissue. High b-value diffusion imaging overcomes this limitation by better 

isolating axonal pathways. In this study, we introduce tractography derived from fiber ball imaging 

(FBI), a high b-value approach which excludes non-axonal signals, to identify atypical neuronal 

networks in patients with epilepsy. Specifically, we compared network properties obtained 

from multiple diffusion tractography approaches (diffusion tensor imaging, diffusion kurtosis 

imaging, FBI) in order to assess the pathophysiological relevance of network rearrangement in 

medication-responsive vs. medication-refractory adults with focal epilepsy. We show that drug-

resistant epilepsy is associated with increased global network segregation detected by FBI-based 

tractography. We propose exploring FBI as a clinically feasible alternative to quantify topological 

changes that could be used to track disease progression and inform on clinical outcomes.
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1. Introduction

Epilepsy is a common neurological disorder defined by recurrent and unprovoked seizures 

(Sirven, 2015). It affects approximately 1% of the world’s population and anti-seizure 

medications (ASM) are successful in completely controlling seizures in about 65% of 

epilepsy patients (Kwan et al., 2011; Tavakol et al., 2019). Unfortunately, 35% remain with 

poorly-controlled seizures despite ASM. The reasons seizures can-not be controlled with 

ASM for some patients remain mostly unknown.

Neuronal network architecture is central to the pathophysiology of epilepsy, since this 

disease affects not only specific brain regions, but also the interaction between multiple 

brain areas (Kramer and Cash, 2012). It has been recently hypothesized that epilepsy 

severity and clinical outcomes, e.g. ASM response, may be associated with more 

pronounced atypical patterns in brain network organization (Park et al., 2018; Tavakol et al., 

2019). For this reason, the analytical evaluation of brain network properties is a promising 

approach for quantifying disease pathophysiology and could serve as a phenotypical marker.

Several quantitative neuroimaging studies have demonstrated that epilepsy is associated with 

brain atrophy and widespread cell loss (Galovic et al., 2019; Hatton et al., 2020; Lariviere 

et al., 2020; Winston et al., 2020). Patients with epilepsy typically exhibit atrophy affecting 

not only multiple gray matter structures, but also many white matter regions. Interestingly, 

axonal cell loss and white matter damage in epilepsy are associated with a paradoxical 

increment, at least in some areas, in regional network connectivity and network segregation 

properties.

Diffusion MRI tractography studies have demonstrated network rearrangement in epilepsy 

(Alizadeh et al., 2019; Bernhardt et al., 2013; Gleichgerrcht et al., 2021). Nonetheless, the 

accuracy of diffusion MRI tractography is hampered by the complex biophysical properties 

of white matter tissue. Complex white matter fiber anatomy, fiber crossings, heterogeneous 

peri-axonal milieu, and neuronal loss all impact the diffusion MRI signal and consequently 

affect the accuracy of fiber tracking (Savadjiev et al., 2008; Yeh et al., 2013). Thus, 

it remains unclear the degree to which network reorganization in epilepsy is related to 

abnormal topology of axonal projections. To resolve this issue, it is necessary to leverage 

newer approaches that improve tractography’s accuracy to identify axonal projections and 

dissociate intra-axonal information from adjacent microstructure.

High b-value diffusion imaging is a promising new methodological development that 

combines improvements not only in MRI acquisition equipment (MR scanners) and 

sequence engineering, but also in mathematical modeling of diffusion data to yield increased 

accuracy in measuring tissue properties, hence enabling the characterization of intra-axonal 

and extra-neuronal components.

Specifically, fiber ball imaging (FBI) based tractography is a high b-value diffusion imaging 

approach in which the orientation distribution function (ODF) of water diffusion properties 

at each voxel is calculated based on intra-axonal signal alone, excluding the non-axonal 

signal that is commonly included in ODFs from other diffusion methods (Moss et al., 2019). 
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As such, FBI tractography can provide a more direct probe into neuronal networks and more 

accurately test the relationship between epilepsy and neuronal network reorganization.

In a recent epilepsy FBI study, we observed that refractory epilepsy is associated with 

abnormalities in white matter composition in comparison with patients with well controlled 

epilepsy and with healthy controls (Bryant et al., 2021). Patients with epilepsy demonstrated 

intra- and extra-axonal abnormalities suggesting alterations in axonal projections and peri-

axonal milieu changes, respectively. Motivated by these tissue composition findings, we 

hypothesized that refractory epilepsy is associated with neuronal projection reorganization, 

i.e., changes in the configuration of axonal networks. Since FBI can provide a more specific 

evaluation of intra-axonal signal, we developed an FBI-based tractography approach to 

isolate axonal projection signal and to assess neuronal networks with higher accuracy. 

This study pioneers the use of FBI-derived tractography in epilepsy. We compared 

network properties obtained from multiple diffusion tractography approaches to assess the 

pathophysiological relevance of network rearrangement in patients with seizure control on 

ASM versus those with medication-refractory epilepsy.

2. Material and methods

2.1. Participants

We studied 14 healthy controls (age 38.5 ± 12.6, range 23–60 years old) and 29 patients 

diagnosed with focal epilepsy (age 39.4 ± 11.5, range 18–60 years old). Of these, 15 were 

drug-responsive, hereon referred to as well-controlled patients, while 14 adults with focal 

epilepsy had refractory epilepsy, hereon referred to as poorly-controlled patients. Patients 

with epilepsy were recruited from outpatient clinics and clinical databases from the Walton 

centre NHS Foundation Trust in Liverpool, UK. All patients and controls gave informed 

consent, and ethical approval was given by the Health Research Authority (IRAS project ID 

= 220,138; REC ID = 17/NW/0342).

All patients included in this cohort had clinical, neurophysiological, and/or radiographic 

features suggestive of focal epilepsy. The diagnosis was made by epileptologists based on 

seizure semiology and inter-ictal EEG recordings acquired in context of standard clinical 

care. Well-controlled patients had experienced no seizures for at least six months prior 

to recruitment into the study. Poorly-controlled (refractory) patients were experiencing 

persistent seizures prior to recruitment. Patients with primary generalized seizures, non-

epileptic seizures, previous neurosurgery, or known progressive neurological disease were 

excluded from this study. A breakdown of all demographic and clinical information for 

patients is provided in Table 1.

Of note, the patients investigated in this study overlapped with the patients assessed in the 

recent Bryant et al. white matter tissue composition study by our group (2021). Despite such 

overlap, the prior study evaluated white matter compositional microstructure along tracts 

obtained from conventional diffusion fiber tracking, whereas the current study employs FBI-

based tractography to assess resulting white matter network topological reconfigurations.
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2.1.1. MR acquisition—All imaging data were acquired on a 3T Siemens Prisma 

MR scanner at the Liverpool Magnetic Resonance Imaging Center (LiM-RIC). Scanning 

included a T1-weighted magnetization-prepared rapid acquisition gradient echo sequence 

(MPRAGE; 192 slices, repetition time [TR] = 2000 ms, inversion time [TI] = 912 ms, echo 

time [TE] = 2.25 ms, resolution = 1.0 × 1.0 × 1.0 mm3, flip angle = 8°, acquisition time = 

7:30 min). An FBI sequence (TR = 4400 ms, TE = 100 ms, 46 axial slices, resolution = 2.7 

× 2.7 × 2.7 mm3, b-values = 0, 5000 s/mm2, 128 directions) and a standard DKI scan (TR = 

3200 ms, TE = 90 ms, 46 axial slices, resolution = 2.7 × 2.7 × 2.7 mm3, b-values = 0, 1000, 

2000s/mm2, 60 directions) were also performed.

2.2. MR processing

For each subject, diffusion MRI data from all b-values acquired were concatenated and 

image preprocessing was performed using PyDesigner (Ades-Aron et al., 2018) (https://

pydesigner.readthedocs.io/en/latest/). The preprocessing pipeline included denoising using 

a Marchenko-Pastur principal components analysis approach (Veraart et al., 2016), Gibbs 

ringing artifact correction (Kellner et al., 2016), eddy current correction (Andersson et al., 

2016; Jenkinson et al., 2002), Gaussian kernel smoothing (Tabesh et al., 2011), and Rician 

noise bias correction (Gudbjartsson and Patz, 1995). For the preprocessed DKI data with 

b = 0, 1000, and 2000s/mm2, Diffusional Kurtosis Estimator (DKE; https://www.nitric.org/

projects.dke/ (Tabesh et al., 2011)) was applied to obtain both the diffusion and kurtosis 

tensors using both shells. A DTI ODF was determined from the diffusion tensor, and a 

DKI ODF was determined from the diffusion and kurtosis tensors, as previously described 

(Glenn et al., 2016). The FBI ODFs were obtained from the 5000 s/mm2 b-value images by 

employing an inverse generalized Funk transform with the reference diffusivity scale D0 set 

to 3.0 μm2/ms (Jensen et al., 2016; McKinnon et al., 2018; Moss and Jensen, 2021; Moss et 

al., 2019).

The ODFs from each diffusion MRI approach (DTI, DKI and FBI) were encoded as .fib files 

and whole-brain deterministic white matter fiber tractography, with fiber directions being 

obtained from the respective ODF peaks, was then performed using an Euler algorithm 

with in-house MATLAB scripts with 100,000 identical seed points across diffusion methods, 

cutoff of FA less than 0.1, an angular threshold of 35°, step size 0.1 mm, and a minimum 

track length of 30 mm. The resultant white matter fiber tractography files (.trk) were then 

normalized to standard Montreal Neurological Institute (MNI) space using SPM8 (Greve 

and Fischl, 2009; Jenkinson and Smith, 2001) and the MNI FA template. Final white matter 

fiber tractography was then analyzed using DSI Studio (http://dsi-studio.labsolver.org).

2.3. Connectome reconstruction and whole brain network properties

Whole brain connectivity matrices (connectomes) were obtained from all participants. MNI 

normalized whole brain tractography .trk files from each modality were imported into the 

software package DSI-studio, which was used to calculate the connectivity matrix between 

all gray matter regions belonging to the AAL2 parcellation atlas. The connectivity matrix 

was calculated by assessing the number of tracts passing two ROIs, normalized by the 

sum of the inverse of the length of their connections (“ncount2”). The resulting weighted 

connectivity matrix was binarized using DSI-studio’s connectivity threshold of 0.001.
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Whole brain graph theory network properties were obtained from each binarized 

connectome using DSI-Studio’s network measures function, which employs measures 

from the brain connectivity toolbox (https://sites.google.com/site/bctnet/). In this study, 

we focused on 3 specific biologically relevant global network measures that have been 

extensively used in epilepsy: global density (which reflects the number of connections 

across all ROIs), global clustering coefficient (which reflects the number of connections 

between neighbors of a given ROI, with higher values indicating higher network 

segregation) and efficiency (which indicates the inverse of path length between pairs 

of ROIs, with higher values indicating higher network efficiency and higher network 

integration). Of note, other commonly used graph theory measures in epilepsy such as 

betweenness or page-rank centrality are considered to be more relevant as measures of 

regional network properties and were hence not assessed here since the goal was to evaluate 

global network properties.

Fig. 1 provides a summary of the image processing pipeline used in this study.

To evaluate differences in location or numbers of fibers identified by each diffusion 

modality, we examined the mean tract density values in white matter regions of interest 

(ROIs) from the NatBrainLab atlas.

To evaluate whether global network properties could be explained by preferential changes 

in short-range vs. long-range fiber proportions in each group, we measured the ratio of 

short/long ratio of fibers per individual. To define short and range pathways, the Euclidean 

distance between each AAL2 ROI pair was calculated, and fibers located in the connections 

for the lower Euclidean distance quartile were considered the short-range group, whereas 

fibers in connections for the highest quartile were considered the long-range group.

2.4. Statistical analyses

2.4.1. Regional differences in fiber tracking related to each modality—To 

avoid confounders related to epilepsy, we assessed only numbers obtained from controls, 

and we examined differences between modalities for each white matter ROI using one-way 

Analysis of Variance (ANOVA) (within-subjects factor: DTI vs. DKI vs. FBI).

2.4.2. Fiber length and epilepsy—We compared the ratio of short/long fibers using a 

one-way ANOVA with subject group set as the between-subject factor (short/long fibers in 

controls vs. patients and well-controlled vs. poorly-controlled patients).

We also assessed whether there was a relationship between the difference in the number 

of fibers tracked with each modality and the distance travelled by the fibers. This was 

accomplished by performing a Pearson correlation analysis between: 1) the ratio of fiber 

counts from one modality relative to another (for example, FBI over DTI) for each 

connectome link, and 2) the Euclidian distance of the gray matter ROIs in that link.

2.4.3. Global network properties—We computed 3 global network measures for 

every participant across the 3 types of diffusion, as described above: global network density, 

global network efficiency, and global network clustering coefficient. For each measure, 
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a repeated measures analysis of variance (ANOVA) was used to evaluate the effects of 

diffusion (within-subjects factor: DTI vs. DKI vs. FBI) and subject group (between-subjects 

factor: controls vs. patients with seizures well controlled with ASM vs. patients with 

seizures poorly controlled with ASM).

3. Results

3.1. Demographics and clinical variables

There were no significant differences in the proportion of female- to-male participants 

between controls (7:7) and patients (16:15) (χ2 = 0.10, p = 0.75) or between well- (8:7) and 

poorly-controlled (8:6) patients (χ2 = 0.04, p = 0.84). The mean age of controls (38.1 ± 13.0 

years) and patients with epilepsy (39.7 ± 11.8) was not significantly different (t41 = 0.38, p = 

0.71). Similarly, no significant differences were found for age (t41 = 0.5, p = 0.62) between 

the two groups of patients (well-controlled 40.7 ± 12.1 years vs. poorly-controlled 38.5 ± 

12.0 years).

3.2. Diffusion tractography and connectome reconstruction

Fig. 2 demonstrates the ODFs for each diffusion modality. The whole brain tract-density 

imaging for one representative subject obtained with each diffusion is also shown in Fig. 2. 

The group-average connectomes obtained from each diffusion modality is shown in Fig. 3.

3.2.1. Regional differences in fiber tracking related to each modality—FBI 

was able to identify more fibers compared with DKI, which, in turn, identified more fibers 

compared with DTI. Fig. 4 demonstrates where and how much each modality differed in 

terms of fiber tracking. The majority of the white matter ROIs had more fibers resolved with 

FBI compared with DKI or DTI. These are shown in Fig. 5.

3.3. Fiber length and subject groups

The number of fibers in relationship with connectome link distance is shown in Fig. 6. There 

was not a relationship between distance and the number of additional fibers tracked by each 

modality (FBI vs DTI, R = 0.002, p = 0.85; DKI vs DTI R = 0.001, p = 0.88), indicating that 

the fiber tracking benefits of FBI or DKI were not dependent on fiber length.

We did not observe a significant difference between groups in the ratio of short/long fibers 

with each modality (DTI F (2,42) = 0.236, p = 0.791; DKI F (2,42) = 0.243, p = 0.786; DKI 

F (2,42) = 0.411, p = 0.67).

3.4. Whole brain network properties

3.4.1. Global density—The Mauchly’s Test of Sphericity was significant, Chi2 (2) = 

32,735, p < 0.001. The results of the repeated measures ANOVA with Greenhouse-Geisser 

correction revealed a significant main effect of diffusion modality on global density (F (2, 

80) = 174.97, p < 0.001, ηp2 = 0.814). Global density was lowest for DTI (Mean ± SE = 

0.135 ± 0.002), followed by DKI (0.149 ± 0.002), and highest with FBI (0.183 ± 0.004).
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There was no main effect of controls vs. patient groups for global density (controls = 0.159 

± 0.004, patients [well-controlled] = 0.149 ± 0.004, patients [poorly-controlled] = 0.158 ± 

0.004), F (2, 40) = 1.76, p = 0.19, ηp2 = 0.08).

There was not a significant interaction between diffusion modality and group (F (4, 80) = 

0.67, p = 0.582, ηp2 = 0.029) (Fig. 7).

3.4.2. Global efficiency—The Mauchly’s Test of Sphericity was significant, Chi2 (2) = 

25.10, p < 0.001. The results of the repeated measures ANOVA with Greenhouse-Geisser 

correction revealed a significant main effect of diffusion modality on global density (F (2, 

80) = 170.16, p < 0.001, ηp2 = 0.810). Global efficiency was lowest for DTI (Mean ± SE = 

0.509 ± 0.002), followed by DKI (0.527 ± 0.002), and highest with FBI (0.555 ± 0.004).

There was no main effect of controls vs. patient groups for global density (controls = 0.534 

± 0.003, patients [well-controlled] = 0.526 ± 0.003, patients [poorly-controlled] = 0.531 ± 

0.003), F (2, 40) = 1.987, p = 0.15, ηp2 = 0.09).

There was not a significant interaction between diffusion modality and group (F (4, 80) = 

0.47, p = 0.98, ηp2 = 0.029) (Fig. 7).

3.4.3. Global clustering coefficient—The Mauchly’s Test of Sphericity was not 

significant Chi2 = 2.13, p = 0.345. The results of the repeated measures ANOVA revealed 

a significant main effect of diffusion modality on global clustering coefficient (F (2, 80) = 

22.19, p < 0.001, ηp2 = 0.36). Global clustering coefficient was lowest for DKI (Mean ± SE 

= 0.546 ± 0.004), followed by DTI (0.538 ± 0.004), and highest with FBI (0.557 ± 0.003).

There was no main effect of controls vs. patient groups for global clustering coefficient 

(controls = 0.547 ± 0.006, patients [well-controlled] = 0.542 ± 0.006, patients [poorly-

controlled] = 0.552 ± 0.006), F (2, 40) = 0.83, p = 0.46, ηp2 = 0.39).

We found a significant interaction between diffusion modality and group (F (4, 80) = 2.82, 

p = 0.031, ηp2 = 0.12) such that the difference in density between controls and patients 

(poorly-controlled) was most pronounced in FBI, T (26) = 2.596, p = 0.015 (Fig. 7).

4. Discussion

In this study, we tested the hypothesis that epilepsy is associated with global network 

reorganization in the form of increased regional segregation by comparing whole brain 

tractography connectivity maps using different diffusion modalities. We confirmed our 

hypothesis, while demonstrating that high b-value diffusion imaging, i.e., FBI, is sensitive 

to epilepsy related changes, particularly in the group of patients whose seizures were 

not controlled with medication. Taken together, the results of this study suggest that FBI 

fiber tractography may be more sensitive than conventional DTI tractography in assessing 

changes in microstructure associated with refractory epilepsy. This is likely because DTI 

tractography is degraded by signal from extra-axonal water while FBI tractography is not. 

These findings have implications regarding the pathophysiology of epilepsy, as well as 
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the potential use of high b-value diffusion imaging in epilepsy and other neurological 

conditions. These are discussed below.

4.1. Atypical neuronal network associated epilepsy

Multiple studies have demonstrated white matter volume atrophy and microstructural 

changes in white matter associated with epilepsy (Deleo et al., 2018; Hatton et al., 2020; 

Lin et al., 2020; Rodriguez-Cruces and Concha, 2015). The microstructural changes most 

commonly observed were markers of cell loss such as reduction in fractional anisotropy 

or increment in mean diffusivity (Concha et al., 2009; McDonald et al., 2008), using 

conventional single- or multi-shell diffusion MRI. Paradoxically, in spite of cell loss 

associated with epilepsy, fiber tracking studies have also demonstrated increased segregation 

measures (van Diessen et al., 2014), which may indicate network reorganization of 

imbalanced cell loss affecting more prominently cells associated with network integration. 

Even with the expected reduction in connectivity due to fewer axonal projections, epilepsy 

is associated with an atypical network architecture in the form of strengthening of regional 

connectivity.

Atypical neuronal network architecture in epilepsy is possibly caused by abnormal plasticity, 

where seizure recurrence is associated with increased co-activation of neurons within 

the epileptogenic pathways, leading to regional connectivity strengthening and increased 

network segregation (Scharfman, 2007; van Diessen et al., 2014). Importantly, this is 

possibly a shared phenomenon across different forms of epilepsy, as suggested by the data 

described in this study. Across multiple forms of epilepsy, different regions are associated 

with seizure onset and ictal maintenance, and therefore regional properties depend on 

the epilepsy type. Nonetheless, global network abnormalities are possibly a common 

denominator across multiple epilepsy types when seizures are not well-controlled with 

medication.

In this study, we did not observe a difference in the ratio of long and short fibers in 

patients compared with controls. Only a small sample was evaluated, and this negative result 

may be related to power (see limitations section below). Nonetheless, this is an important 

observation, since network abnormalities in segregation and integration could theoretically 

be related to a preferential damage in long-range vs. short-range fibers. For instance, 

the preferential damage in long-range fibers could lead to reduced efficiency, reduced 

integration and atypical segregation patterns. The short/long fiber ratio is particularly 

relevant in neurology since premature aging and small vessel disease from cardiovascular 

risk factors can preferentially affect long-range fibers and disrupt network topology 

(Marebwa et al., 2018). While epilepsy may be associated with premature brain aging as 

well (Hermann et al., 2008), it remains to be determined if similar mechanisms related to 

short/long fiber abnormalities contribute to its pathophysiology, particularly among more 

specific forms of focal epilepsy.

4.2. High b-value imaging

This study pioneered the use of FBI-based tractography in epilepsy. FBI leverages 

innovations in MR scanner hardware and sequence engineering, as well as mathematical 
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modeling of the diffusion signal, in order to improve the accuracy of tracking axonal 

projections (Jensen et al., 2016; Moss et al., 2019). The regional differences in FBI 

fiber tracking are readily apparent not only in regions with predominantly unidirectional 

anisotropic signal, e.g., corpus callosum, but also in areas with significant fiber crossing. For 

instance, for the same representative subject shown in Fig. 1, the number of additional fibers 

tracked in each region for FBI in comparison with DKI and DTI are shown in Fig. 4. Note 

that DKI already provided additional fiber tracking fidelity compared with DTI (Glenn et al., 

2016), which is further improved with FBI. FBI not only provides enhanced fiber tracking 

for multiple brain regions but, more importantly, can resolve fibers in multiple white matter 

regions in which DTI and DKI are not able to identify fiber projections. This difference 

in also apparent in Fig. 4. The evidence supporting the hypothesis that strong diffusion 

weightings can be used to suppress the contribution from extra-axonal water is that the 

direction-averaged dMRI signal decays in white matter as 1/sqrt(b) for b-values exceeding 

about 4000 s/mm2. In fact, this has been verified for b-values anywhere from 10,000 s/mm2 

(Moss et al., 2019) to 25,000 s/mm2 (Veraart et al., 2019, 2020).

A key aspect of FBI, and some other high b-value diffusion imaging methods, is that the 

MRI signal originates predominately from intra-axonal water since the signal from the more 

mobile pool of extra-axonal water is suppressed by strong diffusion weighting (Bryant et 

al., 2021; Jensen et al., 2016). As a consequence, FBI fiber tractography solely reflects 

the geometry of axons without contamination from the extra-axonal microenvironment, 

resulting in improved fidelity and robustness with respect to tissue changes (e.g., edema) 

that might otherwise impact the estimated axonal pathways. In contrast, both DTI and 

DKI fiber tractography rely on MRI signals emanating from a mixture of both intra-axonal 

and extra-axonal water, which can lower their accuracy and reliability (Fieremans et al., 

2011). This distinction between FBI relative to DTI and DKI fiber tractography can be 

more precisely expressed by saying that FBI tractography is based on a “fiber ODF”, which 

provides the angular density of axon orientations, while DTI and DKI, as well as a number 

of other popular techniques including q-ball imaging and diffusion spectrum imaging, are 

based on “diffusion ODFs”, which instead indicate preferred directions of water diffusion 

(Dell’Acqua and Tournier, 2019).

FBI also has advantages in comparison to alternative methods that utilize fiber ODFs, 

such as constrained spherical deconvolution (Tournier et al., 2004) and Richardson-Lucy 

spherical deconvolution (Dell’Acqua and Tournier, 2019), in that the ODF is calculated from 

a simple linear transformation of the raw diffusion data without the need for regularization 

or other complex numerical procedures. In addition, FBI does not require a globally defined 

response function so the ODF in each voxel is determined entirely with information from 

that voxel. Constrained spherical deconvolution, in contrast, typically employs a response 

function that is obtained from measurements in regions with high fractional anisotropy 

and then applied throughout the brain to calculate the ODF; as a consequence, the ODF 

is not based solely on local information which could be problematic in subjects with 

heterogeneous brain pathology. Ideally, future studies would be able to correlate the 

diffusion metrics derived from FBI with histopathological observations of fiber density and 

configuration in order to confirm the mechanism underlying these radiographic advantages.
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4.3. Limitations

This is a pioneering proof-of-concept study to assess the utility of FBI based tractography 

in epilepsy. As such, the number of patients included in this study is small. Moreover, 

the patient population was composed of consecutive individuals with various epilepsy 

syndromes and the sample is hence quite heterogeneous. Thus, syndrome-specific 

changes could not be further investigated. It would also be important to determine 

whether the advantages of FBI tractography generalize across age groups, sex/gender, 

race/ethnic groups, etc. Of note, exploring regional/local topological features such as 

hubness, integration, and centrality was not feasible in this study since different regions 

were implicated across patients. Subsequent cohorts with larger sample sizes and more 

homogeneous cohorts will be critical in exploring local topological properties with FBI. 

Moreover, there are relevant potential confounders that are worth studying as they relate to 

FBI changes; in other words, in determining whether they are related to structural network 

changes detected by FBI but not by other diffusion approaches with lower b-values. Some 

of these will require a larger cohort to allow for between-group comparisons, such as 

the manifestation of specific seizure semiologies (e.g. the presence or absence of FBTC 

seizures), while others will benefit from longitudinal acquisition of diffusion data at different 

time points (e.g. the role of duration of epilepsy in structural network changes).

We note that we used binarized connectomes in this study since we were mainly concerned 

with understanding the topological patterns of connections between nodes, irrespective of 

variations in their weights, since the latter could further be influenced by the diffusion type. 

This is important, since variations in certain topological features of weighted matrices are 

often difficult to disentangle from variations in the weights themselves (e.g. van Wijk et al., 

2010). However, it will be critical for future studies to also compare the performance of 

weighted matrices across diffusion techniques.

The major limitation of FBI is that it requires high b-value (i.e. > 4000 s/mm2) diffusion 

MRI data in order to adequately suppress the extra-axonal signal, which reduces the signal-

to-noise ratio relative to lower b-value methods such as DTI and DKI. To compensate, FBI 

typically necessitates the use of somewhat larger voxels than either DTI or DKI. In addition, 

about 60 or more diffusion directions are needed for FBI (Moss et al., 2019), which is 

substantially larger than the minimum number needed for DTI (6 directions) and DKI (15 

directions) resulting in longer minimal scan times. However, the latest generation of clinical 

MRI scanners, with strong field gradients of about 80 mT/m, greatly increase the practicality 

of FBI. It must be noted that FBI has only been tested on 3T scanners, and its feasibility for 

other field levels remains to be established. In terms of generalizability, the software needed 

to process FBI has been recently described (Dhiman et al., 2021) and is freely available at 

https://github.com/m-ama.

5. Conclusions

High b-value diffusion imaging can better isolate axonal pathways and identify core 

pathophysiological neuronal networks associated with epilepsy. Medication-refractory 

epilepsy is associated with increased global network segregation, which is a quantifiable 

topological change that could be used to track disease progression and inform on clinical 
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outcomes. FBI based tractography is a clinically feasible high b-value diffusion imaging 

method that may be more sensitive to alterations in brain structural connectivity than 

conventional the fiber tracking approaches based on DTI and DKI.
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Fig. 1. –. 
The image processing pipeline used in this study. Whole brain DTI tractography, DKI 

tractograpy and FBI tractography were reconstructed (the axial slices demonstrate tract 

density images), from which whole brain connectomes were obtained. Three global network 

properties were analyzed (density, efficiency and clustering coefficient).
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Fig. 2. –. 
The ODFs obtained with each diffusion modality (DTI, DKI and FBI) are shown for the 

brain region corresponding to the blue inset in the axial slices. The same brain region is 

shown for all diffusion modalities. On the right side of each ODF magnification image, 

a mosaic demonstrating the tract density image from one representative subject is shown 

for each corresponding diffusion modality. The scale bar indicates the number of fibers per 

voxel.
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Fig. 3. –. 
The group average whole brain connectome is shown for each diffusion modality. The ROIs 

in the connectome adjacency matrix are ordered in rows and columns in accordance with 

the AAL2 brain atlas, organized into left brain hemisphere, right brain hemisphere and 

cerebellum. The scale bars indicate the log(number of fibers normalized by the sum of the 

inverse of the length of their connections).
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Fig. 4. –. 
The left side mosaics demonstrate the absolute number of fibers tracked by each diffusion 

modality compared with another (subtraction). The scale bars indicate the absolute number 

of fibers per voxel. The right sided mosaics indicate voxels in which each modality was able 

to resolve 1 or more fibers.
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Fig. 5. - 
Average number of fibers tracked per voxel (x-axis) in each white matter ROI from the 

NatBrainLab atlas across the three different diffusion modalities. The results of the one-way 

ANOVA for each ROI are shown on the right side for each ROI. Stars indicate significant 

group-wise differences corrected for multiple comparisons using Bonferroni.
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Fig. 6. –. 
This scatter plot demonstrates the relationship between the average number of fibers tracked 

(x-axis) for each connectome link in relationship with the Euclidean distance in mm between 

the gray matter ROIs in the same link (y-axis).
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Fig. 7. –. 
Error bar graphs demonstrating whole brain network properties. For all network measures, 

there was a significant within-subjects effect of diffusion modality. A significant interaction 

was observed between diffusion modality and subject group for global clustering coefficient, 

with a significantly higher global clustering coefficient observed in patients with poorly 

controlled epilepsy compared with controls.
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