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Abstract

Objective—Hand-drawn gray matter regions of interest (ROI) are often used to guide the 

estimation of white matter tractography, obtained from diffusion-weighted magnetic resonance 

imaging (DWI), in healthy and in patient populations. However, such ROIs are vulnerable to rater 

bias of the individual segmenting the ROIs, scan variability, and individual differences in 

neuroanatomy. In this report, a “majority rule” approach is introduced for ROI segmentation used 

to guide streamline tractography in white matter structures.

Methods—DWI of one healthy participant was acquired in ten separate sessions using a 3T 

scanner over the course of a month. Four raters identified ROIs within the left hemisphere 

[Cerebral Peduncle (CPED); Internal Capsule (IC); Hand Portion of the Motor Cortex, or Hand 

Bump, (HB)] using a group-established standard operating procedure for ROI definition to guide 

the estimation of streamline tracts within the corticospinal tract (CST). Each rater traced the ROIs 

twice for each scan session. The overlap of each rater's two ROIs was used to define a 

representative ROI for each rater. These ROIs were combined to create a “majority rules” ROI, in 

which the rule requires that each voxel is selected by at least three of four raters. Reproducibility 

for ROIs and CST segmentations were analyzed with the Dice Similarity Coefficient (DSC).

Results—Intra-rater reliability for each ROI was high (DSCs ≥ 0.83). Inter-rater reliability was 

moderate to adequate (DSC range 0.54 - 0.75; lowest for IC). Using intersected majority rules 

ROIs, the resulting CST showed improved overlap (DSC = 0.82) in the estimated streamline tracks 

for the ten sessions.
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Conclusion—Despite high intra-rater reliability, there was lower inter-rater reliability consistent 

with the expectation of rater bias. Employing the majority rules method improved reliability in the 

overlap of the CST.

1. Introduction

White matter streamline tractography using diffusion-weighted magnetic resonance imaging 

(DWI) has been widely used to estimate connections between gray matter (GM) regions and 

the morphology of white matter structures (e.g., corticospinal tract, corpus callosum, 

cingulum) (Basser and Pierpaoli 1996; Jones 2010). However, tracking results depend upon 

the regions of interest (ROI) used to estimate white matter pathways (Cammoun et al. 2012; 

Jones and Pierpaoli 2005). Thus, ROI selection influences the final interpretation of white 

matter estimation and integrity. Most frequently, ROIs used to guide the estimation of 

streamline fiber tracts are defined using automated ROI segmentation templates [e.g. 

FreeSurfer (Fischl 2012)] or manually segmented ROIs (Kaur et al. 2014; Bucci et al. 2013). 

Both of these approaches have methodological shortcomings. Automated segmentation 

methods employing standard space templates assume a high degree of spatial agreement 

between individual participant's anatomy and that of the template. This assumption does not 

always hold, particularly for neurological patient populations. Manual segmentation of the 

ROIs introduces rater bias and variability even if a highly structured standard operating 

procedure is followed (Heye et al. 2013). Additionally, training and experience in the 

interpretation of a given anatomical structure may influence ROI segmentation.

The corticospinal tract (CST) is a key neuroanatomical pathway that mediates the nervous 

system's control of movement (Jane et al. 1968). The CST originates in well-defined cortical 

regions that correspond to anatomical locations throughout the body (i.e., fingers, hand, and 

arm). There is evidence that the CST is involved in motor coordination, movement disorders 

(Said et al. 2014), stroke (Kou et al. 2013; Kunimatsu et al. 2003; Lee et al. 2005; Vargas et 

al. 2013) and ischemia (Tang et al. 2010). Integrity of the CST (e.g., from stroke and 

multiple sclerosis) often results in poor motor limb control, paresis, or paralysis (Sterr et al. 

2014; Zheng and Schlaug 2015). Clinical researchers are pursuing stimulation for 

corticospinal neurogenesis (Rosso et al. 2013; Nakagawa et al. 2013). Some have attempted 

to use the CST to model applications of deep brain stimulation in Parkinson's disease (Said 

et al. 2014), but with varying results. Therefore, there is a need to appropriately and reliably 

characterize the CST pathway for treatment and intervention purposes. Tractography 

protocols attempting to segment the CST have been performed using a two (Kunimatsu et al. 

2003; Bucci et al. 2013; Lee et al. 2005; Tang et al. 2010; Vargas et al. 2013; Yasmin et al. 

2009) or three ROIs (Kou et al. 2013; Min et al. 2014). Most commonly ROIs are defined 

within the brain stem (e.g. cerebral peduncle, and pons), internal capsule and areas of the 

motor cortex.

In order to understand whether observed changes to the CST are associated with pathology, 

manual segmentation methods must have high degree of specificity and reliability in 

identification and segmentation of the ROIs. To this end, we introduce the “majority rule” 

method for segmentation of anatomical locations used to isolate the CST. The majority rule 

has been described as an automatic method of pattern recognition (Kittler et al. 1998). The 
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‘majority rule’ in our study refers to a cumulative ROI resulting from combining manually 

segmented ROIs from all of the raters and retaining only the portions of the ROI that were 

common to at least three out of the four raters. We hypothesized that combining ROIs from 

all raters and selecting a cumulative region common to at least three raters would reduce 

rater bias inherent to all manual segmentation approaches. Towards this end, four raters 

completed ROI segmentation to guide CST tractography. Intra rater and inter-rater 

measurements were acquired from one individual who was scanned on the same scanner at 

ten separate sessions. This unique data set allowed us to examine variations within rater 

without biasing them to patient differences. Additionally, this dataset allowed us to examine 

variations associated with different scan sessions alone.

2. Methods

2.1. Subject

We acquired structural MR imaging data from a 38 y.o., male, right-handed participant. The 

participant was a native English speaker with no history of neurological disorders. Written 

informed consent was obtained in compliance with Institutional Review Board guidelines of 

the University of Florida. Room temperature measurement and measurements of diffusion in 

a phantom ensured consistency of scanner performance at each time point.

2.2. Data Acquisition

MR data was acquired from a Siemens 3 T Verio scanner using an 8-channel head coil. 

High-angular resolution diffusion imaging (HARDI) data were acquired using a FOV = 23 

cm × 23 cm, and TR / TE = 17300 / 81 ms. A total of 73 interleaved axial slices with a slice 

thickness of 2 mm were acquired. The diffusion gradients were applied along 6 directions 

with b = 100 s/mm2 and 64 directions with b = 1000 s/mm2, distributed over a sphere 

following a model of electrostatic repulsion (Jones et al. 1999).

DWI is sensitive to the diffusional characteristics of water molecules in isotropic and 

anisotropic tissue environments (Callaghan 1991). Diffusion tensor imaging (DTI) is the 

most commonly applied procedure for modeling diffusion properties from DWI, but has 

known limitations. DTI is successful in modeling diffusion in regions with strong and 

coherent white matter structures, such as the spinal cord, corpus callosum and cingulum, but 

fails in regions containing multiple fiber orientations. This limitation has prompted the 

development of improved methods to model diffusion in complex tissue regions, such as the 

Mixture of Wisharts tensor distribution [MOW (Jian et al. 2007) and Q-ball imaging (Tuch 

2004), which use the enhanced acquisition techniques such as HARDI (Tuch et al. 1999).

2.3. Diffusion Data Processing

The diffusion-weighted data were first interpolated to improve spatial resolution, an 

approach frequently employed in tractogrpahy studies (Ford et al. 2013; Parker et al. 2003; 

Jellison et al. 2004; Kuceyeski et al. 2013). We used cubic convolution (Park and 

Schowengerdt, 1983) in all three dimensions [CONGRID function in IDL (Exelis, McLean, 

VA)] to interpolate the voxel dimension to 1 mm3 isotropic resolution. For each voxel in the 

DWI, the diffusion displacement probability function (DPF) was estimated using a method 
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of Wishart (MOW) distributions mixture of rank-2 diffusion tensors, which allows the 

resolution of crossing and kissing fibers (Jian et al. 2007). The largest displacement 

probabilities were extracted and the resulting maxima (assuming antipodal symmetry) were 

recorded as white matter streamline fiber orientations to be used in tractography. DTI 

measures of fractional anisotropy (FA) and average diffusivity (AD) maps were also 

calculated from the DWI data using in-house software developed in IDL. Advanced 

diffusion models, like MOW, have been shown to be more sensitive than DTI in segmenting 

the CST for intraoperative electrical stimulation (Bucci et al. 2013). Moreover, employing 

tractography to estimate white matter structures, like the CST, supersedes the use of atlases; 

FA values obtained with tractography have been found to be higher than values found when 

employing atlases, implying that volume averaging is reducing values along the tract (Vargas 

et al. 2013).

Seed points were evenly distributed on a 43 (64) point grid within each voxel over the whole 

brain; streamlines were then launched bi-directionally for all seeds (Mori and van Zijl 2002). 

Streamlines progressed in 0.25 mm increments along the fiber orientation of each voxel, and 

when encountering a voxel containing more than one possible orientation (e.g. crossing or 

kissing fibers), the direction most in-line with the streamline's current path of travel was 

selected. During tractography, streamlines tracking continued until the following stopping 

criteria were met: 1) the tract turned by more than 70 degrees, or 2) a low anisotropy region 

(FA < 0.05) was encountered.

2.4. Segmentation of Regions of Interest (ROIs) for the Estimating the Corticospinal Tract

In our study, the hand portion of the motor cortex, or the hand bump, was defined as the 

superior border of the CST, the internal capsule as a region along the CST, and the cerebral 

peduncle as the inferior extent of the pathway.

Four raters (ROI drawers; AB, CPr, MC, WT) met to devise, revise, and then establish a 

standard operating procedure (SOP) to manually segment the regions within the left 

hemisphere (see later section on Hand Bump, Internal Capsule and Cerebral Peduncle). 

Once the SOP was finalized, each of the four raters (AB, CPr, MC, WT) reviewed de-

identified, randomized datasets containing the 10 DWI acquisitions. Each rater segmented 

the three ROIs in all 10 datasets randomly twice for a total of 20 dataset segmentations per 

rater. Raters kept logs to document slice locations. Problematic regions were discussed by 

the raters and then re-measured from re-blinded datasets by all raters. Using this procedure, 

each rater generated 20 ROIs per anatomical region (one per scan session and a repeat of 

each scan session).

Hand Bump (HB)—The HB was segmented using the FA maps. As suggested by Yousry 

et. al. (Yousry et al. 1997), raters recorded the slice where the brain's midline is located in a 

three-dimensional view, then identified the location of the sulcus that appears superior to the 

cingulum and continues until it reaches the precentral gyrus. Then the HB was identified 

visually as a “knob-like” structure located just posterior to the junction of the superior 

frontal sulcus with the pre-central sulcus.
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Internal Capsule (IC)—The IC was segmented on the FA maps. Raters recorded the axial 

slice where the most superior part of the internal capsule could be identified. This was 

located where the external capsule and the posterior limb of the internal capsule could be 

clearly identified, generally immediately underneath the fornix. The most inferior axial slice, 

which was one slice above the anterior commissure, was then recorded. Segmentation began 

at the midpoint between these slices and included one inferior and one superior slice (for a 

total of three slices).

Cerebral Peduncle (CPED)—The CPED was segmented on the orientation FA maps 

(scales by the primary eigenvector). Raters recorded the axial slice number where the 

inferior portion of the corticospinal tract could be identified and the slice immediately below 

the axial slice where the peduncular “ears” could not be distinguished from the surrounding 

white matter. The midpoint between these two slices was identified (roughly near the upper 

surface of the pons). This location served as a starting point for the segmentation of the 

CPED. Raters outlined ROIs on the five superior and inferior slices relative to this midpoint.

2.5. Registration Template

By visual inspection, a reference dataset (one of the ten acquisitions) with minimal rotation 

in any of the axial, sagittal, or coronal views, served as the image registration reference. 

Each of the datasets was registered to this reference using 9-degrees of freedom using 

FMRIB's Linear Image Registration Tool (FLIRT; (Jenkinson and Smith 2001); http://

fsl.fmrib.ox.ac.uk/fsl/flirt). These registered data sets were then averaged together to 

produce an image-template to define the ROIs to guide tract estimation in a standard space 

specific to the ten data sets used in this study.

2.6 ROI Segmentation (Figure 1)

As described below, two ROIs were derived from the manual segmentations: 1) a rater 

representative ROI for each rater, and 2) a “Majority Rules” ROI. These ROIs are used to 

examine the reliability of these segmentation schemes.

2.6.1. Rater-representative ROI—Each rater's manually segmented ROI was registered 

to the template FA map described in the “Registration Template” section (note that all ROIs 

from this point forward are registered unless otherwise specified). The rater representative 

ROI was obtained from the intersection of the rater's two manual segmentations of the same 

scan session for each of the three ROIs. This resulted in four sets (one for each rater) of 

rater-representative ROIs per scan session for each anatomical region (HB, IC, CPED).

2.6.2. Majority Rules ROI—For each anatomical region, all four rater-representative 

ROIs were combined to generate a majority rules ROI for each scan session. In order to 

include a voxel as a member of the majority rules ROI, the voxel must have been included in 

at least three of the four rater-representative ROIs.

2.7. Corticospinal Tract Streamline Fibers

The CST was estimated from the relevant streamlines that connected the HB and CPED 

while passing through the IC for each scanning session. The HB and CPED served as 
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termination ROIs, while the IC served as an intermediate (or waypoint) ROI. No additional 

exclusion or guiding ROIs were used in the filtering process. To estimate the CST, a fiber 

density map was generated, consisting of a three-dimensional volume where each voxel's 

value represented the number of streamlines passing through the voxel. To eliminate the 

contribution from spurious streamlines, only voxels with a value above a threshold of 1% of 

the maximum density were retained in the fiber density maps. Finally the three-dimensional 

volume of the CST was calculated as the number of voxels × voxel volume using the 

estimated CST connecting the HB and CPED ROIs.

2.8. Reproducibility Analysis and comparisons

The Dice similarity coefficient (DSC) and coefficient of variation (Cv) were used to compare 

the reproducibility of the ROIs and estimated CST streamline fibers. The DSC is a statistical 

measure of the spatial overlap of two distinct groups. It has a range between 0 and 1, with 0 

indicating no overlap and 1 indicating perfect agreement between groups. Obtaining a DSC 

value greater than 0.7 indicates an excellent agreement between two raters (Zijdenbos et al. 

1994a). The Cv is calculated as the ratio of the measurement standard deviation divided by 

its mean and multiplied by 100 to provide an intuitive estimate of variance expressed as a 

relative percentage. The ROIs were tested for reproducibility with three different comparison 

schemes:

1. Intra-rater / Intra-session (comparison of rater against self): Comparisons 

between the two manual segmentations of each ROI in the same scan 

acquisition by the same rater. This yielded 10 comparisons for each rater 

per ROI (3) yielding a total of 30 comparisons per rater.

2. Intra-rater / Inter-session (Comparison of rater between sessions): 

Comparisons of each rater-representative ROI from each scan session to 

all others scan sessions, 45 per ROI [(session 1 vs session 2, 1 vs 3, … or 

10 scans × 9 comparisons) / 2] for a total of 135 comparisons per rater.

3. Inter-rater / Intra-session (Comparison of raters within sessions): 

Comparisons of the rater-representative ROI between raters for the same 

scan session. This yields 60 comparisons [(10 sessions, rater 1 vs rater 2, 1 

vs 3, …, or 4 raters × 3 comparisons) / 2] resulting in 180 comparisons per 

rater for the 3 ROI's.

Given an expected increased variance between scan sessions and the individual rater's ability 

to hand-segment ROIs, we expected highest overlap in intra rater/intra session and lowest 

overlap in inter-rater / inter-session.

Tractography reproducibility was assessed with two different comparison schemes:

1. Intra-rater / Intra-session: Comparison of CST tract volume obtained with 

each rater's manual ROI segmentation of each ROI for each session for a 

total of 30 comparisons.

2. Each rater-representative ROI vs. the majority rules / intra-session: 

Comparison of CST tract volume obtained with each rater-representative 
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ROI segmentation to the majority rules ROI for each session for a total of 

30 comparisons.

The estimated CST also allows the calculation of FA and AD values along the CST path, and 

tractography derived measures: 1) edge weight (Hagmann et al. 2007), 2) tract count, 3) tract 

length, and 4) axial tract cross-sectional area. The edge weight, w(e) of edge e and is defined 

as

(1)

where Si is the surface of the connecting nodes, f is a streamline that connects the nodes, Ef 

is set of all streamlines connecting the nodes, and l(f), is the length of streamline f. The edge 

weight includes all streamlines connecting the nodes regardless of their location of origin. 

The track count is the number of streamlines defining the CST, track average cross-sectional 

is the average area of the CST in axial slices, and track length is the average length of the 

streamline fibers in the estimated CST.

3. Results

3.1. Region-of-Interest Reproducibility

3.1.1. Intra-rater / Intra-session (Table 1, Figure 2A)—The mean DSC ranged from 

0.83 to 0.87 for all raters and ROIs. Manual ROI segmentation was the most variable for the 

IC (DSC = 0.83, Cv = 14%) and the most consistent for the HB (DSC = 0.83, Cv = 6.0%). 

Therefore manual segmentation by each rater for a particular session was very consistent 

(i.e. DCS > 0.7).

3.1.2. Intra-rater / Inter-session (Table 1, Figure 2B)—The mean DSC for the rater-

representative ROIs between sessions ranged from 0.67 to 0.80, indicating that rater manual 

ROI segmentation was more variable between scanning sessions than in the same session, 

with the most variability in IC segmentation (DSC = 0.67; Cv = 22%). A comparison of the 

Intra-rater/Intra-session to Intra-rater/Inter-session shows that the HB and CPED mean 

overlap (DSC) values displayed a percentage change of 4.8% and 8.0% on average, 

respectively; while the IC showed a percentage change of 19.3%. Individual rater results 

(Figure 2B) show that all but one rater (R2) had increased variability in IC segmentation. 

The percentage change for all ROI DSCs was less in the intra-rater/intra-session than the 

intra-rater / inter-session (percentage of change: HB = 4.8%; IC = 19.3%; CPED = 8.0%).

3.1.3. Inter-rater / Intra-session (Table 1, Figure 2C)—The range in mean DSC is the 

broadest (0.54 to 0.75) and has the lowest average, with the most variability in the 

segmentation of the IC. The IC was consistently the least reproducible segmentation across 

all raters, which suggests that the IC ROI is not well defined.
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3.2. Tractography reproducibility

Figure 3 shows the estimated CSTs derived using the rater-representative ROIs to filter the 

streamline tracts before and after thresholding with a 1% fiber density maximum (Figure 3A 

and 3C). Employing a 1% thresholding to maintain streamlines connecting ROIs reduced the 

contribution of spurious streamlines linking the ROIs. The streamlines are represented as an 

ROI by assigning a voxel containing the streamlines to be a voxel in the CST ROI (Fig. 3B 

and 3D).

Intra-rater / Intra session (Figure 4): Raters' intra-session ROI sets produced reliable CST 

segmentation for each imaging session. The mean DSCs for each rater (n=10 imaging 

sessions) were R1: 0.82 ± 0.10, R2: 0.87 ± 0.08, R3: 0.95 ± 0.03, R4: 0.94 ± 0.03 (Fig. 4a). 

There were differences between raters (Figure 4): Raters 3 and 4 were more reliable than 

raters 1 and 2, which displayed greater variability.

Rater representative specific versus Majority Rules ROI (Figure 5): individual raters DSC 

values were adequate to excellent (R1: 0.72 ± 0.20, R2: 0.83 ± 0.11, R3: 0.93 ± 0.03, R4: 

0.94 ± 0.03. Employing the Majority rule ROI set, the mean DSC computed at 1% fiber 

density threshold across the 10 imaging sessions was 0.61 ± 0.03 (range: 0.57 - 0.64). The 

distribution of the DSC values is shown in Figure 5a.

Track volumes measured for each session using the majority rules ROIs are shown in Figure 

5B. The mean track volume was 1102 ± 261 mm3 (range: 851.5 – 1580.3 mm3). The axial 

tract cross sectional area (CSA) was calculated along the path of the streamlines. Fig. 5C 

shows the average CSA along the path for the majority rules ROI. The values in CSA range 

from 8.7 mm2 to 20.3 mm2 with an average of 13.5 mm2. Three tractography results for the 

“majority rules” ROIs are displayed in Figure 6. A parallel additional pathway can be 

observed in imaging session 8 resulting in a larger cross sectional area than imaging sessions 

1 and 6.

CST segmentation statistics for the majority rules pathway (Table 2) were highly consistent 

(2.60% and 2.85% coefficient of variation.) The average edge weight was 295.75 ± 192.35, 

the track count was 24360.0 ± 15662.5, and the average length of the streamlines for all 

sessions was found to be 82.8 ± 1.6. Rater specific segmentation of the CST displayed 

similar variations across all raters (Table 3). The average streamline length displayed very 

good reliability, but the edge weight displayed higher variation across all raters.

4. Discussion

4.1. Main Findings

The present study investigated variability of ROI segmentation by expert raters and its 

effects on tractography and diffusion metrics. At least three important points were identified: 

1) as expected, intra-rater was higher than inter-rater reliability due to variability between 

certain raters; 2) the internal capsule had the lowest intra- and inter-rater reliability due to 

difficulty in defining the anatomy from the slices; and 3) despite variations in inter-rater 

reliability and segmentation difficulty with the internal capsule, employment of a majority 

rules approach resulted in highly consistent CST segmentation across the ten scans. These 
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collective findings suggest that a majority rule approach to ROI segmentation is one viable 

option for improving fiber modeling using DWI approaches. The combination of the 

manually delineated ROIs created by multiple raters (i.e. majority rules) helps ameliorate 

rater bias, which often times can lead to problems quantifying structural networks derived 

from DWI and tractography.

4.2. Region of interest reliability

The comparison between template and CST tracts has been assessed (Vargas et al. 2013), 

showing that both techniques show similar correlations with behavioral analysis. However, 

the tractography approach shows increased FA values compared to the atlas-segmented 

CSTs. The lower FA values in the atlas approach can be attributed to volume averaging of 

voxels that do not correspond to the CST; therefore, we did not employ the atlas approach.

Despite adequate training and standardized operating procedures, each rater showed 

variability in manual segmentation of ROIs. This was evident even when raters were 

compared on measurements from the same scan (intra rater / intra session). Reliability was 

reduced even further (4% to 19% decline in regional segmentation overlap) when the regions 

of interest were compared across multiple scan sessions (Intra rater/ Inter session or test 

retest). This is striking because all raters were measuring the same individual across all scan 

sessions; therefore rater variability in the test-retest is independent of subject variability. The 

observed variability is most likely influenced by the subject head alignments in the MR 

scanner for any particular day. Test-retest reliability ranged from 0.67 to 0.80, which 

indicates reasonable variability between raters (Table 1). The worst raters show a reliability 

of 0.66 for the HB, 0.68 CPED, and 0.17 for the IC. The 0.17 indicates that one rater had 

difficulty identifying the IC between scans, which is similar variability displayed in 

manually segmented tumors (Warfield et al. 2006). All comparisons concur that IC 

displayed the least reproducibility, particularly in the test-retest reliability (intra rater/inter 

session). The test-retest is particularly difficult for this ROI since only the middle portion of 

the IC was used as a control region to define the path or tract and reduce the number of 

spurious streamlines. This variability is due to inconsistent choices of starting slices 

combined with the small number (3) of slices making up the IC ROI in this study. Raters did 

not select the same initial and final slice. If a rater began their ROI one slice above or one 

slice below another rater, then at least one third of the ROI will be different. Of note, the HB 

and CPED regions of interest displayed acceptable reproducibility (DSC > 0.74) relative to 

suggested dice coefficient guidelines (Zijdenbos et al. 1994b).

Reliability dropped further when different raters were compared within the same session 

(Inter-rater/ intra-session); 10 to 35% more variable than the same rater within the same scan 

session (intra-rater/ intra-session). Although inter-rater scores are expected to be lower than 

intra-rater scores [e.g., (Kaur et al. 2014)], we do note that the range we observed was quite 

large. This range is attributed to discrepancy in the segmentation of one particular region of 

interest the internal capsule.
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4.3. Corticospinal tract segmentation from tractography

The majority rule ROI combined elements of all raters' segmentations thereby requiring that 

the final ROI involve overlap from at least three of the four raters. Each rater's segmented 

CST (intra-rater / inter-session) relative to the majority rules segmented CST had moderate 

overlap. Given that there is currently no ‘gold standard’ for ROI definition unless strongly 

based upon cytoarchitectural definitions or gross anatomical landmarks [e.g., (Insausti et al. 

1998)], our data suggest that having multiple rater views is essential in order to reduce rater 

bias for the CST. For our study, the CST, the majority rules ROI yielded a final 

reproducibility index (DSC) greater than 0.57 with a 3.2% coefficient of variation across all 

sessions. We consider this more than acceptable given the following argument.

The CST studied here (i.e. the portion connecting to HB) can be considered analogous to a 

cylinder, whereby its volume involves length and cross sectional area. Any variability in the 

measurement of the cylinder will relate to its longitudinal or cross sectional area variation. 

For our study, the average CST length using the majority rule ROIs varied only about 2%. 

The cross sectional area (Fig 5C), however, displayed more variability with an average area 

of 13.5 mm2 and the variation along the track of 28.7%. The main source of variability 

shown in Fig 5C is due the external streamlines that make up the path as shown in Fig 6. 

Therefore the variability of the total CST volumes (23.7%) shown in Fig 5B is most likely 

related directly to the variability in cross sectional area and extraneous streamlines at the 

edge of the bulk of the CST pathway. Previous studies have shown that error accumulates as 

track lengths increase (Miles and Laidlaw 2012). Since the portion of the CST examined in 

this study has a path length around 6 times larger than the width of its cross sectional area, it 

is not unreasonable to fail to achieve excellent DSC values (> 0.85), given the difficulty 

associated with replicating a “long” and “skinny” track such as the CST with MR images 

acquired at 2 mm isotropic resolution. Therefore our result of DSC's around 0.60 represents 

an acceptable level of variation in CST segmentation; given the track length and the 

difficulty in segmenting the ROI's that define the track of this fiber path. Visual inspection of 

the tracks showed great similarity in the CST's obtained in this study.

4.3 Limitations

The CST length was in the range of 80mm, and error accumulation in tractography is 

directly related to the tract length. We recognize that diffusion spectrum imaging (DSI) is 

considered a superior model for tractography studies for pathways in the range of 50 – 

100mm (Gigandet et al. 2013). DSI, however, requires additional acquisition times and cost. 

We employed HARDI as the data acquisition method and MOW to reconstruct fiber 

orientations; these two served as a compromise to estimate crossing fibers and have 

reasonable scan times. For the current study, we wanted to examine the reliability of 

structure assessment using diffusion-weighted approaches that are currently being acquired 

clinically and applied to surgery populations of interest. We also recognize a potential 

limitation with the type of ROI selected. The HB and IC ROIs in this study are small and the 

image resolution (2mm isotropic) limited. Even with linear interpolation in the DWI images, 

we recognize there may be other approaches for modeling WM from DWIs (Yap and Shen 

2012; Yap et al. 2014). In this study we only made use of a ten scans of a single subject, so it 

is not our desire to claim perfect CST segmentations rather present a possible method to 
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define ROIs for tractography in populations where the use of atlases is difficult and not 

warranted. Despite these limitations, we propose that our a priori study design addressed a 

problematic area within the field of tractography, since we assessed the same individual over 

time and employed a standardized operating procedure to assess rater measurement of 

regions of interest in cortex, brainstem, and white matter regions. Additionally, we propose a 

majority rule approach in order to improve a well-known problem of intra-rater drift across 

scan sessions, but also inter-rater variance within and between sessions. Finally, we sought 

to improve the modeling of a clinically relevant fiber structure – the CST.

4.4. Future directions and applicability in future studies

Manual segmentation is the preferred method for delineating regions of interest in 

heterogeneous populations, such as those with dementia or stroke. In the current study, our 

majority rules ROI consisted of voxels contained in ROIs defined by any three out of the 

four raters within gray matter. We recognize this approach is not always feasible, particularly 

in clinical practice and the use of the majority rules approach will depend on availability of 

trained raters. Therefore we encourage further research on integrating rater-based majority 

rules regions of interest with machine learning algorithms. A promising option to guide 

machine learning is in the use of the STAPLE method (Warfield et al. 2004, 2006). This 

method seeks to generate an estimate of the ground truth from a set of segmented trials. 

Those segmentations can be manual (as the ones presented in this article), generated by 

algorithmic raters (e.g. Freesurfer) or a combination of both. In populations that algorithmic 

raters might not be accurate the majority rules ROIs can be generated with combination of 

algorithm and human raters. Hence estimates of the “real” segmentation could be generated 

that would not have the rater bias of human raters or the homogeneity of algorithmic raters.

5. Conclusion

In this study, we present an approach for the segmentation of anatomical structures useful 

for the determination of white matter tracts and assessed the reproducibility of CST 

segmentation from a single subject scanned (i.e. with HARDI acquisition) in multiple 

sessions. The reproducibility of the CST obtained with manual segmentation did not result 

in the highly reproducible values; however, the CST showed satisfactory reproducibility 

when a “majority rule” scheme was employed to define the anatomical ROIs. This study 

suggests the feasibility of tracking the CST without the need of atlases. The next step may 

be to apply the majority rule approach to a dataset that assesses structure-function 

relationships, and to address the feasibility of using the majority rule approach to ROI 

segmentation in machine-based algorithms.
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Figure 1. 
Flow diagram of region-of-interest (ROI) generation for a single scan session. First, each 

rater created two manual segmentations of the same ROI for each scan session. Second, 

image data from each scanning sessions was registered to a common template (see text). 

Third, the intersection of the two manually segmented ROI generated a rater-representative 

ROI for each scan session. Finally voxels common to at least three raters were used to 

generate the “Majority Rules” ROI.
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Figure 2. 
Dice similarity coefficient (DSC) results for the 3 regions of interest (ROI); hand bump 

(HB), cerebral peduncle (CPED) and internal capsule (IC)). (A) Intra-rater/ Intra-session 

DSC boxplots for each rater's ROIs. ROIs were compared between their first and second 

attempt for each of the 10 imaging sessions. (B) Intra-rater / Inter-session DSC boxplots for 

each rater-representative ROI (intersection of attempt 1 vs attempt 2) and majority rules 

(MR) ROI. ROI's were compared for each of the 10 imaging trials. (C) Inter-rater / Intra-

session DSC boxplots rater-representative ROI. ROI's were compared for each of the 10 

imaging trials.
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Figure 3. 
Estimated streamlines of the corticospinal tract (CST) using the rater-representative hand 

bump (HB), internal capsule (IC) and cerebral penduncle (CPED) ROIs as filters to define 

the CST. (A & C) Resulting streamlines after filtering procedure for different imaging 

sessions and same subject. (B & D) Estimated CST (in yellow) after thresholding to remove 

streamline fibers less that 1% of maximum fiber count for each imaging session. In all 

panels, the PED, IC, and HB are displayed in green, blue, and red color respectively.
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Figure 4. 
Comparison of estimated corticospinal tract. Box and jitter plots shows the distribution of 

Dice similarity coefficient (DSC) values for each rater over the 10 imaging session. (A) 

Intra-rater, intra-session tractography results, and (B) Inter-rater, intra-session tractography 

results.
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Figure 5. 
Cortico-spinal tract statistics (A) Dice similarity coefficient (DSC) tractography results of 

cortico-spinal tract (Intra-rater / Inter-session) segmentation, showing the mean ± standard 

deviation of DSC values. (B) Inter-session tract segmentation volumes using the majority-

rules ROI set. Visit-count maps were thresholded at 1% of max visit count before converting 

to binary segmentations. (C) Tract cross-sectional area (CSA) of the majority-rules ROI set's 

tractography traversing inferior to superior, average track CSA with standard deviations 

indicated as shaded regions. Visit counts thresholded at 1% of max visit count.
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Figure 6. 
Representative images of variability seen in Figure 4C. Obtained streamlines connecting the 

“majority rules” ROI resulting of imaging sessions 1 (left), 6 (center), and 8 (right).
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