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Abstract

Background: Fractional anisotropy (FA) and mean diffusivity (MD) are measures derived from 

diffusion-weighted imaging that represent the integrity of the corticospinal tract (CST) after 

stroke. Some studies of the motor system after stroke extract FA and MD from native space while 

others extract from standard space making comparison across studies challenging.

New Method: The purpose was to compare CST integrity measures extracted from standard 

versus native space in individuals with chronic stroke. Twenty-four individuals with stroke 

underwent diffusion-weighted imaging and motor impairment assessment. The spatial location of 

the CST was identified using four commonly utilized approaches; therefore, our results are 

applicable to a variety of approaches.

Results: FA extracted from standard space (FAstd) was significantly different from FA extracted 

from native space (FAnat) for all four approaches; FAstd was greater than FAnat for three 

approaches. The relationship between ipsilesional CST FA and UE FM was significant for all 

approaches and similar regardless of extraction space. MDstd was significantly different from 

MDnat for most approaches, however, the directionality of the differences was not consistent.

Comparison with Existing Method(s): Our study shows that extraction space influences 

diffusion-based microstructural integrity values (FA and MD) of the CST in individuals with 

stroke, which is important when considering methods for aggregating CST integrity data across 

studies. The relationship between CST integrity and motor impairment appears to be robust to 

extraction space.

Conclusions: The differences we identified are important for comparing FA and MD values 

across studies that use different extraction space. Our results provide context for future meta-

analyses of diffusion-based metrics of CST integrity in individuals with stroke.
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1. Introduction

The corticospinal tract (CST) is a white matter tract that is important for the production and 

control of skilled movement. Individuals who have had a stroke can have a loss of integrity 

of the CST that contributes to movement dysfunction either through direct lesion to the tract 

or degradation due to lesion at remote sites (Arfanakis et al., 2002; Burke et al., 2014a; 

Lindenberg et al., 2010; Thomalla et al., 2004). One common approach to quantify the 

integrity of white matter tracts is through the use of diffusion-weighted imaging (DWI). 

Data acquired through DWI can be modeled to produce a set of values that quantify the 

integrity of white matter (Le Bihan and Johansen-Berg, 2012; O’Donnell and Westin, 2011). 

Commonly used values include fractional anisotropy (FA) and mean diffusivity (MD).

FA and MD index the integrity of white matter by quantifying water diffusion in the brain. 

MD quantifies the mean displacement of water diffusion, while FA represents the directional 

preference of water diffusion (O’Donnell and Westin, 2011; Soares et al., 2013). After 

stroke, the CST in the lesioned hemisphere tends to have lower FA and higher MD compared 

to the CST in the nonlesioned hemisphere (Burke et al., 2014a; Lindenberg et al., 2010; 

Stewart et al., 2017) suggesting reduced structural integrity. Many different approaches can 

be used to determine FA and MD in the CST with some approaches completing final data 

extraction from native brain space and other approaches completing final data extraction 

from standard brain space (Burke et al., 2014a; Cassidy et al., 2018; Lindenberg et al., 2012; 

Schulz et al., 2017a). Overall, the field lacks a standardized approach for the extraction of 

FA and MD from the CST after stroke, making comparison of data across studies 

challenging.

CST integrity, indexed by DWI, has been suggested as a biomarker of the motor system after 

stroke and potential prognostic tool to guide decisions about rehabilitative care (Boyd et al., 

2017; Byblow et al., 2015; Groisser et al., 2014; Puig et al., 2017). Acquiring large imaging 

data sets from people with stroke is both time consuming and resource intensive. However, 

large data sets are needed for accurate predictive modeling and to better understand how 

CST integrity measures can be used to improve rehabilitative care. One option for generating 

larger sample sizes is aggregating smaller data sets and performing meta-analyses. Before 

aggregating DWI data across studies, it is important to determine how extraction space may 

influence the resulting CST integrity values.

Therefore, the purpose of this study was to compare diffusion-based CST integrity measures 

extracted from standard brain space versus native brain space in individuals with chronic 

stroke using four commonly used approaches for capturing the spatial location of the CST: a 

standard region-of-interest (ROI) based approach at the cerebral peduncle, a hand drawn 

ROI approach at the cerebral peduncle, a probabilistic tract approach, and a tract template 

approach. A secondary purpose was to investigate whether extraction space influenced the 

relationship between CST integrity and upper extremity motor impairment and function.
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2. Materials and Methods

2.1 Participants

Structural imaging, diffusion-weighted imaging, and behavioral assessments were completed 

in 24 individuals in the chronic phase of stroke as part of a larger study (ClinicalTrials.gov 

Identifier: NCT02785419). Some participants in the current analyses were also included in a 

previous analysis of test-retest reliability of DWI-derived measures of CST integrity (Lewis 

et al., 2020). Eligibility for study participation was determined per the protocol of the larger 

study. Individuals were included if they were ≥18 years old, in the chronic phase of stroke 

recovery (>6 months post-stroke), right hand dominant prior to stroke (Oldfield, 1971) 

scored ≥ 19 on the Montreal Cognitive Assessment (Nasreddine et al., 2005), showed 

evidence of upper extremity impairment by an upper extremity Fugl-Meyer (UE FM) score 

(Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, 1975) < 66 and/or at least 15% deficit on 

the Nine Hole Peg Test (Grice et al., 2003) on the more impaired hand compared to the less 

impaired hand and demonstrated some movement ability as shown by an UE FM score > 30 

and/or the ability to move at least one block on the Box & Blocks Test (Mathiowetz et al., 

1985) with the affected upper extremity. Individuals were excluded if they had any acute 

medical problems, severe ideomotor apraxia as defined by a score ≤65 on the Test of Upper 

Limb Apraxia (Vanbellingen et al., 2010), hemispatial neglect with <52 on the BIT Star 

Cancellation Test (Hartman-Maeir and Katz, 1995), significant arm pain that interfered with 

movement, contraindications to MRI scanning (e.g., metal implants, claustrophobia), or a 

history of other, non-stroke related neurological disorder.

2.2 Image Acquisition

All images were acquired on a Siemens Prisma 3 Tesla MRI scanner with a 20-channel head 

coil at the University of South Carolina’s McCausland Center for Brain Imaging. High 

resolution T1-weighted structural images (TR = 2250 ms, TE = 4.11 ms, 192 sagittal slices, 

1 mm3 isotropic voxels) and T2-weighted structural images (T2 = 3200 ms, TE = 567ms, 

176 slices, 1 mm3 isotropic voxels) were acquired. Diffusion-weighted images were 

collected using an echo-planar imaging sequence (TR = 3839 ms, TE = 71ms, 68 slices, 1.8 

mm3 isotropic voxels, 56 non-collinear directions, b = 1000 s/mm2) in two runs with reverse 

encoding directions (anterior to posterior and posterior to anterior); seven b0 volumes were 

acquired in each run.

2.3 Image Preprocessing

2.3.1 Diffusion Images—All DWI image processing was completed in FMRIB’s 

Software Library (FSL) (FMRIB Center, Oxford, UK) using the FMRIB’s Diffusion 

Toolbox (FDT). Volumes without diffusion weighting (b0 volumes) were extracted from 

both phase encoding directions, merged, and utilized to estimate susceptibility induced 

distortions using FSL’s topup command (Andersson et al., 2003). The skull and dura were 

removed (Smith, 2002), and images were corrected for the eddy current-induced off-

resonance fields (Andersson and Sotiropoulos, 2016). Voxelwise maps of fractional 

anisotropy (FA) and mean diffusivity (MD) were created using DTIFIT (Behrens et al., 

2003). Images were visually inspected for quality during each step of preprocessing. 
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Bedposting was completed to build distributions of diffusion parameters at each voxel 

(Behrens et al., 2007).

2.3.2 Lesion Mask—FSL’s Brain Extraction Tool was used to perform brain extraction 

using robust brain center estimation and thresholding to maintain inclusion of lesioned and 

exclude extraneous non-brain tissues (Smith, 2002). A trained researcher hand drew stroke 

lesion masks on the T2 structural image. All lesion masks were checked by a second, 

experienced researcher. The T2 lesion mask was linearly registered to the structural T1 using 

FSL’s FLIRT, then binarized to be used as a weighting volume during registration processes. 

The lesion mask volume was deweighted during all linear and nonlinear registration 

processes (Brett et al., 2001; Schulz et al., 2017a).

2.3.3 Registration Processes

T1 Structural to Native Diffusion Space Registration:  The structural T1 image was 

registered into native diffusion space using FSL’s FLIRT and FNIRT, respectively 

(Jenkinson and Smith, 2001; Smith et al., 2004). The default interpolation method (trilinear) 

was utilized. The T1 structural image registered to native diffusion space served as the 

structural base for future mask drawing for the CP Hand Drawn ROI approach (Section 

2.4.1) and for drawing waypoint masks and exclusion masks in the Probabilistic Tract 

Approach (Section 2.4.3).

Native Space to Standard Space Registration:  The native space FA map was linearly then 

nonlinearly registered to the FMRIB FA template, which is in standard MNI space, using 

FSL’s FLIRT and FNIRT, respectively. The default interpolation method (trilinear) was 

utilized. The lesion was masked out during these processes. The results of the linear and 

nonlinear registration steps were two nonlinear warps (native to standard; standard to native) 

that were applied in the approaches described in Section 2.4 (Archer et al., 2017b).

2.4 Data Extraction Approaches

Four approaches were used to extract mean FA and MD from the ipsilesional and 

contralesional CST from standard MNI space and each participant’s native space: CP Hand 

Drawn ROI (Fig. 1A), CP Template ROI (Fig. 1B), Probabilistic Tract (Fig. 1C), and Tract 

Template (Fig. 1D). For the CP Hand Drawn ROI approach, the CP ROI was generated in 

native space. For the CP Template ROI approach, the CP ROI was generated in standard 

space. In all approaches, the final masks used for data extraction were thresholded to include 

voxels with an FA > 0.2. For all approaches, lesioned voxels were not included in the final 

masks used for data extraction.

FA ratio and FA asymmetry were calculated from the mean FA values from the ipsilesional 

and contralesional CST. These values represent ipsilesional tract integrity normalized to 

contralesional tract integrity. FA ratio values were calculated by dividing the ipsilesional 

CST FA value by the contralesional CST value, where a value of 1 indicates symmetrical 

tract integrity (FAipsi/FAcontra). FA asymmetry was calculated by taking the difference of the 

two tracts and dividing by the sum of the two tracts, where a value of zero indicates 

symmetrical tract integrity ((FAcontra − FAipsi)/(FAipsi + FAcontra)) (Stinear et al., 2007).
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2.4.1 CP Hand Drawn ROI Approach

Standard:  A CP mask was drawn in native space then transformed into standard space. To 

draw the mask, the T1 structural image was registered to native diffusion space. Next, the 

colored FA map was overlaid on the T1 structural image in native diffusion space for ROI 

mask drawing. A single researcher hand drew two masks (ipsilesional, contralesional) on the 

three contiguous axial slices (1.8 mm thick slices) that showed the largest cross-sectional 

area of the cerebral peduncle.(Mark et al., 2008; Schaechter et al., 2008) All masks were 

checked by a second researcher. The hand drawn ROI masks were nonlinearly registered to 

standard MNI space. FA and MD data registered to standard space were extracted from the 

resulting CP ROI masks

Native:  A single researcher hand drew an ROI mask at the cerebral peduncle in native brain 

space as described above in Standard. FA and MD were extracted from each CP ROI mask 

in native space (ipsilesional, contralesional).

2.4.2 CP Template ROI Approach

Standard:  The Johns Hopkins (JHU) template of the CP was used as basis for the CP 

template ROI (available in FSL) (Hua et al., 2008; Mori et al., 2005; Wakana et al., 2007). 

Five axial slices (1 mm thick slices) with the largest cross-sectional area were selected from 

the JHU CP template for the CP Template ROI. FA and MD data registered to standard 

space was extracted from the resulting CP template ROI masks.

Native:  The CP Template ROI (described above in Standard) was nonlinearly registered to 

native space. FA and MD data was extracted from the resulting CP template ROI masks.

2.4.3 Probabilistic Tract Approach

Standard:  Standard human motor area templates (HMATs) (Mayka et al., 2006) of primary 

motor cortex (M1), dorsal premotor cortex (PMd), ventral premotor cortex (PMv), 

supplementary motor area (SMA), pre-supplementary motor area (preSMA), and primary 

somatosensory cortex (S1) were used to seed probabilistic tractography, creating an 

individual descending probable tract from each HMAT in each hemisphere. Tractography 

was completed using PROBTRACKX2 in FSL (maximum number of steps=2000, step 

length=0.5 mm, number of samples=5000, curvature thresholds=0.2, volume fraction before 

subsidiary fibre volume threshold=0.01) with each HMAT as the seed region and waypoints 

in the posterior limb of the internal capsule and the cerebral peduncle (waycondition 

“AND”). The option for “Seed space is not diffusion” and “nonlinear” was selected. The 

respective nonlinear transforms created in Section 2.3.3 Registration Processes were added 

to the options for “Select Seed to diff transform” and “Select diff to seed transform”. Three 

exclusion masks drawn on the standard MNI brain were also included to limit extraneous 

fibers that crossed midline, extended into the cerebellum, or were likely part of the alternate 

motor pathway in the tegmentum pontis. This process resulted in six tracts per hemisphere 

per participant, one for each of the HMATs. Each tract was normalized by dividing the 

distribution by the waytotal and thresholding to include only voxels with at least 1% of total 

successful streamlines (Schulz et al., 2017b). The six component descending tracts for each 

hemisphere were combined to create a final CST tract for the ipsilesional and contralesional 
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hemisphere. FA and MD data registered to standard space were extracted from the resulting 

probabilistic CST masks.

Native:  Standard human motor area templates (HMATs) of M1, PMd, PMv, SMA, 

preSMA, and S1 were nonlinearly registered to the individual participant’s diffusion space 

were used to seed probabilistic tractography. Tractography was completed using 

PROBTRACKX2 in FSL using the same parameters as described in Standard. Waypoint and 

exclusion masks as described in Standard were hand drawn for each individual in native 

space. Each resulting probabilistic tract was normalized, thresholded, and summed to create 

a final CST for each hemisphere as described in Standard. FA and MD data were extracted 

from the resulting probabilistic CST masks.

2.4.5 Tract Template Approach

Standard:  A standard Sensorimotor Area Tract Template (SMATT) (Archer et al., 2017b) 

in standard MNI space was used as the Tract Template. FA and MD data registered to 

standard space were extracted from the resulting CST template masks.

Native:  The SMATT was nonlinearly registered from standard space to native diffusion 

space (see 2.3.3 Registration Processes). FA and MD data registered to standard space were 

extracted from the resulting probabilistic CST template masks.

2.5 Statistical Analysis

All statistical analyses were performed in SPSS 27 (IBM Corp., Armonk, NY). Data were 

tested for normality using Shapiro-Wilk’s test and by viewing histograms. Data that did not 

meet assumptions for normality were analyzed using nonparametric statistics. Means and 

standard deviations for ipsilesional FA/MD, contralesional FA/MD, FA ratio, and FA 

asymmetry were calculated for data from all four approaches and each data extraction space 

(standard and native). FA and MD values extracted from standard space were compared to 

FA and MD values extracted from native space using paired t-tests. The mean difference was 

calculated by subtracting native space values from standard space values (e.g. FAstd − 

FAnat). The mean absolute difference was calculated by taking the absolute value of the 

mean difference (e.g. |FAstd − FAnat|). To further compare and characterize differences in 

standard versus native space values, the mean absolute difference was calculated as a 

percentage of the mean value for that approach (percent absolute difference = mean absolute 

difference/average of native space CST FA value and standard space CST FA value × 100). 

The percent absolute difference was calculated to show the relative difference between 

standard space and native space values compared to the overall mean for that approach, since 

the mean FA and MD values varied by approach.

FA and MD values from the ipsilesional CST were compared to FA and MD values from the 

contralesional CST using paired t-tests for all four approaches and both data extraction 

spaces (standard and native). Cohen’s d was calculated to estimate the effect size of the 

difference between the ipsilesional and contralesional sides in order to characterize how 

extraction space influenced the magnitude of these differences. Effect sizes were interpreted 

as small (d=0.20), medium (d=0.50), and large (d=0.80) (Portney and Watkins, 2009). 
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Finally, the ipsilesional CST FA, FA ratio, and FA asymmetry from each approach and 

extraction space were correlated with a measure of upper extremity impairment (UE FM) 

and upper extremity function (Action Research Arm Test; ARAT) using Spearman’s rho due 

to the non-normal distribution of the UE FM and ARAT scores. All paired comparisons and 

correlations were considered significant at p<0.0125 (corrected for number of approaches).

3. Results

3.1 Participants

Thirty-two participants were recruited as part of a separate clinical trial. Of these 

participants, 25 had structural MRI scans prior to intervention. One participant was excluded 

from group analyses because of poor quality of the transformation between native and 

standard space upon visual inspection. The final analysis included 24 participants who were 

on average 59.6 years old (range 35–76 years) and presented with mild to moderate upper 

extremity impairment (mean UE FM of 38.5, range 18–61). Participants were all in the 

chronic phase of stroke (mean of 34.7 months post-stroke, range 6–158 months) with 

variable lesion side and locations (Table 1, Fig. 2).

3.2 Comparison of Corticospinal Tract Integrity in Native versus Standard Space

FAnat was significantly lower than FAstd for the both the ipsilesional and contralesional CST 

for all approaches (p<0.0125) except the CP Hand Drawn ROI approach. For the CP Hand 

Drawn ROI approach, FAnat values were significantly higher than FAstd for the ipsilesional 

and contralesional CST (p<0.001) (Table 2). The absolute magnitude of the difference 

between FAstd and FAnat ranged from 0.011 to 0.082, where the CP Hand Drawn ROI 

approach demonstrated the largest magnitude difference and the Tract Template approach 

demonstrated the smallest magnitude difference (Fig. 3). For the ipsilesional CST, the 

percent absolute difference in FA was 11.29% for the CP Hand Drawn ROI approach, 4.12% 

for the CP Template ROI approach, 6.08% for the Probabilistic Tract approach, and 3.47% 

for the Tract Template approach. For the contralesional CST, the percent absolute difference 

in FA was 13.82% for the CP Hand Drawn ROI approach, 4.09% for the CP Template ROI 

approach, 6.71% for the Probabilistic Tract approach, and 2.44% for the Tract Template 

approach.

FA ratio and asymmetry in standard space were not significantly different from FA ratio and 

asymmetry in native space for CP Template ROI, Probabilistic Tract, and Tract Template 

approaches. However, FA ratio and asymmetry in standard space were significantly different 

from the FA ratio and asymmetry in native space for the CP Hand Drawn approach (Table 

2). The absolute magnitude of the difference between FA ratio in standard space and FA 

ratio in native space ranged from 0.017 to 0.039. The absolute magnitude of the difference 

between FA asymmetry in standard space and FA asymmetry in native space ranged from 

0.009 to 0.022. For both FA ratio and asymmetry, the CP Hand Drawn ROI approach 

demonstrated the largest magnitude difference and the Tract Template approach 

demonstrated the smallest magnitude difference.
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For all approaches, MDnat was significantly different than MDstd (p<0.0125), except for the 

ipsilesional CST MD values from the CP Template ROI approach (p=0.126) and the 

Probabilistic Tract approach (p=0.622). MDnat was not consistently higher or lower than 

MDstd across approaches (Table 2). The absolute magnitude of the difference between 

MDstd and MDnat ranged from 0.007 to 0.140 × 10−3 mm2/s, where the CP Hand Drawn 

ROI approach demonstrated the largest magnitude difference and the Probabilistic Tract and 

Tract Template approach demonstrated the smallest magnitude difference. For the 

ipsilesional CST, the percent absolute difference in MD was 8.95% for the CP Hand Drawn 

ROI approach, 2.22% for the CP Template ROI approach, 1.82% for the Probabilistic Tract 

approach, and 2.92% for the Tract Template approach. For the contralesional CST, the 

percent absolute difference in MD was 13.89% for the CP Hand Drawn ROI approach, 

2.73% for the CP Template ROI approach, 1.24% for the Probabilistic Tract approach, and 

0.91% for the Tract Template approach.

As expected, FA values for the ipsilesional CST were significantly lower than FA values for 

the contralesional CST (p<0.0125) for all four approaches and for both data extraction 

spaces (standard and native). MD values for the ipsilesional CST were significantly higher 

than MD values for the contralesional CST (p<0.0125) for all approaches and for both data 

extraction spaces, except for the CP Template ROI approach (Table 2). The effect size 

(Cohen’s d) for the difference between ipsilesional CST FA and contralesional CST FA was 

large for all approaches. For the Tract Template approach, the effect size between 

ipsilesional CST FA and contralesional CST FA was slightly larger when calculated from 

standard space values (d=1.92) versus from native space values (d=1.79). For the 

Probabilistic Tract approach, the effect size calculated from standard space values (d=1.46) 

was larger than from native space values (d=1.35). For the CP Hand Drawn ROI approach 

and CP Template ROI approach, the effect size was similar regardless of extraction space 

(CP Hand Drawn ROI: d=1.34 from standard space, d=1.32 from native space; CP Template 

ROI: d=1.11 from standard space, d=1.08 from native space).

We examined the correlation between lesion volume and the absolute difference between 

FAstd and FAnat to determine if lesion size impacted the differences found in FA between 

extraction spaces. The relationship between lesion volume and absolute difference was not 

significant for the CP Template ROI approach (ρ=0.132, p=0.538), the Probabilistic Tract 

approach (ρ=0.128, p=0.552), or the Tract Template approach (ρ=−0.038, p=0.859). The 

relationship between lesion volume and absolute difference was significant for the CP Hand 

Drawn ROI approach (ρ =0.671, p<0.001).

3.4 Relationships between Corticospinal Tract Integrity and Motor Impairment and Arm 
Function

FA of the ipsilesional CST was significantly correlated with upper extremity motor 

impairment (UE FM) for all four approaches regardless of which space the data was 

extracted from (ρ=0.539 to 0.701, p<0.0125) (Fig. 4, Table 3). FA ratio and asymmetry were 

significantly correlated with UE FM regardless of data extraction space for the CP Template 

ROI approach and CP Hand Drawn ROI approach. The standard space FA ratio and 

asymmetry for the Probabilistic Tract and Tract Template approach were significantly 
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correlated with UE FM. However, the native space FA ratio and asymmetry for the 

Probabilistic Tract approach and Tract Template did not meet criteria for significance at the 

corrected p value of p<0.0125 (Probabilistic Tract ratio and asymmetry p=0.016: Tract 

Template ratio and asymmetry p=0.023).

FA of the ipsilesional CST was significantly correlated with upper extremity motor function 

(ARAT) for three of four approaches (Table 3). FA ratio and FA asymmetry were 

significantly correlated ARAT score for the CP Hand Drawn ROI and CP Template ROI 

approach. Extraction space did not change the significance of the relationship between FA 

and upper extremity motor function as measured by the ARAT for any of the approaches.

4. Discussion

This study examined diffusion-based CST integrity measures (FA and MD) extracted from 

standard brain space versus native brain space in individuals with chronic stroke using four 

commonly used approaches for capturing the spatial location of the CST. Our study showed 

that FA and MD values extracted from standard space are significantly different than FA and 

MD values extracted from native space when using the same approach for identifying and 

capturing the CST. FAstd was higher than FAnat for all approaches except for the CP Hand 

Drawn ROI approach. MDstd was significantly different than MDnat for all approaches, 

however, the directionality of this difference was not consistent. The reason for this 

difference in directionality is unclear but could be due to the nature of the calculation of MD 

versus FA, where MD is a mean of the eigenvalues and FA is a ratio of the eigenvalues. 

Importantly, the relationship between the ipsilesional CST FA value and motor impairment 

(UE FM) and motor function (ARAT) was similar regardless of extraction space. The 

differences in FA and MD based on extraction space identified here may impact the 

comparison of results across studies and highlight the need for standards of reporting 

diffusion data including the space from which final data extraction was completed.

The structural integrity of the CST has been suggested as a biomarker of the motor system 

after stroke (Boyd et al., 2017; Puig et al., 2017). Diffusion-based measures of CST integrity 

(e.g. FA, MD) are commonly reported in studies of motor status and motor recovery after 

stroke. However, there is no gold standard for the extraction and reporting of these measures. 

Some studies extract FA and MD in native diffusion space while other studies extract FA and 

MD from standard space; some studies do not clearly report the space from which the data 

was extracted (Borich et al., 2012; Burke et al., 2014a; Cassidy et al., 2018; Lindenberg et 

al., 2012; Schulz et al., 2017b). FA and MD data can serve several purposes in the study of 

the motor recovery after stroke including to describe the study population (Stewart et al., 

2016), relate white matter integrity to measures of motor behavior (e.g. correlations between 

UE FM and CST FA) (Burke et al., 2014b), and compare the integrity of white matter 

between the lesioned and nonlesioned hemispheres (Lindenberg et al., 2010). The 

interpretation of and comparison between studies that include FA and MD after stroke could 

be impacted by the space used for data extraction.

First, our results inform how two studies that use different extraction spaces can be 

compared or interpreted when using FA and MD to describe the study population. The 
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absolute differences, mean absolute differences, and percent differences that we calculated 

will allow for assessment of how similar two populations are across studies that use different 

extraction spaces to measure CST integrity. For example, if Study A utilized the Tract 

Template approach in standard space and Study B used the Tract Template approach in 

native space, we would expect that the mean FA value for the population in Study A to be 

about 3.47% higher than the mean FA values for the population in Study B. If differences 

are larger or smaller, this may indicate true differences between the populations in the two 

studies (e.g. more degradation of the CST in one population) not associated with different 

extraction spaces. In this case, methodology between studies would have to be closely 

assessed and compared to identify if other aspects of the methods (e.g. variations in 

normalization processes) might contribute to differences. Other characteristics of the study 

population, like age, time since stroke, and severity might also be considered as factors 

contributing to differences in FA values between studies.

Second, our results suggest that extraction space is not a significant consideration when 

interpreting or comparing studies that relate CST FA to motor impairment and motor 

function of the upper extremity, since extraction space did not impact these brain-behavior 

relationships. If two studies utilized the same approach (e.g. Tract Template) but extracted 

data from different space (i.e. standard space vs. native space), we would expect the 

correlations between CST FA and UE FM to be significant and similar for both studies. The 

same would be true for correlations between CST FA and ARAT. However, these findings 

may be specific to relationships between CST FA from individuals in the chronic phase of 

stroke with mild to moderate upper extremity impairment and these behavioral measures 

(UE FM and ARAT); differences in brain-behavior relationship based on extraction space 

may exist when FA is related to other measures of motor function, when other white matter 

tracts are investigated, or when examining individuals in the acute phase of stroke or those 

with more severe impairment.

Third, when comparing the integrity of white matter between the lesioned and nonlesioned 

hemisphere, our results suggest that differences between FA and MD in the lesioned and 

nonlesioned hemispheres will be influenced by extraction space and approach used. 

Researchers that employ the Probabilistic Tract or Tract Template approach to measure CST 

integrity would expect to find larger differences between hemispheres if extracting data from 

standard space versus native space. For example, a study that used the Tract Template 

approach in standard space (Cohen’s d=1.92) would be expected to show larger differences 

between the lesioned and nonlesioned hemisphere CST FA than a study that utilized the 

Tract Template approach in native space (Cohen’s d=1.79). It should be noted that this 

relationship may differ by approach. The magnitude of the effect size varied between 

approaches from d=1.08 (native space CP Template ROI approach) to d=1.92 (standard 

space Tract Template approach).

Finally, our results have implications for the pooling or aggregating of diffusion-based CST 

integrity measures in individuals with mild to moderate arm motor impairment due to 

chronic stroke. Pooling data across many sites may be especially valuable in studying 

recovery after stroke since acquiring large datasets with brain imaging can be costly. 

However, researchers often utilize different approaches and extraction spaces to evaluate 
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CST integrity (Archer et al., 2017a; Feldman et al., 2018; Kim et al., 2018; Schulz et al., 

2017b). A common criticism of meta-analyses is that researchers “mix apples and oranges” 

and include data from a variety of studies despite important differences (Borenstein et al., 

2009). Since our study showed significant differences between standard space data (“apple 

data”) and native space data (“orange data”), statistical approaches should be adjusted to 

account for these differences by harmonizing the data. Harmonization refers to mathematical 

approaches used to adjust the data to account for differences in site, scanner, or protocol 

during meta-analysis (site-aggregated statistical data like effect sizes) and mega-analysis 

(individual subject data). While there are not any published meta-analyses of DTI data from 

individuals with stroke, there are many published meta- and mega-analyses in other clinical 

populations that may serve as useful models for how to apply harmonization methods for 

future analyses in chronic stroke (Favre et al., 2019; Kelly et al., 2018; Koshiyama et al., 

2020; Radua et al., 2020).

While the purpose of this study was to compare data extracted from native versus standard 

space, it is important to consider the influence of different approaches for identifying the 

spatial location of the CST on the data. In a previous analysis, our group found differences 

in the range of FAnat values when using an ROI approach versus full tract approaches 

(Probabilistic Tract and Tract Template). The ROI approach resulted in higher mean FA 

value compared to full tract approaches (Lewis et al., 2020). The current study replicates 

these findings in standard space data with FAstd values showing higher mean values in the 

CP Template ROI approach than in the Probabilistic Tract and Tract Template approach. 

These results further highlight how the approach selected for identifying the spatial location 

of the CST can influence resulting CST integrity values. Harmonization approaches should 

be used to account for these differences in measurement when pooling diffusion-based CST 

integrity data from studies that utilized different approaches for identifying the spatial 

location of the CST.

Each extraction space has advantages and disadvantages. In general, extracting FA and MD 

from native space may reduce the impacts of normalization processes on the raw data. 

Difficulties with normalization in lesioned brains have been documented (Kim et al., 2018), 

though we believe our normalization process accounted for lesions well based on detailed 

visual inspection and the finding that lesion size was generally not correlated with the 

differences between native and standard space FA values. Extracting FA and MD from 

standard space is advantageous in that the location of the CST can be standardized across all 

individuals by using standard space templates. Given these advantages, data extraction from 

standard space may be well suited for multisite investigations with large numbers of 

participants. Further, each approach for identifying the spatial location of the CST has 

advantages and disadvantages. Some approaches require more technical expertise than 

others (e.g. the Probabilistic Tract approach versus the Hand Drawn ROI approach) while 

some approaches have higher test-retest reliability than others (e.g. the Tract Template and 

Probabilistic Tract approach has higher reliability than the Hand Drawn CP ROI approach) 

(Lewis et al., 2020). All of these factors should be weighed in determining the optimal 

approach for determining CST integrity in each research study.
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Our methods include four commonly utilized approaches for measuring CST FA and MD 

after stroke. The inclusion of four approaches enhances the applicability of our findings. As 

such, the results presented may be utilized for interpretation of data across research studies 

that employ a variety of methods and approaches for extraction of CST FA and MD. In the 

current study, we utilized two different CP ROI approaches. The first approach required that 

hand drawn ROIs be generated in native space, and the other utilized a standard space 

template as would be customary for ROI data extraction from standard space. For the 

purpose of comparisons, we applied transformations to the hand drawn and template CP ROI 

masks to allow us to make direct comparisons between native and standard space data. 

However, we realize that transforming hand drawn masks to standard space for data 

extraction would not necessarily be a practical approach for extracting CST integrity data.

The aim of the current study was to examine the difference in CST FA extracted from native 

versus standard space after stroke. Overall, this study is a first step in understanding how 

variations in methods might impact resulting CST integrity data in individuals with chronic 

stroke which may serve as a starting point for future studies. We selected commonly utilized 

approaches for identifying the spatial location of the CST and chose a similar registration 

process as was applied to create the CST template that we utilized in the Tract Template 

Approach (a combination of FSL’s FLIRT/FNIRT using trilinear interpolation) (Archer et 

al., 2017b). We acknowledge that this is only one approach to registration using a single 

interpolation technique. Different registration approaches and/or interpolation techniques 

may not result in the same relationships between native and standard space FA values found 

in the current study. Similarly, probabilistic tractography approaches can vary between 

research studies depending on thresholding, region of interest placement for seeding tracts, 

region of interest placement for waypointing tracts, and how the diffusion data is modeled in 

the bedposting process. These decisions may impact the spatial location of the final tract 

and/or the data contained in the voxels captured by the final tract. Future research should 

aim to perform similar analyses as performed here to quantify the impact of these other 

variations in the measurement of CST integrity after stroke.

Our participants presented with variable lesion size and location which contributes to the 

generalizability of our findings. However, the difference between values extracted from 

native versus standard space could be influenced by lesion size since some approaches relied 

heavily on transformation processes (i.e. the Tract Template Approach) and difficulties with 

transformation processes in lesioned brains have been documented (Kim et al., 2018). We 

aimed to limit these effects by masking out lesions during the transformation processes. 

Additionally, lesion volume did not correlate with differences between FAstd and FAnat for 

three of the four approaches suggesting lesion volume was not a significant driver of the 

differences between standard and native space values. Finally, our results are based on 

individuals in the chronic phase of stroke (>6 months post) with mostly mild to moderate 

upper extremity impairment and may not be useful for interpreting data from individuals in 

the acute or subacute phase of recovery or from individuals with more severe impairment. 

Previous research indicates that severity may impact brain-behavior relationships (Feldman 

et al., 2018; Quinlan et al., 2018; Stewart et al., 2017). It is possible that the relationships 

between CST FAnat/std and UEFM and CST FAnat/std and ARAT would also be different in a 

population with more severe impairment.
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5. Conclusion

Measures of CST integrity from diffusion-weighted imaging (FA, MD) extracted from 

standard space were different than the same measures extracted from native space. FAstd was 

larger than FAnat for all approaches, except for the CP Hand Drawn ROI approach. The 

direction of the differences did not follow the same pattern for MD, where MDstd was not 

consistently higher or lower than MDnat. However, extraction space did not influence the 

relationship between FA and motor impairment as measured by the UE FM. Our results 

provide context for interpreting CST integrity values across studies that utilize different 

methods for measuring FA and MD and highlights important considerations for meta-

analyses on studies of brain structure after stroke. Research studies that report CST integrity 

from individuals with stroke should be clear about how FA and MD were measured by 

including detailed information about their approach and the space the data was extracted 

from (standard versus native). The field of neuroimaging and stroke recovery would benefit 

from standards and guidelines for reporting data in research publications as well as 

consensus on accepted methodologies for measuring white matter integrity.
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Highlights

• Corticospinal tract integrity is an important biomarker of the motor system in 

stroke.

• Diffusion imaging-based measures of integrity differed when extracted from 

standard versus native space.

• Corticospinal tract integrity related to motor impairment regardless of 

extraction space.

• Extraction space should be considered when comparing measures of 

corticospinal tract integrity across studies.
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Figure 1: 
Visualization of final corticospinal tract (CST) masks for a single participant for each 

approach: A) CP Hand Drawn ROI approach, B) CP Template ROI approach, C) 

Probabilistic Tract, and D) Tract Template approach. The red masks represent the spatial 

location of the ipsilesional CST. The blue masks represent the spatial location of the 

contralesional CST. CP = cerebral peduncle; ROI = region of interest
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Figure 2: 
Summary mask of participants’ stroke lesions created in MRIcron 

(www.mccauslandcenter.sc.edu/micro/mricron/), where the coloration indicates the number 

of participants with a stroke in that region. Stroke lesions in the right hemisphere were 

flipped to the left hemisphere.
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Figure 3: 
Bar plots indicating the difference between corticospinal tract (CST) fractional anisotropy 

extracted from standard space (FAstd) and fractional anisotropy extracted from native space 

(FAnative) by individual participant. Bars that fall to the right of zero indicate the FAstd was 

greater than FAnative for that participant, whereas bars that that fall to the left indicate that 

FAnative was greater than FAstd for that participant. Differences were plotted for each 

approach: A) CP Hand Drawn ROI approach, B) CP Template ROI approach, C) 

Probabilistic Tract, and D) Tract Template approach.
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Figure 4: 
Ipsilesional CST FA values from standard space and native space correlated with upper 

extremity impairment measured by the UE FM for each approach: A) CP Hand Drawn ROI 

approach, B) CP Template ROI approach, C) Probabilistic Tract, and D) Tract Template 

approach. CST = corticospinal tract; FA = fractional anisotropy; UE FM = Upper Extremity 

Fugl-Meyer; CP = Cerebral Peduncle. **Significant at p<0.0125
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Table 1:

Individual participant demographics and descriptors

Subject Sex Age (y) Lesion Side Lesion Location Lesion Volume (mm3) Months Post Stroke UE FM Box and Blocks

1 M 68 L SC 302 83 28 20/52

2 M 67 L C/SC 113222 158 51 50/51

3 F 63 L SC 3047 49 47 22/34

4 M 61 L C/SC 183536 40 29 17/44

5 M 65 L C/SC 67729 113 47 33/49

6 M 59 R SC 1660 25 20 4/49

7 M 61 L SC 188 41 26 13/42

8 M 40 R CB/BS 23017 53 61 48/51

9 M 56 R SC 14993 13 24 8/53

10 M 47 R SC 3347 11 21 4/68

11 M 61 L BS 199 12 52 44/55

12 M 57 L SC 1635 6 36 28/46

13 F 53 R C/SC 30003 13 43 23/31

14 F 67 R SC 6170 22 28 2/43

15 F 60 R SC 3691 7 59 44/48

16 F 35 L BS 810 41 59 16/51

17 F 64 R C/SC 16299 12 54 36/44

18 M 56 L SC 1044 22 18 2/45

19 M 69 L C/SC 105620 35 47 21/55

20 M 76 L C/SC 30599 21 57 41/45

21 M 62 L C/SC 174158 36 49 22/58

22 M 53 R SC? 2673 6 25 3/52

23 M 58 L SC 1623 8 19 3/61

24 M 72 R C/SC 62754 6 23 10/39

y = years; C = cortical; SC = subcortical; CB = cerebellum; BS = brainstem; UE FM = Upper Extremity Fugl-Meyer, with maximum score of 66 
meaning less impairment; Box and Blocks = number of blocks moved with affected hand/number of blocks moved with unaffected hand
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Table 2:

Means and Difference between Standard and Native Space Values

Mean Standard Mean Native Mean Difference Mean Abs. Difference

CP Hand Drawn ROI

FA

Ipsilesion 0.496*†
0.556*† −0.059 0.059

(0.046) (0.066) (0.030) (0.030)

Contralesion 0.550*†
0.632*† −0.082 0.082

(0.028)) (0.048)) (0.027) (0.027)

Ratio 0.902* 0.880* 0.022 0.039

(0.072) (0.091) (0.038) (0.020)

Asymmetry 0.053* 0.066* −0.013 0.022

(0.041) (0.053) (0.022) (0.012)

MD (×10−3 mm2/s)

Ipsilesion 1.153*†
1.057*† 0.097 0.099

(0.082) (0.095) (0.054) (0.050)

Contralesion 1.076*†
0.936*† 0.140 0.140

(0.057) (0.081) (0.047) (0.047)

CP Template ROI

FA

Ipsilesion 0.576*†
0.554*† 0.021 0.023

(0.052) (0.051) (0.017) (0.015)

Contralesion 0.625*†
0.600*† 0.025 0.025

(0.027) (0.026) (0.011) (0.011)

Ratio 0.921 0.923 −0.003 0.025

(0.072) (0.071) (0.032) (0.019)

Asymmetry 0.043 0.041 0.002 0.014

(0.041) (0.040) (0.018) (0.012)

MD (×10−3 mm2/s)

Ipsilesion 0.824 0.835 −0.011 0.018

(0.060) (0.061) (0.022) (0.016)

Contralesion 0.796* 0.816* −0.020 0.022

(0.041) (0.044) (0.022) (0.020)

Probabilistic Tract

FA

Ipsilesion 0.470*†
0.444*† 0.025 0.028

(0.041) (0.034) (0.018) (0.013)

Contralesion 0.512*†
0.479*† 0.033 0.033

(0.024) (0.024) (0.008) (0.008)
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Mean Standard Mean Native Mean Difference Mean Abs. Difference

Ratio 0.917 0.928 −0.011 0.033

(0.057) (0.053) (0.040) (0.025)

Asymmetry 0.044 0.038 0.006 0.018

(0.031) (0.029) (0.022) (0.014)

MD (×10−3 mm2/s)

Ipsilesion 0.851
†

0.849
† 0.002 0.016

(0.078) (0.080) (0.022) (0.016)

Contralesion 0.763*†
0.773*† −0.010 0.010

(0.021) (0.021) (0.007) (0.007)

Tract Template

FA

Ipsilesion 0.437*†
0.423*† 0.013 0.015

(0.027) (0.029) (0.011) (0.008)

Contralesion 0.468*†
0.457*† 0.011 0.011

(0.017) (0.018) (0.006) (0.006)

Ratio 0.932 0.925 0.007 0.017

(0.035) (0.042) (0.021) (0.014)

Asymmetry 0.035 0.039 −0.004 0.009

(0.019) (0.023) (0.012) (0.008)

MD (×10−3 mm2/s)

Ipsilesion 0.864*†
0.840*† 0.025 0.025

(0.086) (0.069) (0.025) (0.024)

Contralesion 0.775*†
0.768*† 0.007 0.007

(0.024) (0.022) (0.005) (0.005)

*
Significant difference between native and standard space value at corrected p<0.0125

†
Significant difference between ipsilesional and contralesional value at corrected p<0.0125
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Table 3:

Correlations between CST FA and Arm Motor Impairment and Arm Function

CP Hand Drawn ROI CP Template ROI Probabilistic Tract Tract Template

Std Nat Std Nat Std Nat Std Nat

UE FM

FA

Ipsilesion 0.700* 0.697* 0.681* 0.620* 0.539* 0.557* 0.701* 0.598*

Ratio 0.607* 0.691* 0.621* 0.566* 0.602* 0.488 0.588* 0.463

Asymmetry −0.607* −0.691* −0.621* −0.566* −0.602* −0.488 −0.588 −0.463

ARAT

FA

Ipsilesion 0.627* 0.621* 0.672* 0.562* 0.384 0.434 0.592* 0.512*

Ratio 0.549* 0.656* 0.620* 0.540* 0.429 0.397 0.468 0.414

Asymmetry −0.549* −0.656* −0.620* −0.540* −0.429 −0.397 −0.468 −0.414

UE FM=Upper Extremity Fugl-Meyer; ARAT=Action Research Arm Test. All values are Spearman’s rho.

*
Significant correlation at corrected p<0.0125
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