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Abstract

Background—Long-term motor outcome of acute stroke patients with severe motor impairment 

is difficult to predict. While measure of corticospinal tract (CST) injury based on diffusion tensor 

imaging (DTI) in subacute stroke patients strongly predicts motor outcome, its predictive value in 

acute stroke patients is unclear. Using a new DTI-based, density-weighted CST template 

approach, we demonstrated recently that CST injury measured in acute stroke patients with 

moderately-severe to severe motor impairment of the upper limb strongly predicts motor outcome 

of the limb at 6 months.

New Method—The current study compared the prognostic strength of CST injury measured in 

10 acute stroke patients with moderately-severe to severe motor impairment of the upper limb by 

the new density-weighted CST template approach versus several variants of commonly used DTI-

based approaches.

Results and Comparison with Existing Methods—Use of the density-weighted CST 

template approach yielded measurements of acute CST injury that correlated most strongly, in 

absolute magnitude, with 6-month upper limb strength (rs = 0.93), grip (rs = 0.94) and dexterity (rs 

= 0.89) compared to all other 11 approaches. Formal statistical comparison of correlation 

coefficients revealed that acute CST injury measured by the density-weighted CST template 

approach correlated significantly more strongly with 6-month upper limb strength, grip and 

dexterity than 9, 10 and 6 of the 11 alternative measurements, respectively.
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Conclusions—Measurements of CST injury in acute stroke patients with substantial motor 

impairment by the density-weighted CST template approach may have clinical utility for 

anticipating healthcare needs and improving clinical trial design.

1. Introduction

Accurate prognosis of long-term motor outcome of patients early after stroke would have 

significant clinical utility in anticipating future healthcare needs and improving the design of 

clinical trials. While clinical measurement of motor impairment of the upper limb is a 

relatively good predictor of motor outcome of the limb for acute stroke patients with mild to 

moderate motor impairment,1-3 it poorly predicts limb motor outcome for acute stroke 

patients with severe impairment.1-5 We recently showed that the extent of corticospinal tract 

(CST) injury in patients with moderately-severe to severe motor impairment of the upper 

limb 3-7 days after stroke, measured using a new density-weighted CST template approach 

that utilizes diffusion tensor imaging (DTI) data, strongly predicts motor outcome of the 

limb at 6 months.6 Acute CST injury was measured by the loss in axial diffusivity (AD) of 

the ipsilesional CST relative to the contralesional CST. We showed that the loss in CST AD 

was a far stronger prognostic indicator of long-term motor outcome compared to other 

diffusion abnormalities of the CST, including radial diffusivity (RD) and fractional 

anisotropy (FA). Furthermore, we showed that the loss in CST AD remained strongly 

predictive even after adjusting for commonly considered predictors of motor outcome, 

including age, initial motor impairment or lesion volume. Since AD is the magnitude of 

dominant diffusivity, and reduced AD has been associated with loss in axonal fiber 

integrity,7-9 we interpreted the loss in CST AD at 3-7 days post-stroke as an early indicator 

of CST axon degeneration. A previous quantitative DTI study in patients 7 days after 

hemispheric stroke found greater diffusion abnormality in the ipsilesional cerebral peduncle 

associated with poor motor outcome.10 However, other studies in patients within one week 

after hemispheric stroke did not detect a diffusion abnormality in the pontine region of the 

CST11 or along the CST from the pons to cerebral peduncle,12 and thus CST diffusion was 

not predictive of motor outcome. In contrast, DTI studies that measured CST injury in 

patients with a stroke incurred weeks to months prior using a variety of approaches have 

consistently found prognostic value of the loss in CST FA,8, 13-15 a metric reflecting the 

relative magnitude of principal diffusivities and most commonly used to measure white 

matter injury.16 These findings are explained, in part, by progressive degenerative changes 

of the CST during the early post-stroke period17, 18 that ease detection of CST abnormalities 

by DTI with greater time post-stroke. Moreover, these findings raise the question whether 

the prognostic value of acute CST injury measurements depends on the DTI-based approach 

applied. Filling this knowledge gap is most clinically pressing for acute stroke patients with 

severe motor impairment, those for whom motor outcome is currently difficult to predict.

There are a variety of DTI-based approaches for measuring CST injury and no “gold 

standard” among them. The three most common can be categorized as CST tractography, 

CST template, and CST region-of-interest (ROI) approaches. Tractography involves 

applying an algorithm to a DTI dataset to propagate streamlines based on voxel-based tensor 

properties.19 CST streamlines can be localized using anatomical landmarks as endpoints, 

and quantitative properties measured by diffusion, number or volume.20-22
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CST template approaches localize a set of common voxels of the CST in a standard brain 

space, usually MNI space. To accomplish this, CST tractography is applied to DTI datasets 

from healthy adults, then each set of resultant CST streamlines is aligned to the standard 

space using an automated registration algorithm and summed voxelwise across subjects. 

Often, a threshold is applied to the resultant summed volume to create a binary CST 

template.23-26 Our density-weighted CST template was constructed similarly, though each 

voxel was coded by the relative number of CST streamlines rather than a binary number. 

Once the CST template is constructed, it is used to determine the likely location of the CST 

in each patient brain by automated registration of the patient's image volume to the template 

space. Then, properties of each patient's CST can be measured by diffusion24 or lesion 

load.23, 25, 27 The density-weighted CST template approach adds the step of moving the CST 

template into the patient's DTI space by applying the inverted registration matrix, then 

refining selection of voxels considered part of the patient's CST prior to measuring CST 

diffusion.

Lastly, CST ROI approaches involve localizing a specific region of the CST, and this is 

commonly the posterior limb of the internal capsule (PLIC). ROI (PLIC) localization is 

often accomplished by manual delineation using expert neuroanatomical knowledge,28, 29 

though some studies utilize CST streamlines30 or a standardized ROI.15, 31 Diffusion in the 

ROI is measured to reflect CST injury.

The current study quantified CST injury in patients with moderately-severe to severe motor 

impairment of the upper limb at 3-7 days by CST AD based on the new density-weighted 

CST template approach and several variants of the three common approaches: 1) binary CST 

template with measurement of CST AD, FA and lesion load; 2) CST ROI with measurement 

of AD and FA in the PLIC; and 3) CST tractography with measurement of CST AD, FA and 

fiber number. At six months post-stroke, several aspects of upper limb motor function (i.e., 

overall strength, grip, dexterity) were measured. Each acute CST injury measurement was 

correlated against each 6-month motor outcome. Finally, for each motor outcome, the 

correlation strength against acute CST injury measured by the density-weighted CST 

template approach was compared to the correlation strength against acute CST injury 

measured by each alternative approach.

2. Methods

2.1 Subjects

Data for the current study came from 10 acute stroke patients who fulfilled the following 

criteria: 1) Middle cerebral artery ischemic stroke with onset ≤ one week prior; 2) First 

symptomatic hemiparetic stroke; 3) Moderately-severe to severe upper limb paresis at the 

time of acute motor function testing, defined as ≥ 50% loss on all motor function tests (see 

section 2.2); 4) Participated in follow-up motor function testing 6-months after stroke; 5) 

Medical stability and cognitive status permitting competent participation in study 

procedures; and 6) No MRI contraindication. Table 1 provides characteristics of these 10 

patients. A voxelwise map of lesion overlap among the patients is provided as 

Supplementary Material (section 1). In addition, 12 healthy adults were enrolled for imaging 

in order to create CST templates. These normal subjects were matched roughly to the patient 
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group for age (50 ± 12 years), gender (9 of 12 male), and handedness (all right hand 

dominance). All subjects provided written informed consent in accordance with the Human 

Subjects Committee of the local Institutional Review Board.

2.2 Motor Function Testing

At the acute and 6-month time points, three tests that capture different aspects of motor 

function of the upper limb were administered: 1) Upper limb section of the Motricity Index 

(MI-UL; scale 1 – 100), a valid and reliable test of overall limb strength;32 moderately-

severe to severe paresis at the acute time point was defined as scoring ≤ 51. 2) Hand grip 

strength measured by digital dynamometry33 in 2 × 5-sec trials with maxima of replicate 

trials averaged; moderately-severe to severe loss in grip strength at the acute time point was 

defined as strength of the paretic hand ≤ 50% relative to the contralateral hand. 3) Dexterity 

measured by the Nine Hole Peg Test34 (NHPT) in 2 × ≤ 60-sec trials with pegs/sec of 

replicate trials averaged; moderately-severe to severe loss in dexterity at the acute time point 

was defined as ≤ 50% pegs/sec of the paretic hand relative to the contralateral hand. In 

addition, the upper limb motor section of the Fugl-Meyer Stroke Scale (FM-UL, scale 0-66), 

a valid and reliable assessment of overall motor impairment (i.e., abnormal synergies, 

strength, coordination and reflexes)35, 36 was administered to 9 of the 10 stroke patients at 

the 6-month time point.

2.3. Image Acquisition

Images were acquired using a Siemens 3T TIM Trio MRI scanner and 12-channel head coil. 

DTI was performed using a twice-refocused echo planar spin-echo sequence (repetition/echo 

time = 8910/83 ms; flip angle = 90°; field-of-view = 240 × 240 mm; number of slices = 72; 

slice thickness/gap = 2/0 mm; voxel size = 2 × 2 × 2 mm; number of acquisitions = 70 with 

60 non-collinear directions at b-value 700 s/mm2 and 10 at b-value 0 s/mm2). A high-

resolution T1-weighted volume was also acquired using a multi-echo magnetization 

prepared rapid gradient echo sequence (repetition time = 2530 ms; echo time1-4 = 

1.64/3.4/5.36/7.22 ms; flip angle = 7°; field-of-view = 256 × 256 mm; slice thickness = 1 

mm; voxel size = 1 × 1 × 1 mm).

2.4. DTI Data Pre-Processing

For each DTI dataset, eddy current correction was performed using software (eddy_correct) 

from FMRIB's Diffusion Toolbox.37 Using the Diffusion Toolkit (DTK),38 the b-matrix was 

then rotated relative to the plane of image acquisition prior to voxelwise modeling of the 

diffusion tensor, generating a volume for each eigenvalue (λ1, λ2, and λ3), FA, apparent 

diffusion coefficient (ADC), mean B0 and mean diffusion-weighted image (DWI). The 

dominant diffusivity λ1 is also known as AD.

2.5. Measuring Acute CST Injury

Acute CST injury was measured using each of the following approaches.

2.5.1. Density-weighted CST template approach—A density-weighted CST template 

was constructed using the DTI data from the normal subjects, as we described recently in 

Hirai et al. Page 4

J Neurosci Methods. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detail6 and shown schematically as Supplementary Material (section 2). Described here in 

brief, using DTK/Trackvis software,39 we isolated CST streamlines that penetrated 

precentral gyrus white matter and ipsilateral cerebral peduncle regions of interest. Using 

tools from the FreeSurfer40 software package, each precentral gyrus white matter region of 

interest was automatically labeled 2 mm subcortical to the precentral cortex on the high-

resolution T1-weighted volume, then mapped to the subject's DTI data that had been co-

registered using the Boundary-Based Registration algorithm.41 Each peduncle region of 

interest was manually drawn in native diffusion space at approximately MNI z = -20 mm 

with reference to the subject's FA and B0 images. Some CST streamlines extended ventral 

from the peduncle region of interest. Streamlines that penetrated the pontine CST region at 

approximately MNI z = -40 mm, based on reference to a DTI-based atlas of brainstem white 

matter42 and the subject's color-coded orientation map, were considered part of the CST. 

Each voxel was coded for the number of penetrating streamlines, which we refer to as 

density. Density-weighted CST streamlines were spatially normalized to MNI space by 

applying the transformation matrix that registered the subject's B0 volume to the T2-

MNI152 brain calculated using nonlinear registration software (FNIRT) from the FSL 

Library.43 Spatially-normalized density-weighted CST streamlines from all normal subjects 

were summed voxelwise, then scaled linearly with the highest density voxel set to 100. To 

measure acute CST injury in each patient, the density-weighted CST template was mapped 

from MNI space to the patient's diffusion data in native space using the inverted nonlinear 

transformation matrix calculated using FNIRT with the abnormal B0 voxels of the stroke 

lesion masked during optimization. In native diffusion space, for each transverse slice the 10 

highest density CST voxels were selected along the ipsilesional and, separately, 

contralesional tract. Since the CST in the corona radiata and cerebral peduncles is in close 

proximity to cerebrospinal fluid-filled ventricles, and automated alignment of the CST 

template to a patient's native diffusion space is imperfect, we removed from each patient's 

high density CST volume any voxel with ADC ≥ 1.8 × 10-3 mm2/s, which characterizes 

cerebrospinal fluid. Resultant ipsilesional CST and contralesional CST masks were used to 

compute mean AD at each transverse slice, which ranged from 55 to 60 slices. Each AD 

measurement series was interpolated to 60 points, then smoothed by replacing each value 

with the mean of itself ± 2 adjacent points. The mean of each smoothed 60-point AD series 

was computed, and finally, the hemispheric difference between the two AD means 

(ADipsilesional – ADcontralesional) was taken to reflect acute CST injury in the patient.

2.5.2. Binary CST template approach—The same CST streamlines used to construct 

the density-weighted CST template were used to construct binary CST templates. However, 

all CST voxels from each normal subject were given a value of 1 (with 0 for non-CST 

voxels) rather than coded by density. Binary CST streamlines were registered to MNI space 

using two normalization methods. One method applied the nonlinear transformation matrix 

that registered the subject's B0 volume to the T2-MNI152 brain, as used to construct the 

density-weighted CST template; we refer to this as the “direct” normalization method. Since 

DTI data are often registered to MNI space using a high-resolution structural MRI volume 

as an intermediate, we also used a second normalization method that computed the linear 

registration between the subject's B0 and T1-weighted volumes using Boundary-based 

Registration software from the FreeSurfer library41 and the nonlinear registration between 
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the subject's T1-weighted volume and T1-MNI152 brain using FNIRT. These linear and 

non-linear registration matrices were concatenated, then the concatenated matrix applied to 

the binary CST streamlines to bring them into MNI space; we refer to this as the “yoke” 

normalization method. Binary CST streamlines were summed voxelwise across all normal 

subjects in MNI space, with separate templates constructed using direct- and yoke-

normalized CST streamlines. For both CST templates, two binaries were generated, one in 

which CST voxels were retained only where there was overlap by ≥ 6 of 12 subjects, and the 

other more conservative template with overlap by ≥ 8 of 12 subjects. Patient DTI data were 

spatially normalized using the two aforementioned methods, with abnormal intensity voxels 

of the lesion masked during nonlinear optimization. In MNI space, each of the four binary 

CST templates was used to compute mean AD of the ipsilesional CST and contralesional 

CST, and the difference in CST AD calculated for measurement of acute CST injury (i.e., 

same metric as for density-weighted CST template). Since quantitative DTI studies often 

measure CST injury using the FA metric, we also calculated the difference in CST FA using 

the binary CST templates. Furthermore, since CST injury is often measured using 

hemispheric asymmetry in CST diffusion, we also calculated CST asymmetry by 

(diffcontralesional−diffpsilesional)/(diffcontralesional+diffipsilesional), where diff = mean AD or 

mean FA.

2.5.3. CST lesion load approach—The CST lesion load approach measured the overlap 

in MNI space between the patient's infarct and the four aforementioned binary CST 

templates, direct-and yoke-normalized with 6/12 and 8/12 subject overlap. Each patient's 

lesion was labeled in MNI space primarily using the DWI volume, with the B0 volume used 

to clarify lesion borders when needed, separately for direct-normalized and yoke-normalized 

DTI data. The volume of overlap between the label and binary CST template was 

determined. Lesion load was computed in percent, with overlap volume divided by total 

volume of the right or left binary CST, matched for side of infarct. Because of some 

uncertainty in lesion borders, an investigator labeled the lesion twice with an interval of at 

least three days and blinded to the first label. If the two lesion load measurements differed 

by >10% (occurred in 3 of 10 patients using direct-normalized DTI data, and 4 of 10 patients 

using yoke-normalized DTI data), then the investigator labeled the lesion for a third time 

while blinded to the two other labels. Final CST lesion load was taken as the mean of two or 

three measurements for each binary CST template.

2.5.4. CST region-of-interest approach—Axial slices of each patient's color-coded 

(RGB) DTI volume were visualized using Trackvis software. Voxels of the PLIC that were 

blue in color, indicating diffusion primarily in the superior-inferior direction, were labeled 

manually. Each label spanned three slices from the level of the anterior commissure and the 

two immediately superior slices. If the ipsilesional PLIC did not appear blue because of 

ischemic injury, the label was drawn to mirror the contralesional PLIC. The labels were used 

to compute mean AD and mean FA of the ipsilesional and contralesional PLIC. Because of 

some uncertainty in PLIC borders, an investigator labeled each PLIC pair twice with an 

interval of at least three days and blinded to the first pair. If the two mean AD or FA 

measurements differed by > 0.1 (occurred in 1 of 10 patients), then a third pair of labels was 

drawn, blinded to the other pairs. Final PLIC diffusion was taken as mean diffusion of the 
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two or three measurements. Difference and asymmetry in PLIC AD and FA were computed 

using equations provided in sections 2.5.1 and 2.5.2, respectively.

2.5.5. CST tractography—Using DTK/Trackvis software, interpolated streamline 

tracking was initiated in all brain voxels of each patient's DTI data in native space. Tracking 

was terminated where FA > 0.15 or angle threshold > 20°. A standardized protocol using a 

two ROI approach was used to isolate CST streamlines from all resultant streamlines.44 The 

cerebral peduncles were labeled on the patient's B0 volume at the most inferior axial slice 

where the interpeduncular fossa was evident. These labels were used to isolate streamlines 

that penetrated the ipsilesional and contralesional cerebral peduncles from all streamlines in 

the brain. Each set of streamlines was inspected to locate a bifurcation in the central sulcus 

region, with an anterior bundle penetrating the precentral gyrus. Then, a ROI was drawn at 

the axial slice just superior to the bifurcation, resulting in selection of CST streamlines 

penetrating the peduncle and ipsilateral precentral gyrus. The number of streamlines 

between the two ROIs was recorded, and fiber number asymmetry computed by the equation 

given in section 2.5.2. Voxels of each set of CST streamlines were also converted to a label 

and used to compute mean AD and FA. Difference and asymmetry in CST AD and FA were 

computed using equations in sections 2.5.1 and 2.5.2, respectively. When no ipsilesional 

CST streamline was detected due to ischemic injury (occurred in 2 of 10 patients), fiber 

number, mean AD and mean FA were recorded as 0.

2.6. Statistical Analyses

The Wilcoxon Signed Rank test was used to evaluate change in motor functions scores 

between the acute and 6-month time points. With an eye toward comparing prognostic 

strength of acute CST injury measured by the density-weighted CST template approach to 

several alternative approaches, we conducted the following correlation analyses in turn, each 

using Spearman's correlation. First, for each alternative approach, we evaluated “within-

approach” correlations in CST injury measurements when selected parameters were varied 

(i.e., hemispheric imbalance metric; binary CST template threshold; spatial normalization 

method; diffusion metric). Second, “between-approach” correlations were evaluated to 

compare CST injury measurements derived using the density-weighted CST template 

approach versus each alternative approach. Third, we evaluated correlations between acute 

CST injury measured by each approach and each 6-month motor outcome. Finally, for each 

motor outcome, we compared the correlation strength of CST injury measurements made by 

the density-weighted CST template approach to the correlation strength of CST injury 

measurements made by each alternative approach using the following equation developed by 

Meng and colleagues to test the difference in correlated correlation coefficients.45

(1)

where N is the number of subjects, zri is the Fisher z-transformed ri ≡ rYXi, rx is the 

correlation between two predictor variables X1 and X2 (i.e., rx1x2),
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(2)

(3)

Alpha was set at the two-tailed 0.05 level for all statistical testing, with p-values associated 

with correlation coefficients (rs) and Meng's z-values corrected for multiple comparisons 

using the False Discovery Rate (FDR) method.46

All testing was conducted using JMP software (SAS Institute Inc., v8.0.2), with two 

exceptions. The formula function in Microsoft Excel (v12.3.6) was computed to compute 

Meng's z-values. Software from the Neuroimaging Informatics Tools and Resources 

Clearinghouse (NITRC) was used to compute FDR-corrected p-values.47

3. Results

3.1. Acute and 6-Month Motor Functions

Figure 1 shows scores for MI-UL, grip strength and NHPT at the acute and 6-month post-

stroke time points. Patients made significant gains in MI-UL and grip strength over time (P 

< 0.01, Wilcoxon Signed Rank), but not NHPT (P = 0.125). No motor function measured at 

the acute time point correlated significantly with the respective motor function at 6 months 

(MI-UL rs = 0.46; grip rs = 0.37; NHPT rs = undefined since there was no variability at the 

acute time point). Six-month FM-UL scores are provided as Supplementary Material 

(section 3).

3.2. Within-Approach Correlations of Acute CST Injury Measurements

For each alternative approach, we evaluated correlations between CST injury measurements 

with one or more parameters varied (Table 2). For the binary CST template, CST ROI and 

CST tractography approaches, CST injury computed using ‘difference’ as the hemispheric 

imbalance metric correlated strongly with CST injury computed using the ‘asymmetry’ 

metric (median rs = 0.99; range rs = 0.81-1.00; 12 comparisons with constant diffusion 

metric and normalization method). Similarly, for the binary CST template and CST lesion 

load approaches, CST injury measured using the 6/12 subject overlap template correlated 

strongly with CST injury measured using the 8/12 subject overlap template (median rs = 

0.95; range rs = 0.85-0.99; 10 comparisons with constant diffusion metric and normalization 

method). In contrast, for the binary CST approach and CST lesion load approaches, CST 

injury measurements that utilized the direct normalization method correlated only 

moderately with injury measurements that utilized the yoke normalization method (median 

rs = 0.76; range rs = 0.62-0.92; 10 comparisons with constant hemispheric imbalance metric, 

subject overlap and diffusion metric). Furthermore, for the binary CST template, CST ROI 

and CST tractography approaches, CST injury measured using the AD metric correlated 

weakly with CST injury measured using the FA metric (median rs = 0.22; range rs = 

0.05-0.47; 12 comparisons with constant binary threshold, normalization method and 
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hemispheric imbalance metric). These findings indicate that CST injury measurements that 

utilized the ‘difference’ metric of hemispheric imbalance were redundant with those that 

utilized the ‘asymmetry’ metric, and measurements derived using the binary CST template 

with 6/12 subject overlap were redundant with those derived using the 8/12 subject overlap 

template. However, CST injury measurements that utilized the two normalization methods 

(direct and yoke) and two diffusion metrics (AD and FA) were at least moderately dissimilar 

from one another.

3.3. Between-Approach Correlations of Acute CST Injury Measurements

In face of the redundancies in alternative measurements of acute CST injury described in 

section 3.2, along with an effort to reduce the number of between-approach comparisons, we 

elected to eliminate from consideration alternative measurements that used the asymmetry 

metric (except asymmetry in CST tractography fiber number) and binary CST template with 

8/12 subject overlap. Table 3 shows that of the remaining 11 alternative measurements of 

acute CST injury, AD differences measured by the density-weighted CST template approach 

correlated most strongly with AD differences measured by the binary CST template using 

direct and yoke normalization methods (rs = 0.80 and 0.76, respectively). However, these 

alternative measurements of acute CST injury did not correlate significantly with 

measurements made using the density-weighted CST template approach after correction for 

multiple comparisons using the FDR method.

3.4. Acute CST Injury Related to 6-Month Motor Functions

Figure 2 shows correlations between acute CST injury measured by each approach (with 

parameter variation as described) and each 6-month motor function of the upper limb. The 

density-weighted CST template approach yielded measurements of AD difference that 

correlated significantly with each 6-month motor function (MI-UE rs = 0.93, grip rs = 0.94; 

NHPT rs = 0.89; corrected P < 0.01 for each). AD differences measured by the density-

weighted CST template approach also correlated significantly with 6-month FM-UL scores 

(rs = 0.94, corrected P < 0.01; Supplementary Material, section 4). These correlation 

strengths indicate that AD difference measured using the density-weighted CST template 

approach accounted for approximately 79-88% of the variance in motor outcome (i.e., R2). 

Scatterplots of the relationship between AD difference measured by the density-weighted 

CST template approach and each 6-month motor function are provided as Supplementary 

Material (section 5).

Figure 2 also shows that, unlike AD differences measured by the density-weighted CST 

template approach, no alternative measurement of acute CST injury correlated significantly 

with all three 6-month motor functions. AD differences measured by the binary CST 

template approach correlated significantly with grip strength and NHPT scores but not MI-

UL scores when the direct normalization method was applied, and correlated significantly 

with MI-UL scores and grip strength but not NHPT scores when the yoke normalization 

method was applied. CST lesion load measurements, when direct or yoke normalization was 

applied, correlated significantly only with 6-month NHPT scores. Tractography-based 

measurements did not correlate significantly with any 6-month motor function regardless of 

whether data from all 10 patients were used in the computations or only data from the 8 

Hirai et al. Page 9

J Neurosci Methods. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patients with successful tracking of ipsilesional CST streamlines (see section 2.5.5 and 

Supplementary Material section 6).

Figure 2 also shows results of Meng's test used to compare correlation strengths between 6-

month motor outcomes (MI-UL, grip, NHPT) and acute CST injury measurements based on 

the density-weighted CST template approach versus each alternative approach. Across the 6-

month motor functions, the correlation with AD differences measured by density-weighted 

CST template was not significantly stronger than with AD differences measured by the 

binary CST approach, with one exception (correlation with grip strength when the binary 

CST approach applied the yoke normalization method). For 6-month MI-UE and grip, but 

not NHPT, AD differences measured by the density-weighted CST template approach 

correlated significantly more strongly than CST lesion load regardless of normalization 

method. For all 6-month motor functions, the correlation with AD differences measured by 

the density-weighted CST template approach was significantly stronger than the correlation 

with AD differences measured by the CST ROI and tractography approaches, with one 

exception (correlation between NHPT and AD differences measured by the ROI approach). 

For all 6-month motor functions, the correlation with AD differences based on the density-

weighted CST template approach was significantly stronger than the correlation with FA 

differences based on the binary CST template, ROI and tractography approaches. Similar to 

these aforementioned findings related to MI-UL, grip and NHPT outcomes, AD differences 

measured by the density-weighted CST template approach correlated significantly more 

strongly with 6-month FM-UL scores than all other alternative measurements, with one 

exception (correlation with AD differences measured by the binary/yoke CST approach; 

Supplementary Material, section 3).

4. Discussion

The current study compared the correlation strength of CST injury measured in acute stroke 

patients with moderately-severe to severe motor impairment by a new density-weighted CST 

template approach versus several other commonly used DTI-based approaches. We found 

that measurements of acute CST injury made by the density-weighted CST template 

approach correlated most strongly with each 6-month motor function tested (MI-UL, grip, 

NHPT), with correlation coefficients ranging from 0.89 to 0.94 (each corrected P < 0.01), 

corresponding to explaining 79% to 88% of the variance in outcome scores. Formal 

statistical comparison of correlation coefficients using Meng's test (Equation 1) revealed that 

AD difference measurements made by the density-weighted CST template approach 

correlated with 6-month MI-UE scores significantly more strongly than nine of 11 

alternative measurements; correlated with 6-month grip strength significantly more strongly 

than 10 of 11 alternative measurements; and correlated with 6-month NHPT scores 

significantly more strongly than six of 11 alternative measurements. These findings suggest 

that the density-weighted CST template approach yields measurements of CST injury in 

acute stroke patients with substantial motor impairment that associate strongly with long-

term motor outcomes of the upper limb, and that these associations are significantly stronger 

than with measurements of acute CST injury made by most commonly used DTI-based 

approaches.
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Among the 12 measurements of acute CST injury, only AD differences measured by the 

density-weighted CST template approach correlated significantly with all three 6-month 

motor functions. The similar correlation strengths of AD difference measurements made by 

the binary and density-weighted CST template approaches may have stemmed from both 

using a template constructed from normalized CST streamlines from healthy adults. The 

stronger correlations of AD differences based on the density-weighted CST template 

approach compared to the binary CST template approach (albeit reaching significance in 

only one of six comparisons) may have resulted from strategies utilized in the new approach 

that reduced error in the CST AD measurements. These strategies include measuring CST 

AD in patients' native diffusion space, after inverse warp of the density-weighted CST 

template from MNI space, allowing for patient-specific selection of most probable (i.e., 

highest density) CST voxels while avoiding cerebrospinal fluid-filled voxels that often abut 

the CST in the corona radiata and cerebral peduncle. In contrast, measurements of CST AD 

made using the binary CST template approach in MNI space may be more contaminated by 

partial volume effects due to voxels containing both cerebrospinal fluid and CST, an effect 

that may be exacerbated by the spatial smoothing of DTI data that occurs during the 

normalization process. The lack of significant difference between the other five of six 

correlations relates to the moderately strong correlation between AD difference 

measurements derived from the density-weighted versus binary CST template approaches (rs 

= 0.76-80), as Meng's z-statistic is inversely related to the correlation between the two 

predictors (see Equation 1).

Acute CST lesion load measurements correlated only modestly with 6-month MI-UL scores 

and grip strength (range rs =0.38-0.57, NS), while correlated more strongly with 6-month 

NHPT scores (direct normalization, rs = 0.84, corrected P = 0.01; yoke normalization, = 

0.75, corrected P < 0.05). CST lesion load in each patient was measured by overlap between 

the volume of DWI abnormality and binary CST template. Previous studies have shown that 

DWI lesion volume typically increases during the first week after stroke onset.48, 49 This 

change in DWI lesion volume may have rendered CST lesion load measured at a single time 

point 3-7 days post-stroke an unreliable indicator of acute CST injury and thus a relatively 

weak correlate of 6-month MI-UL scores and grip strength. However, gross differences in 

DWI lesion volume, and hence CST lesion load measurements, at 3-7 days across our study 

patients appears to have been a sufficiently good predictor of 6-month NHPT scores that 

reflect no or minimal dexterity (see Figure 1 and Supplementary Material section 4).

CST AD differences measured by the density-weighted CST template approach correlated 

with each motor outcome significantly more strongly than CST FA differences measured by 

all alternative approaches. These findings are consistent with the weak prognostic strength 

of acute loss in CST FA we reported previously when measured by the density-weighted 

CST template approach6 and others have reported when measured by a ROI approach11 or 

CST tractography approach.12 They are also consistent the poor correlation between AD 

differences measured by the density-weighted CST template approach and FA differences 

measured by alternative approaches evaluated in the current study (range rs = 0.16-0.39). 

While previous DTI studies have demonstrated the prognostic strength of loss in CST FA in 

patients weeks to months after stroke,8, 13-15 the current study reiterates our previous finding 
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of greater prognostic strength of loss in CST AD than CST FA in severely impaired patients 

within the first week after stroke.

The CST AD differences measured by the density-weighted CST template approach 

correlated more strongly with each motor outcome than the ROI (PLIC) approach, reaching 

statistical significance for MI-UL scores and grip strength, but not NHPT scores. This 

difference in prognostic strength may relate to the varying location of primary CST damage 

among study patients. Diffusion abnormalities are more profound at the site of primary CST 

damage than along spared CST.18, 50 Accordingly, the magnitude of loss in PLIC AD is 

likely highly dependent on the presence and extent of primary damage to the region, which 

may render AD measured by the ROI approach a less reliable prognostic indicator than AD 

measured over the whole CST by the template approach.

Lastly, we found that AD loss and fiber asymmetry measured by CST tractography 

correlated weakly with each motor outcome (rs = 0.12-0.43), and AD loss measured by the 

density-weighted CST template approach correlated significantly stronger with each 

outcome. The weak correlation strength of these CST tractography measures may be due to 

the relatively large CST lesions in our study patients, which increases the likelihood that 

CST tractography fails at voxels with significant diffusion abnormality.51 Fiber asymmetry 

based on CST tractography has been used to measure severity of CST injury in chronic 

patients with relatively small primary lesions to the CST.22, 52 However, fiber asymmetry 

may not well differentiate CST injury among patients with large CST lesions when 

tractography results in few, if any, ipsilesional CST streamlines. Equally problematic, 

indexing CST injury by diffusion of CST streamlines in patients with large CST lesions may 

underestimate the injury because diffusion of successfully tracked, not failed, CST 

streamlines, is measured. A recent DTI study in subacute stroke patients found that CST FA 

measured by a tractography approach was higher than CST FA measured by a template 

approach,53 which may reflect an underestimation in the CST abnormality measured by 

tractography.

The current study has several strengths and limitations. Its strengths include comparing the 

correlation strength of acute CST injury measurements made by the recently developed 

density-weighted CST template approach to a large, albeit not exhaustive, set of alternative 

DTI-based approaches commonly used for measuring CST injury. A limitation of this study 

is that we developed the density-weighted CST template approach and compared its 

prognostic value using the same patient dataset. However, we used several strategies in 

order to fairly compare prognostic strengths. First, for the current study, we re-measured 

CST AD difference in each patient using the density-weighted CST template approach. 

Second, since selection of user-defined parameters of the alternative approaches could affect 

prognostic strength of resultant measurements, we tested effects of varying several of these 

parameters (i.e., spatial normalization method, subject overlap threshold, hemispheric 

imbalance metric, diffusion metric). Third, given potential inaccuracies in delineating the 

lesion for the CST lesion load approach and ROI (PLIC) approach, we worked to minimize 

measurement error by taking the mean of duplicate measurements or triplicate 

measurements (when the difference between the first two measurements was > 10%). The 
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current study is limited by the small sample size. A validation study involving a larger group 

of acute stroke patients with severe motor impairment is needed.

In the future, the density-weighted CST template approach could be extended in several 

ways. One extension could be to fully automate application of the CST template to measure 

CST injury in acute stroke patients. Currently, the only step requiring manual intervention is 

labeling of abnormally hyperintense voxels of the lesion in the DTI B0 volume, done to 

mask these voxels during spatial registration to the T2-MNI152 brain. With recent advances 

in automated delineation of ischemic tissue,54, 55 manual labeling could be obviated in the 

future, saving substantial time and effort.

A second future direction could be to explore the prognostic value of measurements of 

injury to limb-specific regions of the CST and sensorimotor tracts terminating in regions 

other than the precentral gyrus. The current density-weighted template was constructed 

using CST streamlines that penetrated anywhere along the mediolateral swath of white 

matter beneath the precentral gyrus, which includes motor representations of the lower limb 

(medial aspect) and upper limb (lateral aspect). However, we found that the majority of 

reconstructed CST streamlines penetrated the medial aspect of precentral gyrus white 

matter, with relatively few penetrating the lateral aspect. This pattern is entirely consistent 

with prior studies using DTI-based CST tractography, and is due to the single tensor model 

inadequately reflecting multiple fiber orientations in voxels containing crossing fibers, 

leading to more frequent interruption of CST streamlines extending to the lateral versus 

medial aspect of the precentral gyrus.56, 57 Recent advances in tensor-free modeling of fiber 

orientation, such as constrained spherical deconvolution, have shown improved ability of 

CST streamlines to penetrate the lateral precentral gyrus compared to DTI-based 

tractography.57, 58 Accordingly, a future study might apply tensor-free modeling then 

tractography to construct density-weighted CST templates specific for the upper and lower 

limbs (i.e., using lateral and medial precentral gyrus white matter regions of interest, 

respectively). The prognostic strength of injury measurements made using the newly 

constructed limb-specific CST templates and the original CST template would then be 

compared. Tensor-free modeling could also be used to construct density-weighted templates 

for non-precentral gyrus tracts involved in motor function, including those terminating in the 

supplementary motor area and postcentral gyrus. The added prognostic value of 

measurements made using these density-weighted non-precentral gyrus templates could be 

evaluated.

5. Conclusions

The current study suggests that measurements of CST injury in acute stroke patients with 

substantial motor impairment made by a new density-weighted CST template approach more 

strongly associate with long-term motor outcomes of the upper limb than measurements 

made by all other DTI-based approaches considered here, significantly so in most cases. As 

acute CST injury measured by the density-weighted CST template approach was found to 

explain the majority (approximately 85%) of the variance in upper limb motor outcomes, 

such measurements could provide substantial clinical utility. Clinicians could more 

confidently inform patients with moderately-severely to severe motor impairment and their 
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families about expected outcomes. The healthcare system could better project long-term 

healthcare needs and allocate resources. Clinical trialists could design more efficient acute 

stroke trials by using this prognostic indicator in patient selection or randomization, and as a 

surrogate biomarker for long-term motor outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• New DTI-based density-weighted CST template approach for measuring CST 

injury.

• Predict motor outcome of acute stroke patients with severe impairment by CST 

injury.

• Compared prediction by injury measured using new versus common DTI-based 

approaches.

• Stronger prediction by new DTI-based density-weighted CST template 

approach.
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Figure 1. 
Motor functions of the paretic upper limb of stroke patients at the acute and 6-month time 

points. Symbols have been shifted along x-axis to allow easier visualization. The line at each 

time point represents the median. Patients made significant gains in MI-UL and grip (each P 

< 0.01, Wilcoxon Signed Rank), but not NHPT (P = 0.125).
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Figure 2. 
Correlations between 6-month motor functions and acute CST injury measurements made by 

the density-weighted CST template approach and several alternative approaches with their 

variants. Values are Spearman's correlation coefficients, in absolute rs. The horizontal lines 

indicate the threshold correlation for significance (rs = 0.75, FDR-corrected P < 0.05). 

Meng's test was used to compare correlation strength of AD difference measurements made 

by the density-weighted CST template approach versus each alternative measurement. * 

FDR-corrected P < 0.05
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Table 3
Between-approach correlations

Correlation with dw-CST AD diff

rs uncor P FDR-cor P

bin-CST direct/thr6/AD diff 0.80 0.01 0.06

bin-CST yoke/thr6/AD diff 0.76 0.01 0.06

bin-CST direct/thr6/FA diff 0.16 0.66 0.73

bin-CST yoke/thr6/FA diff 0.39 0.27 0.49

CST LL direct/thr6 % 0.62 0.05 0.20

CST LL yoke/thr6 % 0.54 0.11 0.24

CST ROI AD diff 0.58 0.08 0.21

CST ROI FA diff 0.27 0.46 0.63

CST Tractography AD diff 0.09 0.82 0.82

CST Tractography FA diff 0.21 0.57 0.69

CST Tractography fiber # asym 0.36 0.31 0.49
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