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Abstract
Intracerebral hemorrhage (ICH) prognostication during the acute phase is often subjective among physicians and often affects
treatment decisions. The present study explores objective imaging parameters using quantitative corticospinal tract (CST) fiber
reconstruction during the acute phase of ICH and correlates these parameters with functional outcome and patient recovery. We
prospectively enrolled nonsurgical spontaneous supratentorial ICH patients and obtained an MRI scan on day 5 ± 1. Q-space
diffeomorphic reconstruction was performed using DSI Studio, and quantitative anisotropy (QA) was calculated. The CST was
reconstructed based on QA. The dichotomized modified Rankin Scale score on day 90 (favorable outcome = 0–2) and Barthel
Index (favorable recovery = 100 on day 90 or improvement between discharge and day 90 > 60%) were assessed. Thirty-three
patients, median age 72 years (interquartile range (IQR) 64–83), 21 female (64%), 21 (64%) with lobar hemorrhage, median ICH
volume on admission 15.0 (IQR 7.0–27.4) mL, were included. Sixteen patients (48%) had a favorable outcome and 24 (73%) had
a favorable recovery. The mean number of ipsilesional reconstructed CST fiber pathways was higher in patients with favorable
outcomes (153 (standard deviation (SD) 103) vs. 60 (SD 39), p = 0.003) and predicted outcome after adjustment (Exp(B) = 1.016
(95%CI = 1.002–1.030)). QA in the ipsilesional posterior limb of the internal capsule showed a trend towards an association with
favorable outcome (Exp(B) = 1.194 (95% CI = 0.991–1.439 (adjusted))). The total (ipsilesional + contralesional) number of
reconstructed fiber pathways was associated with favorable recovery (Exp(B) = 1.025 (95% CI = 1.003–1.047 (adjusted))).
Quantitative tractography parameters assessed in the acute phase of ICH may represent a promising predictor of long-term
outcome and recovery. This might facilitate prognostic evaluation and organization of rehabilitation.
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Introduction

Many approaches have been proposed to improve the evalua-
tion of long-term functional outcome in the acute phase of
intracerebral hemorrhage (ICH), including clinical parameters
[1] or clinical grading scales [2]. However, physicians still

vary substantially in performing ICH prognosis estimates
and consequently in developing treatment recommendations
[3] with possible effects on decision-making, rehabilitation
and functional outcome.

Functional outcome after ICH is highly dependent on the
degree of motor recovery [4, 5]. Here, corticospinal tract
(CST) integrity represents not only a measure for residual
motor function but also for motor function recovery [6].
Advanced postprocessing methods such as diffusion tensor
imaging (DTI) using diffusion-weighted magnetic resonance
imaging (MRI) [7], currently the only method capable of map-
ping the fiber architecture of nervous tissue in vivo [8], allow
pathway reconstruction, which could be shown to reliably
visualize the CST [9]. Regarding outcome prediction in ICH
patients two major issues arise: First, little data exist regarding
the association of quantitative tractography assessment with
outcome in ICH. Most studies either focused on the analysis
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of fractional anisotropy (FA), a scalar measure describing the
degree of water diffusion hindrance and/or restriction in par-
ticular directions, either in ischemic stroke [10] or ICH
[11–15] or performed a qualitative CST pathway assessment
(absent vs. incomplete vs. complete reconstruction) [16–19]
based on FA-related reconstruction. Second, as FA may be
biased by multiple parameters, such as crossing fibers or par-
tial volume effects, it may yield limited results when used for
tractography [8]. Here, q-space diffeomorphic reconstruction
(QSDR), a novel method derived from q-ball imaging [20, 21]
resulting in quantitative anisotropy (QA), was proposed to
improve the accuracy of quantitative tractography assessment
[22].

Methods

Patient Selection

Patients were prospectively screened for eligibility between
08/2012 and 08/2015. Inclusion criteria were spontaneous
supratentorial hemorrhage in patients aged > 18 years.
Exclusion criteria included secondary ICH due to trauma,
AV-malformation, tumor or sinus thrombosis, surgical evac-
uation or trepanation, additional subarachnoid hemorrhage or
sub- or epidural hematoma, contraindication against MRI ex-
amination or contrast enhancer, pregnancy, an unstable car-
diopulmonary condition, early limitation of care or stroke or
ICH in the patient’s history.

Patients’ Treatment

All patients were treated according to national guidelines, the
European Stroke Initiative guidelines for the monitoring and
treatment of ICH [23] and institutional standard operation
procedures. Patients received physiotherapy within 24 h after
admission and during the in-hospital stay. A rehabilitative
treatment after discharge was organized for each patient ac-
cording to the Barthel Index (BI) at discharge.

MR Diffusion Imaging

MRI was performed on day 5 ± 1 after admission to minimize
bias by ensuring sufficient imaging comparability since MRI
signals in ICH may change in a time-dependent manner dur-
ing the acute phase. The diffusion-weighted images were ac-
quired on a 1.5 T scanner (Magnetom Aera, Siemens
Healthcare, Erlangen, Germany) with a 20-channel phased-
array head and neck coil. DTI was performed in the axial
plane with an in-plane resolution of 1.8 mm and 5 mm slice
thickness using a single-shot, spin echo, echo planar imaging
(EPI) diffusion tensor sequence (TR = 4000 ms, TE = 83 ms,
FoV = 230 × 230 mm2, acquisition matrix size = 128 × 128,

number of signal averages = 2, GRAPPA factor = 2, partial
Fourier acquisition = 75%). Diffusion weighting was carried
out with a maximal b-factor of 1000 s/mm2 along 20 icosahe-
dral diffusion directions supplemented by one scan with b =
0 s/mm2.

Assessment of Artifacts and Data Processing

Mean FA and QA values were calculated for the CST region,
the cerebral peduncle (CP) region and the posterior limb of the
internal capsule (PLIC) region according to the John Hopkins
University (JHU) white matter atlas labels (1 mm) [24]. The
number of the reconstructed fiber pathways was calculated by
DSI Studio (see Fig. 1 for a depiction of the seeding regions,
region of interest (ROI) and region of avoidance (ROA) as
well as a representative fiber pathway reconstruction).

For better comparability with pre-existing results, a tract-
based statistical (TBSS) analysis of fractional anisotropy as
well as FA-based deterministic fiber tracking (diffusion tensor
imaging, DTI) was additionally performed using the same
tracking parameters except that repeated tracts (duplicates)
were not removed. Detailed information is given in
Online Resource 1 and Fig. 1.

Outcome Parameters

The modified Rankin Scale score and Barthel Index were
obtained on day 90 by a trained neurologist blinded to the
patient’s admission diagnosis via telephone interview. The
modified Rankin Scale score was dichotomized into favorable
outcomes (0–2) and poor outcomes (3–6). A favorable recov-
ery was defined as a BI of 100 on day 90 or a BI improvement
of > 60% (concept of proportional recovery) between dis-
charge and day 90 [25]. We also linearly correlated DTI mea-
sures with the NIHSSmotor domain score (=sum of upper and
lower motor NIHSS scores) on admission and day 5 and di-
chotomized them according to the median split method (fa-
vorable: ≤ median). The number of reconstructed fiber path-
ways as well as the mean fractional anisotropy (FA) and quan-
titative anisotropy (QA) within the regions of interest (CST,
CP and PLIC) were analyzed. Regarding recovery analysis,
we additionally calculated the asymmetry index of PLIC in-
tegrity as described by Stinear et al. using both FA and QA
values (FA/QAcontralesional − FA/QAipsilesional) / (FA/
QAcontralesional + FA/QAipsilesional) [26]. Here, positive values
indicate reduced FA/QA in the affected PLIC while 0 corre-
sponds to symmetrical FA/QA in both PLICs.

Statistics

Statistical analyses were performed using the IBM® SPSS®
Statistics 21 software package (IBM-Corporation, Armonk,
NY). Data are presented as the mean and standard deviation
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(SD), median and interquartile range (IQR) or n (%) as appro-
priate. Normally distributed (according to the Kolmogorov-
Smirnov test) interval data were compared between outcome
groups using independent t-tests; other interval and ordinal
data were compared using the Wilcoxon rank-sum test. The
χ2/Fisher’s exact test was used to analyze differences in nom-
inal data between outcome groups. Diffusion imaging param-
eters associated with outcome or recovery in univariable anal-
yses were further analyzed adjusted for all other meaningful
variables with at least a trend towards an association (p value
< 0.1) [27] using multivariable logistic regression (forced in-
clusion and backward LR). Linear regression was used to
correlate NIHSS (motor domain) scores with the number of
ipsilesional reconstructed fiber pathways. Receiver operating
characteristic curve analyses including the Youden Index
were performed to evaluate the predictive value of selected
diffusion imaging parameters and to establish cutoff points
for outcome and recovery prediction. A two sided p value of
< 0.05 was defined as significant.

Results

Patient Characteristics

A total of 267 patients were screened. Please see Fig. 2 for a
flowchart of the inclusion and exclusion process. The median
age was 72 years (IQR 64–83), and the median hematoma
volume on admission was 15.0 mL (IQR 7.0–27.4), with 12

(36%) hematomas located in the basal ganglia. Sixteen (48%)
patients showed a favorable day 90 outcome. Twenty-four
patients (73%) showed a favorable recovery. Patients with a
favorable day 90 outcome and those with a favorable recovery
were younger and presented with milder clinical symptoms on
admission. Furthermore, patients with a favorable recovery
showed a lower baseline mRS before ICH onset than patients
with poor recovery. Other clinical characteristics were equally
distributed between both the outcome and recovery groups
(see Tables 1 and 2).

Fractional and Quantitative Anisotropy

TBSS showed decreased FA of the ipsilesional CST
(periventricular; approximately PLIC level) without reaching
statistical significance (see Fig. 3). The median FA values of
the PLIC according to the JHU White Matter Atlas were sim-
ilar (ipsilesional = 0.46 (IQR 0.39–0.50), contralesional =
0.48 (IQR 0.45–0.51), p = 0.108).

Association with Recovery

The FA or QA values did not differ for any ROI between
patients with favorable and poor recovery (data not shown).
The FA and QA asymmetry indexes (PLIC) differed between
patients with favorable and poor recovery (see Table 2). After
adjustment for age, baseline mRS and NIHSS scores on ad-
mission (forced inclusion), the QA asymmetry index

Fig. 1 Tractography and
reconstructed fiber pathways
including an axial slice of the
orientation density function
(ODF). a, b Region of interest
(ROI)/seeding region: green:
posterior limb of internal capsule
(PLIC), dark blue: cerebral
peduncle (= ROI), red:
corticospinal tract (= seeding
region); region of avoidance:
yellow: cerebellum. a Lateral
view; b anterior-posterior view. c,
d Reconstructed fiber pathways
(corticospinal tract). c Anterior-
posterior view including the
seeding, the ROI, and the PLIC
region on the right side; d lateral
view
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Table 2 Characteristics of
patients with favorable and poor
recovery. Data are given as
median and interquartile range
(IQR) or number and percentage
(%) as appropriate; BI, Barthel
Index; NIHSS, National Institutes
of Health Stroke Scale score;
baseline mRS, modified Rankin
Scale score during the week
before symptom onset; QA,
quantitative anisotropy; FA,
fractional anisotropy; PLIC,
posterior limb of internal capsule

Favorable recovery (BI
improvement between discharge
and day 90 > 60% or day 90
BI = 100, n = 24)

Poor recovery (BI
improvement between
discharge and day 90
< 60%, n = 9)

p value

Age (median years (IQR)) 70 (59–75) 84 (73–86) 0.002†

Female sex (n (%)) 13 (54) 8 (89) 0.107*

Baseline mRS (median (IQR)) 0 (0) 0 (0–2) 0.043†

Hematoma volume on admission
(median mL (IQR))

12.0 (5.5–20.4) 24.1 (12.8–29.2) 0.102†

Intraventricular hemorrhage (n
(%))

4 (17) 4 (44) 0.170*

Location basal ganglia (n (%)) 9 (38) 3 (33) 0.999*

NIHSS on admission (median
(IQR))

2 (1–8) 14 (5–15) 0.008†

BI on discharge (median (IQR)) 90 (50–100) 15 (0–35) 0.003†

QA asymmetry index of PLIC
(median (IQR))

− 0.036 (− 0.06 to − 0.004) 0.046 (0.021 to 0.098) 0.001†

FA asymmetry index of PLIC
(median (IQR))

− 0.005 (− 0.033 to 0.036) 0.076 (−0.001 to 0.1) 0.049†

Number of ipsilesional
reconstructed fiber pathways
(QA based) (median (IQR))

102 (48–192) 47 (16–95) 0.060†

Number of contralesional
reconstructed fiber pathways
(QA based) (median (IQR))

116 (61–174) 15 (1–53) < 0.0001†

Number of total reconstructed
fiber pathways (ipsilesional +
contralesional (QA based)
(median (IQR))

224 (122–328) 47 (31–130) 0.001†

*χ2 /Fisher’s exact test when necessary
†Wilcoxon rank-sum test

Table 1 Clinical characteristics
of patients with favorable and
poor outcomes. Data are given as
the mean and standard deviation
(SD), median and interquartile
range (IQR), or number and
percentage (%) as appropriate;
NIHSS, National Institutes of
Health Stroke Scale score; GCS,
Glasgow Coma Scale; mRS,
modified Rankin Scale score,
baseline mRS, mRS during the
week before symptom onset;
VKA, vitamin K antagonist;
DOAC, direct oral anticoagulant

Favorable outcome (mRS
0–2); n = 16)

Poor outcome (mRS 3–
6; n = 17)

p
value

Age (median years (IQR)) 70 (59–74) 76 (68–85) 0.016†

Female sex (n (%)) 8 (50) 13 (76) 0.157*

NIHSS on admission (median (IQR)) 2 (1–4.75) 9 (2–14.5) 0.021†

Right-handed patient (n (%)) 14 (88) 15 (88) 0.948*

Baseline mRS (median (IQR)) 0 (0) 0 (0–0.5) 0.402†

Hypertension (n (%)) 14 (88) 15 (88) 0.948*

Diabetes mellitus (n (%)) 2 (13) 6 (36) 0.127*

Renal insufficiency (n (%)) 3 (19) 2 (12) 0.576*

Atrial fibrillation (n (%)) 4 (25) 3 (18) 0.606*

Platelet aggregation inhibitors/oral
anticoagulation (n (%))

4 (25) 7 (41) 0.270*

Location basal ganglia (n (%)) 4 (25) 8 (47) 0.188*

Location lobar (n (%)) 12 (75) 9 (53) 0.188*

Hematoma on right side (n (%)) 5 (31) 9 (53) 0.208*

Intraventricular hemorrhage (n (%)) 3 (19) 5 (29) 0.475*

Hematoma volume on admission (median
mL (IQR))

12.3 (5.7–20.4) 18.0 (7.1–28.6) 0.471†

Length of stay (median days (IQR)) 11 (7–12.75) 9 (7.5–12.5) 0.999†

*χ2 /Fisher’s exact test when necessary
†Wilcoxon rank-sum test
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remained associated with a favorable recovery (adjusted odds
ratio (OR) < 0.001 (95% CI = 0–0.150)).

Association with Outcome

Mean FA values within the prespecified ROI did not differ
between patients with favorable and poor outcomes (see
Table 3). QA values were higher in the ipsilesional PLIC
and ipsilesional CP in patients with favorable outcomes than
in patients with poor outcomes, while there was no difference

in ipsilesional CST levels (see Table 3). Contralesional QA
values did not differ between both outcome groups for any
ROI. After adjustment for age and NIHSS score on admission
(forced inclusion), there was a trend towards an association of
mean ipsilesional QA (PLIC (OR = 1.194 (95% CI = 0.991–
1.439)) and CP (OR = 1.218 (95% CI = 0.964–1.538))) with
favorable outcome. Patients with poor outcomes showed low-
er ipsilesional than contralesional QA values while patients
with favorable outcomes had higher ipsilesional QA values
(see Table 3); however, these differences were not significant
(PLIC: poor outcome p = 0.344, favorable outcome p = 0.327,
data for other ROIs not shown).

Quantitative Tractography Assessment

Association with Motor Function

Motor NIHSS score on day 5 was linearly associated with the
number of ipsilesional reconstructed fiber pathways (R2 =
0.142, p = 0.018). The median motor NIHSS score on both
admission and day 5 was 1. Patients with a favorable motor
NIHSS score on day 5 (≤ 1, n = 17) showed more ipsilesional
reconstructed fiber pathways than patients with a poor motor
NIHSS score (day 5: 142 (SD 93) and 66 (SD 68), p = 0.011;
on admission (n = 17): 153 (SD 95) and 54 (SD 42), respec-
tively, p = 0.001). The number of contralesional reconstructed
fiber pathways did not differ between the motor groups (day 5:

Fig. 2 Flowchart of included and
excluded patients. MRI, magnetic
resonance imaging

Fig. 3 Tract-based spatial statistics (TBSS). Decreased fractional
anisotropy (FA) of the corticospinal tract (CST) of the affected
hemisphere (left side (L); data sets of patients with right hemisphere
hemorrhage have been flipped right-left). Red: CST-mask (JHU White
Matter Tractography Atlas). Blue: clusters of voxels with decreased FA
(p = 0.22, corrected). a Coronal view. b Axial view. Data superimposed
on the MNI152 T1-brain mask for anatomical orientation
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favorable: 88 (SD 60), poor: 67 (SD 67), p = 0.356; on admis-
sion: 87 (SD 60) and 68 (SD 68), p = 0.394).

Association with Recovery

Multivariable logistic backward LR regression adjusted for
age and baseline mRS and NIHSS scores on admission re-
vealed an independent association of complete number (ipsi-
and contralesional) of reconstructed fiber pathways with fa-
vorable recovery (OR = 1.025 (95% CI = 1.003–1.047)).
Ipsilesional reconstructed fiber pathways showed a trend to-
wards an association with favorable recovery (adjusted OR =
1.017 (95% CI = 0.998–1.035)). In a subset of patients with
low BI at discharge (< 50P = severely affected; n = 14), the
median number of contralesional reconstructed fiber pathways
was higher in patients with a proportional recovery > 60%
(n = 6) than in patients with a proportional recovery < 60%
(n = 8; 113 (IQR 54–184) and 11 (IQR 1–21), p = 0.005),
while ipsilesional reconstructed fiber pathways did not differ
(48 (IQR 15–118) and 37 (IQR 14–84), p = 0.950).

Association with Functional Outcome

The number of ipsilesional reconstructed fiber pathways
(QA based) was higher in patients with favorable

outcomes than in patients with poor outcomes. The num-
ber of contralesional reconstructed fiber pathways showed
an increasing trend in patients with favorable outcomes
(see Table 3). Thus, we also analyzed contralesional path-
ways with multivariable analysis, which did not reveal an
independent association with outcome (OR = 1.016 (95%
CI = 0.995–1.025)). After adjustment for age and NIHSS
score on admission (forced inclusion; logistic regression),
the number of ipsilesional reconstructed fiber pathways
remained an independent predictor of functional outcome
(OR = 1.016 (95% CI = 1.002–1.030)). The number of
ipsilesional reconstructed fiber pathways based on FA al-
so differed between both outcome groups (see Table 3).
After adjustment, quantitative assessment of FA-based
tractography (DTI) did not predict outcome (OR = 1.000
(95% CI = 1.000–1.001)).

Clinical Significance and Predictive Value of Diffusion
Imaging Characteristics

These findings were supported by receiver operating char-
acteristic analyses exploring the association of the number
of ipsilesional reconstructed fiber pathways (AUC = 0.779
(95% CI = 0.597–0.962)) and mean QA values in the
ipsilesional PLIC (AUC = 0.746 (95% CI = 0.574–

Table 3 Fractional and
quantitative anisotropy and
characteristics of reconstructed
fiber pathways in patients with
favorable and poor outcomes.
Data are given as the mean and
standard deviation (SD) or
median and interquartile range
(IQR) as appropriate. mRS,
modified Rankin Scale score; FA,
fractional anisotropy; QA,
quantitative anisotropy; CST,
corticospinal tract region1; CP,
cerebral peduncle region1; PLIC,
posterior limb of internal capsule
region1

Favorable outcome (mRS
0–2; n = 16)

Poor outcome (mRS
3–6; n = 17)

p
value

FA CST ipsilesional 0.37 (SD 0.06) 0.35 (SD 0.05) 0.200†

FA CST contralesional 0.37 (SD 0.05) 0.37 (SD 0.05) 0.929†

FA CP ipsilesional 0.47 (SD 0.07) 0.43 (SD 0.05) 0.109†

FA CP contralesional 0.46 (SD 0.04) 0.45 (SD 0.05) 0.306†

FA PLIC ipsilesional 0.49 (IQR 0.45–0.53) 0.42 (IQR 0.38–0.49) 0.063*

FA PLIC contralesional 0.48 (SD 0.04) 0.46 (SD 0.04) 0.306†

QA CST ipsilesional 9.6 (IQR 6.2–11.7) 6.9 (IQR 5.2–7.7) 0.063*

QA CST contralesional 8.6 (IQR 6.1–12.0) 6.8 (IQR 5.6–7.8) 0.102*

QA CP ipsilesional 11.1 (IQR 8.5–13.8) 7.2 (IQR 5.8–10.0) 0.028*

QA CP contralesional 10.2 (IQR 7.4–13.8) 8.2 (IQR 6.2–9.9) 0.127*

QA PLIC ipsilesional 18.9 (IQR 16.2–23.3) 14.6 (IQR 11.7–17.7) 0.015*

QA PLIC contralesional 18.0 (IQR 15.0–21.3) 15.8 (IQR 13.0–18.7) 0.363*

Number of ipsilesional reconstructed fiber
pathways (QA based)

153.3 (SD 102.8) 59.8 (SD 38.6) 0.003†

Number of contralesional reconstructed fiber
pathways (QA based)

99.8 (SD 59.1) 57.4 (SD 61.9) 0.053†

Number of ipsilesional reconstructed fiber
pathways (FA based)

4036 (SD 3606) 1733 (SD 1427) 0.027†

Number of contralesional reconstructed fiber
pathways (FA based)

6129 (SD 5212) 3145 (SD 2560) 0.051†

1 According to JHU White Matter Labels

*Wilcoxon rank-sum test
† Independent t test
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0.919)) with favorable outcome (Fig. 4). A total of 140
ipsilesional reconstructed fiber pathways were detected as
an optimal cutoff for predicting a favorable outcome (sen-
sitivity = 0.625, specificity = 1.0, Youden Index = 0.625).
Regarding favorable recovery, the total number of recon-
structed fiber pathways showed good predictive value
(AUC = 0.87 (95% CI = 0.744–0.997)) with an optimal
cutoff of 106 (Youden Index = 0.653, sensitivity = 0.875,
specificity = 0.778).

Discussion

To date, DTI research in ICH patients has focused mainly on
the predictive value of FA and a rather qualitative DTT ap-
proach. Decreased FA values have been found in the
ipsilesional cerebral peduncle [12, 13, 18, 28], CST [10, 29]
and pons and have been shown to be associated with poor
outcome. However, this was not consistently shown in all
studies [30]. Given the physical properties of FA and the
abovementioned results, FA decrease is interpreted as a mark-
er of progressive Wallerian degeneration [31] and decreased
CST integrity after ICH or ischemic stroke. However, differ-
ent FA values in patients with favorable and poor outcomes
have been reported, which may partly be explained by differ-
ences in outcome measures and different time points of MRI
scanning. Our data show a trend towards reduced FA values in
the ipsilesional PLIC of ICH patients with poor outcome but
not in regions more distant from the ICH location like the CST
region or when analyzing the FA ratio (data not shown) be-
tween the affected and unaffected sides in any location.
Additionally, an unadjusted FA-based asymmetry index of
PLIC integrity [26] is associated with recovery. Thus, the
general meaningfulness of FA in ICH outcome research is
somehow confirmed. Again, methods, outcome measures
and especially early MRI performance in our study differed
from existing studies.

Another approach for ICH patients is qualitative DTT as-
sessment. It has been shown that interrupted or absent
ipsilesional reconstructed CST streamlines [16, 17] are asso-
ciated with poor outcome in ICH patients. A quantitative anal-
ysis was not conducted in those studies. Bigourdan and col-
leagues performed quantitative DTT analysis within 72 h after
symptom onset of ischemic stroke and found that the fiber
count ratio, defined as the ipsilesional streamline number nor-
malized to the unaffected side, independently predicted 1-year
motor outcome assessed by the Fugl-Meyer score [5]. ICH
patients were not included. We found an association of
ipsilesional FA-based streamline count with outcome assessed
on day 90 using the modified Rankin scale in the unadjusted
analysis but not after adjustment. We did not calculate the
ratio between the affected and unaffected sides, as this proce-
dure may be problematic due to the complex interaction with
known contralesional changes after ischemic stroke or ICH
[19] and with patient status before the current ICH.

In general, FA-related research is associated with possible
limitations. It is hypothesized that FA correlates with white
matter fiber density, with high FA values representing a high
proportion of diffusion along a certain direction due to a high
fiber density as a sort of natural border hindering or restricting
free diffusion of water [8, 31]. However, the interpretation of
FA values and tractography based on it may be limited, espe-
cially when voxels containing more than one fiber population
or crossing fibers are involved, which is the general rule

Fig. 4 Receiver operating characteristic curves for prediction of outcome
and recovery. a Association of number of ipsilesional reconstructed fiber
pathways (black line) and mean quantitative anisotropy (QA) of the
ipsilesional posterior limb of the internal capsule (PLIC, dotted gray
line) with favorable outcome. Receiver operating characteristic curves
for the prediction of favorable day 90 outcome (mRS score 0–2). Gray
line = reference line. Ipsilesional fiber number: AUC = 0.779 (95% CI =
0.597–0.962). Mean QA ipsilesional PLIC: AUC = 0.746 (95% CI =
0.574–0.919). b Association of number of total (ipsilesional +
contralesional, gray dotted line) and ipsilesional (black line)
reconstructed fiber pathways with favorable recovery (BI improvement
between discharge and day 90 > 60% or day 90 BI = 100). Ipsilesional
pathway number: AUC = 0.715 (95% CI = 0.537–0.893). Complete
pathway number: AUC = 0.87 (95% CI = 0.744–0.997).
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within the brain [8]. Furthermore, the diffusion tensor model
underlying the FA calculation assumes anisotropic Gaussian
diffusion, which does not account for more complex direction-
al dependencies or diffusion changes due to the presence of
different compartments [8]. Additionally, partial volume ef-
fects or temperature may affect FA values. Performing quan-
titative streamline analysis information on spin density may be
needed, which FA does not contain.

Here, several strengths of our study might add further in-
sights to existing knowledge:

We performed a standardized MRI assessment in the acute
phase of ICH on day 5 ± 1. Outcome was assessed by a trained
neurologist on day 90 using the modified Rankin scale score
as an established outcome parameter and measure for disabil-
ity in stroke research [32]. We applied motion and eddy-
current correction including correction of the encoding vectors
[8] to our data as well as a reconstruction method called q-
space diffeomorphic reconstruction, which handles crossed-
fiber issues well [20, 22]. Using QSDR, assumption-free
modeling is possible, resulting in a measure called quantitative
anisotropy (QA), which is defined as the number of spins that
undergo diffusion along any given fiber orientation [20, 33].
QA is derived from an orientation density function (ODF)-
based index scaled with the spin density function (SDF)
[22]. The ODF [21] is thought to account for multiple fiber
orientations within each voxel, and the SDF is defined as the
number of spins that undergo diffusion in different orienta-
tions [33]. It can be shown that deterministic fiber tracking is
improved by using QA-aided tractography [22]. Furthermore,
QSDR data were transformed into MNI space, which allowed
the use of predefined ROIs, resulting in a more valid and
comparable analysis across subjects.

Our results suggest that the presence of ICHmay be related
to changes within the CST, which are associated with patient
outcome and recovery and may be visualized and quantified
using our algorithm. Whether the number of “real” CST neu-
rons is truly reduced by hematoma-caused disruption of brain
tissue or already initiated secondary Wallerian degeneration
cannot be concluded from DTI-derived data [8].

The fact that reduced streamlines on the unaffected contra-
lateral side also showed a trend towards an association with
poor outcome may be interpreted as a hint that the pre-existing
patient status also plays a role in long-term outcome. Baseline
functional status did not differ between outcome groups, while
it did differ between recovery groups. Accordingly, the
contralesional CST seems even more important when analyz-
ing recovery, especially in severely affected patients with se-
vere ipsilesional damage. Other studies have shown that
contralesional diffusion tensor-related CST measures might
also have an association with outcome [34]. It remains unclear
whether these measures reflect a pre-existing condition or a
contralesional (mal-)adaption in hemorrhagic stroke patients
[19]. Furthermore, sensory loss may also be associated with

outcome and recovery [35]. Since the PLIC also contains sen-
sory fibers, including fibers of the posterior thalamic radiation
[36], PLIC-related anisotropy assessment may also reflect le-
sions affecting the sensory nervous system. In our study, pa-
tients with favorable outcomes and recovery also had better
sensory function as quantified using the sensory item of the
NIHSS. However, since the focus of the present manuscript
was motor function, we did not report these data or assess
sensory fiber pathways. More complex modeling is needed
to analyze these interactions [19].

There are several limitations to our study. First, a small
single-center cohort was analyzed, which may limit the gen-
eralizability of our data. The majority of screened patients
were excluded due to our prespecified criteria, including pre-
existing disability, a surgical intervention, an existing do-not-
resuscitate order or a prior ischemic stroke/intracerebral hem-
orrhage in the patients’ history. However, due to strict inclu-
sion criteria and the prospective design of the study, we ob-
tained a robust data set. The restricted availability of MR
imaging, including tractography analysis tools, may limit the
widespread use of this technique at this time. Despite motion
correction, our data processingmethod is susceptible to move-
ment artifacts. Due to its low sensitivity to motion artifact, we
used single-shot echo planar imaging (ss-EPI) as a widely
established standard for DTI. However, this technique is prone
to susceptibility artifacts [37] and may be associated with
image distortion and spatial voxel displacement [38].
Parallel imaging, as used in the present study, has been shown
to improve the signal-to-noise ratio and image distortion due
to susceptibility artifacts [39, 40]. Other workgroups further
demonstrated that susceptibility-related effects on pathway
reconstruction are rather small even in hematoma-adherent
regions [28]. Previous research correlated reconstructed CST
pathways with motor scores such as the Fugl-Meyer-Score.
We decided to obtain the modified Rankin Scale score on day
90 with a focus on ADLs, relying mainly on motor function as
an established outcome measure in stroke research.
Additionally, we gave results regarding the motor domain of
the NIHSS. The reconstruction of continuous fiber pathways
may be influenced by, e.g., curvature, length or width of axons
[8]. Despite the use of an advanced and sophisticated algo-
rithm, these factors might also pose a possible bias in our
results. Moreover, the QSDR transformation may not have
worked accurately in patients with large hematoma volumes
due to structural differences from the reference MNI template.
Thus, non-sense reconstructed fiber pathways were removed
manually, which may have influenced our results. However,
fibers were removed following consensus from two readers.
QA thresholds used for fiber tracking were detected automat-
ically. This procedure was necessary, as QA values are not
comparable across individual patients. No longitudinal assess-
ment of MRI scans or structural connectivity analysis was
performed. Location-dependent outcome analysis showed
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comparable results regarding ipsi- and contralesional fiber
pathways and QA values at the PLIC level, even if, due to
the small cohort size, the results did not differ significantly in
deep ICH (data not shown). Larger cohorts are necessary to
assess location-dependent differences. We did not assess the
efficacy of any rehabilitative treatment in relation to any out-
come prognostication or analyze interactions with an addition-
al sensory loss or associations with lesions affecting sensory
fiber pathways.

Summary

We showed an independent association of quantitative
tractography analysis performed in the acute phase of ICH
patients with long-term outcome and with recovery. In com-
bination with other established predictive factors, quantitative
tractography might improve the prognostic dilemma in ICH
patients. Prospective intervention studies are needed to exam-
ine the association of rehabilitation programs with outcome,
especially in patients at high risk for poor outcome and
recovery.

Acknowledgements Open Access funding enabled and organized by
Projekt DEAL.

Authors’ Contributions All authors gave final approval of the published
version and agreed to be accountable for all aspects of the work and to
take responsibility for the conduct of the research.

BV, AD: designed and conceptualized the study
BV, AD, AM: analyzed and interpreted the data; drafted the

manuscript
NK, TE: major role in the acquisition of data
HH, MS: analyzed the data
SS: interpreted the data
NK, TE, HH, MS, SS: revised the manuscript for intellectual content

Data Availability The data that support the findings of this study are
available from the corresponding author upon reasonable request.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflict of
interest.

Ethics Approval This study was performed in line with the principles of
the Declaration of Helsinki. This study was approved by our institutional
review board (no. 173_12B).

Consent to Participate/for Publication Informed consent was obtained
either from the patient or from a legal caregiver.

Code Availability N/A

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Qureshi AI, Mendelow AD, Hanley DF. Intracerebral haemor-
rhage. Lancet. 2009;373(9675):1632–44. https://doi.org/10.1016/
S0140-6736(09)60371-8.

2. Hemphill JC 3rd, Farrant M, Neill TA Jr. Prospective validation of
the ICH Score for 12-month functional outcome. Neurology.
2009;73(14):1088–94. ht tps: / /doi .org/10.1212/WNL.
0b013e3181b8b332.

3. Zahuranec DB, Fagerlin A, Sanchez BN, Roney ME, Thompson
BB, Fuhrel-Forbis A, et al. Variability in physician prognosis and
recommendations after intracerebral hemorrhage. Neurology.
2016;86(20):1864–71. ht tps: / /doi .org/10.1212/WNL.
0000000000002676.

4. Venkatasubramanian C, Kleinman JT, Fischbein NJ, Olivot JM,
Gean AD, Eyngorn I, et al. Natural history and prognostic value
of corticospinal tract Wallerian degeneration in intracerebral hem-
orrhage. J Am Heart Assoc. 2013;2(4):e000090. https://doi.org/10.
1161/JAHA.113.000090.

5. Bigourdan A, Munsch F, Coupe P, Guttmann CR, Sagnier S,
Renou P, et al. Early fiber number ratio is a surrogate of
corticospinal tract integrity and predicts motor recovery after
stroke. Stroke. 2016;47(4):1053–9. https://doi.org/10.1161/
STROKEAHA.115.011576.

6. Ward NS, Newton JM, Swayne OB, Lee L, Thompson AJ,
Greenwood RJ, et al. Motor system activation after subcortical
stroke depends on corticospinal system integrity. Brain.
2006;129(Pt 3):809–19. https://doi.org/10.1093/brain/awl002.

7. Koyama T, Tsuji M, Miyake H, Ohmura T, Domen K. Motor out-
come for patients with acute intracerebral hemorrhage predicted
using diffusion tensor imaging: an application of ordinal logistic
modeling. J Stroke Cerebrovasc Dis. 2012;21(8):704–11. https://
doi.org/10.1016/j.jstrokecerebrovasdis.2011.03.004.

8. Jones DK, Knosche TR, Turner R. White matter integrity, fiber
count, and other fallacies: the do’s and don’ts of diffusion MRI.
Neuroimage. 2013;73:239–54. https://doi.org/10.1016/j.
neuroimage.2012.06.081.

9. Mori S, Crain BJ, Chacko VP, van Zijl PC. Three-dimensional
tracking of axonal projections in the brain by magnetic resonance
imaging. Ann Neurol. 1999;45(2):265–9.

10. Puig J, Pedraza S, Blasco G, Daunis IEJ, Prats A, Prados F, et al.
Wallerian degeneration in the corticospinal tract evaluated by dif-
fusion tensor imaging correlates with motor deficit 30 days after
middle cerebral artery ischemic stroke. AJNR. 2010;31(7):1324–
30. https://doi.org/10.3174/ajnr.A2038.

11. Koyama T, Marumoto K, Uchiyama Y, Miyake H, Domen K.
Outcome assessment of hemiparesis due to intracerebral hemor-
rhage using diffusion tensor fractional anisotropy. J Stroke
Cerebrovasc Dis. 2015;24(4):881–9. https://doi.org/10.1016/j.
jstrokecerebrovasdis.2014.12.011.

12. Kuzu Y, Inoue T, Kanbara Y, Nishimoto H, Fujiwara S, Ogasawara
K, et al. Prediction of motor function outcome after intracerebral
hemorrhage using fractional anisotropy calculated from diffusion

548 Transl. Stroke Res.  (2021) 12:540–549

https://doi.org/
https://doi.org/10.1016/S0140-6736(09)60371-8
https://doi.org/10.1016/S0140-6736(09)60371-8
https://doi.org/10.1212/WNL.0b013e3181b8b332
https://doi.org/10.1212/WNL.0b013e3181b8b332
https://doi.org/10.1212/WNL.0000000000002676
https://doi.org/10.1212/WNL.0000000000002676
https://doi.org/10.1161/JAHA.113.000090
https://doi.org/10.1161/JAHA.113.000090
https://doi.org/10.1161/STROKEAHA.115.011576
https://doi.org/10.1161/STROKEAHA.115.011576
https://doi.org/10.1093/brain/awl002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.03.004
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.03.004
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.3174/ajnr.A2038
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.011
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.12.011


tensor imaging. Cerebrovasc Dis. 2012;33(6):566–73. https://doi.
org/10.1159/000338904.

13. Kusano Y, Seguchi T, Horiuchi T, Kakizawa Y, Kobayashi T,
Tanaka Y, et al. Prediction of functional outcome in acute cerebral
hemorrhage using diffusion tensor imaging at 3T: a prospective
study. AJNR. 2009;30(8):1561–5. https://doi.org/10.3174/ajnr.
A1639.

14. Tao WD, Wang J, Schlaug G, Liu M, Selim MH. A comparative
study of fractional anisotropymeasures and ICH score in predicting
functional outcomes after intracerebral hemorrhage. Neurocrit
Care. 2014;21(3):417–25. https://doi.org/10.1007/s12028-014-
9999-2.

15. MaC, Liu A, Li Z, ZhouX, Zhou S. Longitudinal study of diffusion
tensor imaging properties of affected cortical spinal tracts in acute
and chronic hemorrhagic stroke. J Clin Neurosci. 2014;21(8):1388–
92. https://doi.org/10.1016/j.jocn.2013.11.032.

16. Kwak SY, Son SM, Choi BY, Chang CH, Byun WM, Kim SH,
et al. Prognostic factors for motor outcome in patients with com-
pressed corticospinal tract by intracerebral hematoma.
NeuroRehabilitation. 2011;29(1):85–90. https://doi.org/10.3233/
NRE-2011-0681.

17. Cho SH, Kim SH, Choi BY, Cho SH, Kang JH, Lee CH, et al.
Motor outcome according to diffusion tensor tractography findings
in the early stage of intracerebral hemorrhage. Neurosci Lett.
2007;421(2):142–6. https://doi.org/10.1016/j.neulet.2007.04.052.

18. Chaudhary N, Pandey AS, Gemmete JJ, Hua Y, Huang Y, Gu Y,
et al. Diffusion tensor imaging in hemorrhagic stroke. Exp Neurol.
2015;272:88–96. https://doi.org/10.1016/j.expneurol.2015.05.011.

19. Koch P, Schulz R, Hummel FC. Structural connectivity analyses in
motor recovery research after stroke. Annals of clinical and trans-
lational neurology. 2016;3(3):233–44. https://doi.org/10.1002/
acn3.278.

20. Yeh FC,Wedeen VJ, TsengWY. Generalized q-sampling imaging.
IEEE Trans Med Imaging. 2010;29(9):1626–35. https://doi.org/10.
1109/TMI.2010.2045126.

21. Tuch DS. Q-ball imaging. Magn Reson Med. 2004;52(6):1358–72.
https://doi.org/10.1002/mrm.20279.

22. Yeh FC, Verstynen TD, Wang Y, Fernandez-Miranda JC, Tseng
WY. Deterministic diffusion fiber tracking improved by quantita-
tive anisotropy. PLoS One. 2013;8(11):e80713. https://doi.org/10.
1371/journal.pone.0080713.

23. Steiner T, Al-Shahi Salman R, Beer R, Christensen H, Cordonnier
C, Csiba L, et al. European Stroke Organisation (ESO) guidelines
for the management of spontaneous intracerebral hemorrhage. Int J
Stroke. 2014;9(7):840–55. https://doi.org/10.1111/ijs.12309.

24. Wakana S, Caprihan A, Panzenboeck MM, Fallon JH, Perry M,
Gollub RL, et al. Reproducibility of quantitative tractography
methods applied to cerebral white matter. Neuroimage.
2007;36(3):630–44. https://doi.org/10.1016/j.neuroimage.2007.02.
049.

25. Stinear CM, Byblow WD, Ackerley SJ, Smith MC, Borges VM,
Barber PA. Proportional motor recovery after stroke: implications
for trial design. Stroke. 2017;48(3):795–8. https://doi.org/10.1161/
STROKEAHA.116.016020.

26. Stinear CM. Prediction of motor recovery after stroke: advances in
biomarkers. Lancet Neurol. 2017;16(10):826–36. https://doi.org/
10.1016/S1474-4422(17)30283-1.

27. Lemeshow S, Hosmer DW. Logistic regression. Wiley
Encyclopedia of Clinical Trials: Wiley; 2007. https://doi.org/10.
1002/9780471462422.eoct964

28. Yoshioka H, Horikoshi T, Aoki S, Hori M, Ishigame K, Uchida M,
et al. Diffusion tensor tractography predicts motor functional out-
come in patients with spontaneous intracerebral hemorrhage.
Neurosurgery. 2008;62(1):97–103. https://doi.org/10.1227/01.
NEU.0000311066.03121.B8.

29. Puig J, Blasco G, Daunis IEJ, Thomalla G, CastellanosM, Figueras
J, et al. Decreased corticospinal tract fractional anisotropy predicts
long-term motor outcome after stroke. Stroke. 2013;44(7):2016–8.
https://doi.org/10.1161/STROKEAHA.111.000382.

30. Koyama T, Tsuji M, Nishimura H, Miyake H, Ohmura T, Domen
K. Diffusion tensor imaging for intracerebral hemorrhage outcome
prediction: comparison using data from the corona radiata/internal
capsule and the cerebral peduncle. J Stroke Cerebrovasc Dis.
2013;22(1):72–9. https://doi.org/10.1016/j.jstrokecerebrovasdis.
2011.06.014.

31. Ciccarelli O, Catani M, Johansen-Berg H, Clark C, Thompson A.
Diffusion-based tractography in neurological disorders: concepts,
applications, and future developments. Lancet Neurol. 2008;7(8):
715–27. https://doi.org/10.1016/S1474-4422(08)70163-7.

32. Kasner SE. Clinical interpretation and use of stroke scales. Lancet
Neurol. 2006;5(7):603–12. https://doi.org/10.1016/S1474-
4422(06)70495-1.

33. Yeh FC, Tseng WY. NTU-90: a high angular resolution brain atlas
constructed by q-space diffeomorphic reconstruction. Neuroimage.
2011;58(1):91–9. https://doi.org/10.1016/j.neuroimage.2011.06.
021.

34. Kwak SY, Yeo SS, Choi BY, Chang CH, Jang SH. Corticospinal
tract change in the unaffected hemisphere at the early stage of in-
tracerebral hemorrhage: a diffusion tensor tractography study. Eur
Neurol. 2010;63(3):149–53. https://doi.org/10.1159/000281108.

35. Zandvliet SB, Kwakkel G, Nijland RHM, van Wegen EEH,
Meskers CGM. Is recovery of somatosensory impairment condi-
tional for upper-limb motor recovery early after stroke?
Neurorehabil Neural Repair. 2020;34(5):403–16. https://doi.org/
10.1177/1545968320907075.

36. Chowdhury F, Haque M, Sarkar M, Ara S, Islam M. White fiber
dissection of brain; the internal capsule: a cadaveric study. Turkish
Neurosurg. 2010;20(3):314–22. https://doi.org/10.5137/1019-
5149.Jtn.3052-10.2.

37. Heidemann RM, Porter DA, Anwander A, Feiweier T, HeberleinK,
Knösche TR, et al. Diffusion imaging in humans at 7T using
readout-segmented EPI and GRAPPA. Magn Reson Med.
2010;64(1):9–14. https://doi.org/10.1002/mrm.22480.

38. Le Bihan D, Poupon C, Amadon A, Lethimonnier F. Artifacts and
pitfalls in diffusion MRI. J Magn Reson Imaging. 2006;24(3):478–
88. https://doi.org/10.1002/jmri.20683.

39. Griswold MA, Jakob PM, Chen Q, Goldfarb JW, Manning WJ,
Edelman RR, et al. Resolution enhancement in single-shot imaging
using simultaneous acquisition of spatial harmonics (SMASH).
Magn Reson Med. 1999;41(6):1236–45. https://doi.org/10.1002/
(SICI)1522-2594(199906)41:6<1236::AID-MRM21>3.0.CO;2-T.

40. Griswold MA, Jakob PM, Heidemann RM, Nittka M, Jellus V,
Wang J, et al. Generalized autocalibrating partially parallel acqui-
sitions (GRAPPA). Magn Reson Med. 2002;47(6):1202–10.
https://doi.org/10.1002/mrm.10171.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

549Transl. Stroke Res.  (2021) 12:540–549

https://doi.org/10.1159/000338904
https://doi.org/10.1159/000338904
https://doi.org/10.3174/ajnr.A1639
https://doi.org/10.3174/ajnr.A1639
https://doi.org/10.1007/s12028-014-9999-2
https://doi.org/10.1007/s12028-014-9999-2
https://doi.org/10.1016/j.jocn.2013.11.032
https://doi.org/10.3233/NRE-2011-0681
https://doi.org/10.3233/NRE-2011-0681
https://doi.org/10.1016/j.neulet.2007.04.052
https://doi.org/10.1016/j.expneurol.2015.05.011
https://doi.org/10.1002/acn3.278
https://doi.org/10.1002/acn3.278
https://doi.org/10.1109/TMI.2010.2045126
https://doi.org/10.1109/TMI.2010.2045126
https://doi.org/10.1002/mrm.20279
https://doi.org/10.1371/journal.pone.0080713
https://doi.org/10.1371/journal.pone.0080713
https://doi.org/10.1111/ijs.12309
https://doi.org/10.1016/j.neuroimage.2007.02.049
https://doi.org/10.1016/j.neuroimage.2007.02.049
https://doi.org/10.1161/STROKEAHA.116.016020
https://doi.org/10.1161/STROKEAHA.116.016020
https://doi.org/10.1016/S1474-4422(17)30283-1
https://doi.org/10.1016/S1474-4422(17)30283-1
https://doi.org/10.1002/9780471462422.eoct964
https://doi.org/10.1002/9780471462422.eoct964
https://doi.org/10.1227/01.NEU.0000311066.03121.B8
https://doi.org/10.1227/01.NEU.0000311066.03121.B8
https://doi.org/10.1161/STROKEAHA.111.000382
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.06.014
https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.06.014
https://doi.org/10.1016/S1474-4422(08)70163-7
https://doi.org/10.1016/S1474-4422(06)70495-1
https://doi.org/10.1016/S1474-4422(06)70495-1
https://doi.org/10.1016/j.neuroimage.2011.06.021
https://doi.org/10.1016/j.neuroimage.2011.06.021
https://doi.org/10.1159/000281108
https://doi.org/10.1177/1545968320907075
https://doi.org/10.1177/1545968320907075
https://doi.org/10.5137/1019-5149.Jtn.3052-10.2
https://doi.org/10.5137/1019-5149.Jtn.3052-10.2
https://doi.org/10.1002/mrm.22480
https://doi.org/10.1002/jmri.20683
https://doi.org/10.1002/(SICI)1522-2594(199906)41:6<1236::AID-MRM21>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1522-2594(199906)41:6<1236::AID-MRM21>3.0.CO;2-T
https://doi.org/10.1002/mrm.10171

	Quantitative Corticospinal Tract Assessment in Acute Intracerebral Hemorrhage
	Abstract
	Introduction
	Methods
	Patient Selection
	Patients’ Treatment
	MR Diffusion Imaging
	Assessment of Artifacts and Data Processing
	Outcome Parameters
	Statistics

	Results
	Patient Characteristics
	Fractional and Quantitative Anisotropy
	Association with Recovery
	Association with Outcome

	Quantitative Tractography Assessment
	Association with Motor Function
	Association with Recovery
	Association with Functional Outcome

	Clinical Significance and Predictive Value of Diffusion Imaging Characteristics

	Discussion
	Summary
	References




