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Diffusional Kurtosis Imaging and Motor Outcome in Acute
Ischemic Stroke
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ABSTRACT

BACKGROUND AND PURPOSE: Motor impairment is the most common deficit after stroke. Our aim was to evaluate whether diffusional
kurtosis imaging can detect corticospinal tract microstructural changes in the acute phase for patients with first-ever ischemic stroke and
motor impairment and to assess the correlations between diffusional kurtosis imaging—derived diffusion metrics for the corticospinal
tract and motor impairment 3 months poststroke.

MATERIALS AND METHODS: We evaluated 17 patients with stroke who underwent brain MR imaging including diffusional kurtosis
imaging within 4 days after the onset of symptoms. Neurologic evaluation included the Fugl-Meyer Upper Extremity Motor scale in the
acute phase and 3 months poststroke. For the corticospinal tract in the lesioned and contralateral hemispheres, we estimated with
diffusional kurtosis imaging both pure diffusion metrics, such as the mean diffusivity and mean kurtosis, and model-dependent quantities,
such as the axonal water fraction. We evaluated the correlations between corticospinal tract diffusion metrics and the Fugl-Meyer Upper
Extremity Motor scale at 3 months.

RESULTS: Among all the diffusion metrics, the largest percentage signal changes of the lesioned hemisphere corticospinal tract were
observed with axial kurtosis, with an average 12% increase compared with the contralateral corticospinal tract. The strongest associations
between the 3-month Fugl-Meyer Upper Extremity Motor scale score and diffusion metrics were found for the lesioned/contralateral
hemisphere corticospinal tract mean kurtosis (p = —0.85) and axial kurtosis (p = —0.78) ratios.

CONCLUSIONS: This study was designed to be one of hypothesis generation. Diffusion metrics related to kurtosis were found to be more
sensitive than conventional diffusivity metrics to early poststroke corticospinal tract microstructural changes and may have potential

value in the prediction of motor impairment at 3 months.

ABBREVIATIONS: CST = corticospinal tract; D, = intra-axonal diffusivity; DKI = diffusional kurtosis imaging; FA = fractional anisotropy; FM-UE = Fugl-Meyer
Upper Extremity Motor; K = axial kurtosis; K, = radial kurtosis; A = axial diffusivity; A, = radial diffusivity; MD = mean diffusivity; MK = mean kurtosis

M otor impairment caused by injury of the motor pathways is
the most common deficit after stroke." While a proportion
of patients with acute stroke with motor deficits will have func-
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tional recovery, the degree of motor recovery is highly variable.”
Clinical assessment of motor impairment in the acute phase is a
significant predictor of chronic motor outcome.” However, for
patients with severe initial motor impairment, long-term motor
outcome is only weakly predicted by the degree of motor impair-
ment in the acute phase.* Thus, it remains difficult to make an
accurate motor outcome prediction for an individual patient with
information collected in the acute phase. If clinicians had access to
an early marker of motor pathway injury and were able to predict
motor outcome, stroke recovery could be greatly improved by
delivering treatment to those individuals who are likely to benefit
from intervention.

The integrity of the corticospinal tract (CST) is critical for
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recovery of motor function in stroke.” Identification of early CST
microstructural changes in patients with acute stroke would im-
prove our ability to predict motor recovery and plan rehabilitative
treatment. DTI can quantify early CST microstructural changes in
patients with stroke with motor impairment.®'° However, a lim-
itation of DTT is that the data analysis approximates the water
diffusion dynamics within brain tissue as being a Gaussian pro-
cess, though substantial non-Gaussian diffusion effects are ob-
served throughout the brain. Hence, DTT does not fully charac-
terize water diffusion in the brain. Diffusional kurtosis imaging
(DKI) is a clinically feasible diffusion MR imaging method, which
extends the DTI model to include non-Gaussian diffusion ef-
fects.'"*'? As a result, DKI has the potential to provide more sen-
sitive biomarkers for probing microscopic structural changes."’
In addition, white matter tract integrity metrics can be obtained
from the DKI dataset by using a model that describes the micro-
structural characteristics in the extra- and intra-axonal compart-
ments of WM.'* To our knowledge, no prospective studies have
previously assessed the role of DKI in the prediction of motor
outcome after stroke.

Our objectives were to evaluate whether DKI-derived diffu-
sion metrics can detect early CST microstructural changes 1-4
days after first-ever acute ischemic stroke and motor impairment
and to assess the correlations between CST DKI-derived metrics
and 3-month motor outcome measured by using the Fugl-Meyer
Upper Extremity Motor (FM-UE) scale.

MATERIALS AND METHODS
Subjects
The local institutional review board approved the study. Patients
with first-ever ischemic stroke with various degrees of motor im-
pairment were enrolled in this prospective observational study.
Written informed consent was obtained from all patients or their
legal representatives. Inclusion criteria were the following: 18—80
years of age; first-ever ischemic stroke involving only 1 hemi-
sphere, confirmed by MR imaging; brain MR imaging, including
DKI, performed between 1 and 4 days after stroke onset; prestroke
mRS = 1; and unilateral motor impairment at baseline with an
FM-UE scale score of =56 of 66 (to avoid recovery ceiling effect).
We excluded any subject with intracranial hemorrhage, other
neurologic disorders affecting limb motor function, severe de-
mentia, recurrent stroke, or death during the 3-month follow-up.
A detailed neurologic examination was performed by a stroke
neurologist in the acute phase and at a 3-month follow-up visit.
The baseline examination included the FM-UE scale and the
NIHSS (Table 1). During the 3-month follow-up examination,
the FM-UE scale, NIHSS, and mRS scores were obtained. The
FM-UE scale, a motor assessment scale with excellent intra- and
interrater reliability, represented the primary motor outcome
variable (the maximum score is 66 points; higher scores indicate
less severe impairment).'> We also calculated the percentage
change of the FM-UE scale between the baseline and 3-month
evaluation. For descriptive purposes, patients were divided into 3
cohorts based on the 3-month FM-UE scale: 1) upper limb re-
mained essentially plegic (FM-UE = 9); 2) patients with well-
defined upper limb mass flexion and extension synergy-depen-
dent movements (FM-UE = 10-18); and 3) patients with

Table 1: Patient clinical characteristics and demographics (N = 17)

Demographics and Characteristics

Age (yr)? 55.7 (12.3)
Men 64.7%
Race (white/African American) 12/5
Lesion side (right) 70.6%
Stroke etiology
Small-vessel disease 35.3%
Cardioembolism 17.6%
Large-vessel atherosclerosis 29.4%
Unknown 17.6%
rtPA or reperfusion therapy 41.2%
Hypertension 82.4%
Diabetes mellitus 35.3%
Dyslipidemia 70.6%
Atrial fibrillation 23.5%
Coronary artery disease 1.8%
Antiplatelet use 88.2%
Anticoagulation use 17.6%
Statin on discharge 82.3%
Smoking on admission 471%
Length of hospital stay (days)* 5.8(3.8)
Clinical assessment
Days between stroke onset and MRI? 2.0(1.0)
Days from stroke onset to baseline assessment® 2.6(1.5)
Days from admission to follow-up visit® 94.1(9.6)
Median No. of days of rehabilitation therapy 34(18.0)
Baseline NIHSS score® 11.2(6.5)
3-mo NIHSS score® 49(3.9)
Baseline FM-UE scale® 19.1(16.9)
3-month FM-UE scale® 29.1(22.0)
Median 3-mo mRS (range) 3(1-4)
Location of infarction (No.) (%)
Right hemisphere 12(70.5)
Left hemisphere 5(29.5)
Motor cortex 6(35.3)
Premotor cortex 5(29.5)
Centrum semiovale 4(23.5)
Corona radiata 9(52.9)
Posterior limb of the internal capsule 9(52.9)
Brain stem 4(23.5)
#Mean (SD).

recovery of isolated upper limb movements (FM-UE = 19).'° We
also recorded the total number of days each patient received re-
habilitative therapy (including physical therapy and/or occupa-
tional therapy during rehabilitation, at home, and during outpa-
tient visits) between the stroke and the 3-month follow-up.

Imaging
Brain MRIs were performed on a 1.5T MR imaging scanner. A
sagittal T1-weighted MPRAGE (voxel size, 1 X 1 X 1 mm®) se-
quence was performed. Axial diffusion-weighted images were ac-
quired with 3 b-values (0, 1000, and 2000 s/mm?) along 30 diffu-
sion-encoding directions by using a single-shot twice-refocused
spin-echo EPI sequence with NEX = 1 (NEX = 10 for b=0).
Imaging parameters of the diffusion sequence were the following:
voxel size = 3 X 3 X 3 mm?>, number of sections = 40, TR/TE =
5500/99 ms, FOV = 222 X 222 mm?, acquisition matrix = 74 X
74, bandwidth/pixel = 1325 Hz, acceleration factor = 2, acquisi-
tion time ~ 7 minutes.

Using Diffusional Kurtosis Estimator software'” (Version 2.6;
https://www.nitrc.org/projects/dke/) implemented in Matlab
(MathWorks, Natick, Massachusetts), we calculated the diffusion
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FIG 1. Mean kurtosis (A), axial kurtosis (B), radial kurtosis (C), mean diffusivity (D), axial diffusivity
(E), and radial diffusivity (F) maps obtained from the DKI dataset in a representative patient with

acute ischemic infarct of the right corona radiata.

and kurtosis tensors on a voxel-by-voxel basis. Parametric maps
for the following metrics were obtained from the DKI dataset: 1)
diffusivity metrics: fractional anisotropy (FA), mean diffusivity
(MD), axial (), and radial diffusivity (A , ); 2) kurtosis metrics:
mean kurtosis (MK), axial (K), and radial kurtosis (K , ) (Fig 1),"’
in which MK is the average kurtosis over all diffusion directions,
K| is the kurtosis in the direction of the diffusion tensor eigenvec-
tor with the largest diffusion eigenvalue (typically along the direc-
tion of the axons), and K, is the average kurtosis over all direc-
tions perpendicular to the diffusion eigenvector with the largest
eigenvalue (typically all directions perpendicular to the axons);
and 3) white matter tract integrity metrics: axonal water fraction,
intra-axonal diffusivity (D,), axial extra-axonal diffusivity, and
radial extra-axonal diffusivity. White matter tract integrity met-
rics were obtained from the DKI dataset in WM voxels consisting
of aligned fiber bundles (defined here as FA = 0.3)."* In the white
matter tract integrity model, axonal fiber bundles are idealized as
impermeable, cylindric tubes, and the axonal water fraction rep-
resents the fraction of diffusion MR imaging-visible water con-
tained within the tubes. Water within myelin is thus neglected
because it contributes little to the diffusion MR imaging signal
due to its short T2 relaxation time. Qualitatively, the axonal water
fraction can be regarded as an index of axonal fiber density. D, is
a measure of intrinsic diffusivity inside the axons. The remainder
of the WM is modeled as the extra-axonal space, and axial extra-
axonal diffusivity and radial extra-axonal diffusivity are markers
of changes in extra-axonal diffusivity.

Fiber tracking of the CST was performed by using DSI Studio
(http://dsi-studio.labsolver.org) with a generalized deterministic
tracking algorithm that uses quantitative anisotropy as the termi-
nation index.'® The CST was reconstructed as previously de-
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scribed'” in accordance with the follow-
ing steps: The tractography seed point
was obtained by manually placing an
ROI on each CST at the level of the ros-
tral pons on the color-coded FA maps,
and the tractography end point was ob-
tained by manually placing a gray matter
ROI on the ipsilateral precentral gyrus
(anisotropy threshold = 0.2; angular
threshold = 40°; step size = 1 mm; track
length = =50 mm; number of seeds =
10,000). The lesioned hemisphere CST
could be reliably identified at the rostral
pons in all subjects, even in patients with
large infarctions. We added a logical
“and” function so that only streamlines
passing through both ROIs were in-
cluded for further analysis. Fiber tracts
were generated of the left and right CST. A
neuroradiologist, blinded to demographic
information and clinical data, visually in-
spected the CST tracts overlaid on the FA
map for quality control purposes. Then,
left and right CST tracts were converted to
VOIs in native diffusion space. Average
diffusion values of the CST VOIs were
computed for all diffusion metrics and
subjects by using Matlab. Lesioned hemisphere/contralateral
hemisphere CST ratios were computed for all diffusion metrics.

Multisection VOIs of the infarct were identified by a neu-
roradiologist, blinded to demographic and clinical informa-
tion, on the diffusion-weighted images with b-values of 2000
s/mm” with the intensity filter module of MRICron (http://
www.mccauslandcenter.sc.edu/crnl/mricron/). The volumes
of the infarct VOI, ipsilateral CST VOI, and the intersection
between the CST and infarct VOIs were calculated by using
MRICron.

Statistical analyses were performed by using SPSS, Version 22
(IBM, Armonk, New York). Comparisons of the ipsilateral and
contralateral CST diffusion metrics were performed by using the
paired Wilcoxon signed rank test. Associations between average
CST diffusion metrics and the 3-month FM-UE scale were evalu-
ated by using Spearman rank correlation tests. Results were con-
sidered significant with P < .05. Because this study was designed
largely to be one of hypothesis generation, P values were not cor-
rected for multiple comparisons.

RESULTS

Clinical Data

Twenty-one patients were recruited for this study. Subsequently,
3 patients were excluded because they were lost to follow-up and
3-month follow-up data were not available. One patient was ex-
cluded because the DKI dataset was degraded by artifacts from
bulk motion. Hence, 17 patients were included in the analysis
(Table 1). All patients received rehabilitation therapy (median
number of days of therapy = 34 = 18). Overall, the FM-UE scale
score significantly improved between the baseline and the
3-month neurologic examination (P = .001), with motor func-


http://www.mccauslandcenter.sc.edu/crnl/mricron/
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Table 2: Diffusion metrics of lesioned and contralateral
corticospinal tract in stroke with motor impairment

Lesioned Contralateral
Diffusion Metric CcsT?® CcsT? P Value

MD 091(0.07) 096(0.03)  .003
Axial diffusivity 1.35(0.12) 144 (0.06) .002
Radial diffusivity 0.70(0.05)  0.72(0.04) .031
Fractional anisotropy 0.41(0.03)  0.43(0.03) .025
(
(

MK 119(012)  110(0.07)  .002
Axial kurtosis 0.94 (0.1) 0.84(0.03) .001
Radial kurtosis 148(018) 143 (113) 193
AWF 041(0.02) 040(0.02) 246

(
Intra-axonal diffusivity 0.71(0.09)  0.78(0.06) .001
Extra-axonal axial diffusivity ~ 1.95(0.17) 2.05(0.10) .002
Extra-axonal radial diffusivity 1.07 (0.07) 1.10 (0.05) .049
Note:—AWF indicates axial water fraction.
#Mean (SD).

tion improvement in 14 subjects, no changes in 2 subjects, and
worsening function in 1 subject. At 3 months, 3 patients had little
if any upper extremity motor function; 5 patients had well-de-
fined upper limb mass flexion and extension synergy-dependent
movements; and 9 patients had isolated upper limb movements.
There was no significant correlation between the number of days
of rehabilitation therapy and the baseline FM-UE scale score
(r =— 0.340, P = .181) or the 3-month FM-UE scale score (r =
—0.373, P = .140).

Imaging Data

Please see Table 1 for details regarding infarct location and Table
2 for CST diffusion metrics. CST MD, FA, )\H, A, D, axial extra-
axonal diffusivity, and radial extra-axonal diffusivity were lower
in the lesioned than in the contralateral hemisphere. MK and K|
were greater in the lesioned than in the contralateral hemisphere
CST. The On-line Table demonstrates infarct volume, CST vol-
ume, their intersection, and diffusion metrics for the entire cohort
and for patients stratified on the basis of the degree of recovery at
3 months. There was a strong association between baseline and
3-month FM-UE scale (p = 0.8, P = .001). We found significant
correlations among the 3-month FM-UE scale, percentage change
of FM-UE scale between the baseline and 3-month visit, diffusion
metrics of the lesioned hemisphere, and lesioned/contralateral
hemisphere CST ratios (Table 3). The strongest associations were
found between the 3-month FM-UE scale score and MK, and the
3-month FM-UE scale score and KH’ among kurtosis metrics; and
between the 3-month FM-UE scale score and MD, among diffu-
sivity metrics (Fig 2). We did not find any significant correlation
between the number of days of rehabilitation therapy and kur-
tosis metrics. For example, there was no significant association
between the number of days of rehabilitation therapy and le-
sional/contralateral MK (p = 0.212, P = .398), K (p = 0.282,
P =.257), MD (p = —0.318, P = .198), A, (p = —0.330, P =
.181), and FA (p = —0.78, P = .759).

DISCUSSION

We conducted a prospective observational study designed to ex-
plore the hypothesis that DKI-derived metrics can be useful in
assessing CST microstructural changes and predicting motor out-
come after stroke. Due to the relatively small sample size, this
proof-of-concept study is mainly for hypothesis generation, and

Table 3: Correlations among the baseline FM-UE scale score,
corticospinal tract diffusion metrics, and 3-month FM-UE scale
score

Lesioned Lesioned/
Hemisphere Contralateral
CST CST Ratio
p P Value P P Value
3-mo FM-UE scale
MD 0.65 .007 0.69 .002
Axial diffusivity 0.55 .022 0.73 .001
Radial diffusivity 0.53 .030 0.60 .on
FA 0.08 761 0.40 an
MK —0.72 .001 —0.85 <.001
Axial kurtosis —0.75 .001 —0.78 <.001
Radial kurtosis —0.33 196 —047 .056
AWF —0.45 .072 —0.63 .007
Intra-axonal diffusivity 0.51 .035 0.48 .054
Axial extra-axonal diffusivity 045  .070 0.61 .009
Radial extra-axonal diffusivity 0.37 142 0.45 .072
Change of FM-UE scale (%)

MD 0.64 .006 0.47 .055
Axial diffusivity 0.49 .046 0.66 .004
Radial diffusivity 0.69 .002 0.42 .098
FA —0.01 974 0.47 .060
MK —0.61 .010 —0.72 .001
Axial kurtosis —0.65 .005 —0.65 .004
Radial kurtosis —-028 269 —048 .049
AWF —0.54 .026 —0.59 .013
Intra-axonal diffusivity 042  .095 0.43 .083

Axial extra-axonal diffusivity 042  .090 0.56 .019
Radial extra-axonal diffusivity 0.53 .028 0.24 349

Note:—AWF indicates axial water fraction.

our results will require validation in future studies with larger
sample sizes. Both diffusivity and kurtosis diffusion metrics could
detect early microstructural changes of the CST in the acute post-
stroke phase, with larger differences between the ipsilateral and
contralateral CST being observed for the kurtosis metrics. We also
found moderately strong associations between motor outcome
with the 3-month FM-UE scale and several diffusion metrics. The
strongest motor outcome correlations were with MK (p = —0.72)
and K (p = —0.75) of the lesioned CST, and with the lesioned/
contralateral hemisphere CST MK (p= —0.85) and K; (p =
—0.78) ratios.

The observation of early CST diffusion changes is consistent
with the known dynamics of acute neuronal damage after stroke,
a phenomenon known as Wallerian degeneration.® In agreement
with prior studies, we found that diffusivity metrics differed be-
tween the lesioned hemisphere CST and the contralateral CST,*°
with greater acute—early subacute changes in A and MD com-
pared with A | .*' Kurtosis metrics, specifically MK, K, D,, and
axial extra-axonal diffusivity, could identify early microstructural
changes of the CST. The kurtosis parameters provide microstruc-
tural information not available by using conventional DTL"'" and
it is important to assess whether the enhanced sensitivity to mi-
crostructural changes provided by DKI translates into improved
motor outcome prediction. Larger absolute percentage changes
for kurtosis metrics than for diffusivity metrics have been consis-
tently reported in ischemic stroke in the animal and human liter-
ature.'>*>?? Here, we find that kurtosis metrics also have greater
sensitivity to the detection of CST microstructural alterations, as
reflected by their larger absolute percentage changes. For exam-
ple, we found an average 12% increase in K; and an average 6.5%
decrease in A of the ipsilateral compared with the contralateral
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FIG 2. Scatterplots for the Upper Extremity Fugl-Meyer Motor scale versus mean diffusivity (A), axial diffusivity (B), mean kurtosis (C), and axial

kurtosis (D) of the corticospinal tracts.

CST. Absolute percentage changes were larger along the axial di-
rection than along the radial direction of the CST WM.>* As ex-
pected, absolute percentage changes of A and K; of the lesioned-
hemisphere CST were smaller than the absolute percentage
changes of A and K| of the core infarct, respectively 58% and
—32%, in a previous study.”*

The pathologic correlates of increased MK in acute infarct and
the downstream effect along the affected WM tracts are still in-
completely understood. Acute infarct leading to early CST Wal-
lerian degeneration may result in swelling or beading of down-
stream axons and dendrites.”””*> Alternatively, ischemia could
cause increased intra-axonal tortuosity, viscosity changes, micro-
glia upregulation, and mitochondrial or endoplasmatic reticulum
changes, which may result in decreased D,.>****° In agreement
with Hui et al,”* we found that the decrease in MD of the CST is
mainly due to a drop in D,, consistent with a proposed mecha-
nism of axonal beading, though the CST axial extra-axonal diffu-
sivity was also decreased.

Previous studies have assessed the correlations between DTI-
derived measures of CST integrity and functional motor impair-

ment in acute stroke. Doughty et al*’

identified subtle changes in
FA values of the CST in the vicinity of the lesion early after acute
ischemic stroke; however, the degree of FA reduction did not
significantly improve on the predictive value of the baseline
FM-UE scale for 3-month motor outcome.”” Similarly, Puig et
al'®?® did not find significant correlations between 30-day motor
outcome after stroke and CST FA measured in the pons in the
acute phase, specifically <12 hours and 3 days poststroke. Feng et
al*? developed the weighted CST lesion load, a novel imaging
marker obtained by overlaying lesion maps obtained from DWI
in the acute phase with a canonical CST. The weighted CST lesion

1332 Spampinato Jul 2017 www.ajnr.org

load was found to be a significant predictor of 3-month motor
outcome. However, this metric is not a direct measure of CST
injury and does not take into account CST pathophysiologic
changes after stroke. There is an unfulfilled clinical need for an
early imaging marker of CST injury that would complement clin-
ical assessment in the prediction of motor outcome and patient
response to rehabilitation therapy. Our work demonstrates that
DKI-derived diffusion metrics can detect early microstructural
changes of the CST associated with acute stroke. Furthermore,
DKI-derived metrics obtained in the acute phase show promising
correlations with 3-month motor outcome. If these associations
are validated in a future larger prospective study, then these met-
rics may ultimately prove to be powerful adjuncts to clinical as-
sessment in triaging patients who may benefit from neuroreha-
bilitation treatment.

Stroke rehabilitative treatments are resource-intensive, and
patient selection is critical to identify individuals who are likely to

30

benefit from the treatment.” Proposed motor outcome predic-

tors, such as stroke location and volume,”" and the degree of CST

involvement,®?>°

may not provide adequate information to pre-
dict motor outcome, and a substantial amount of variance re-
mains unexplained. Our results suggest that kurtosis metrics
may prove valuable in determining motor pathway integrity. Specif-
ically, we found that elevated MK/KH and decreased MD of the CST
indicate a poor prognosis, and MK and K; had the strongest associa-
tions with the 3-month FM-UE scale. Patients with unfavorable dif-
fusion markers may be less likely to benefit from motor rehabilitation
programs. Although our preliminary observations will need confir-
mation in studies with larger cohorts, the use of imaging biomarkers
of CST integrity could enable improved selection strategies in future
stroke-recovery trials.



This study has several limitations. We evaluated a small patient
cohort, which limits our ability to evaluate the role of diffusion
metrics in the context of other prognostic factors. On the other
hand, all data were prospectively acquired, and imaging data were
obtained with the same MR imaging protocol and scanner. Future
studies should include a larger series of patients, which would
allow one to determine whether the diffusion metrics are truly
independent predictors of motor recovery, over and above the
traditional clinical prognostic variables. We did not evaluate the
subsequent temporal evolution of the observed CST diffusion
measures. Furthermore, we included patients with acute stroke
and motor impairment regardless of the vascular territory in-
volved. Our purpose was to evaluate the effects of acute ischemia
on CST microstructure regardless of where the core infarct was
located along the motor pathways. This study design has been
used in previous imaging-based studies on motor outcome after

stroke.?”*?

CONCLUSIONS

Our preliminary study reveals that early CST microstructural
changes immediately following stroke can be detected by using
kurtosis metrics, specifically MK and K. We have preliminarily
found strong associations between kurtosis metrics obtained at
early time points after stroke and long-term motor outcome. A
major limitation of this study is the small sample size. This study
was designed largely to be one of hypothesis generation, and the
usefulness of these imaging markers as independent predictors of
disability in the context of other motor outcome predictors must
be validated in future studies with larger sample sizes.
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