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Fractional Anisotropy and Tractography in Diffusion Tensor Imaging
for the Prediction of Upper Limb Motor Recovery After Stroke
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Abstract

Purpose: Diffusion tensor imaging (DTI) has garnered attention regarding the prediction of patient
outcomes following stroke and its application in clinical practice is expected. Here, we evaluated the
usefulness of combination analysis with fractional anisotropy (FA) and tractography parameters in
order to build an optimal DTI protocol to predict motor recovery after stroke.

Subjects and Methods: We recruited 35 consecutive patients with supratentorial hemorrhagic or
ischemic stroke. DTI examination took place 14—16 days after stroke onset and the bilateral cerebral
peduncles were regions of interest for the FA and tractography analyses. Three months after stroke,
Brunnstrom recovery stage (BRS) scoring of the upper limb and fingers was performed. We tested
correlations between the FA ratio (rFA) of the bilateral cerebral peduncles, tractography findings, and
BRS scores.

Results: A significant correlation was identified between rFA and 3-month BRS score (r = 0.465,
p=0.008). The pattern of tractography was divided into 2 groups (complete-disrupted type and
incomplete-disrupted type). The patients with the incomplete-disrupted type had significantly higher
rFA (p=0.008) and BRS scores (p <0.001). After excluding patients with the complete-disrupted type
who had high rFA, we observed statistically significant strong positive correlations between rFA and the
BRS scores (r=10.728, p <0.001).

Conclusions: Combination analysis with FA and tractography may be a useful predictor of motor
recovery in the acute phase of stroke.
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INTRODUCTION

Paralysis is a critical problem for patients with
stroke, which markedly reduces quality of life.
Recently, studies have emphasized the importance of
rehabilitation (i.e., adopting a team approach involving
physicians, nurses, and physical and occupational
therapists along with other professionals), and
particularly of adequate physical and occupational

therapy, in the acute phase of stroke. The prediction of

motor recovery in the acute stage is an important step
toward the identification of an appropriate rehabili-
tation strategy in patients with stroke!. Motor
paralysis in the upper limb is especially important and
has considerable effects on activities of daily living
(ADL) and instrumental ADL?. The early prediction
of prognosis of upper limb motor paralysis is expected
to be valuable in rehabilitation for stroke. Previous

studies have reported the utility of motor impairment
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score (Fugl-Meyer assessment: FMA)3%, neuroima-
ging (Magnetic Resonance Imaging: MRI)*?, and
neurophysiological assessment (Transcranial magnetic
stimulation: TMS)%® for the prediction of motor
paralysis following stroke. However, these approaches
have not been widely used in clinical practice.
Currently, there is poor clinical reproducibility in the
prognosis of upper limb paralysis because it depends
on the experience of the therapist. Therefore, a useful
and feasible modality with better reproducibility for
the prediction of motor paralysis recovery is in demand
in the clinic. To this end, several studies have reported
the utility of diffusion tensor imaging (DTI) for the
prediction of patient outcomes following brain injury”®.
Koyama et al. demonstrated that fractional anisotropy
(FA)

correlated with the long-term outcome of hemiparesis

within the cerebral peduncle was highly

after intracerebral hemorrhage'"?. Jung et al.
reported that diffusion tensor tractography was also
able to predict motor recovery after intracerebral
hemorrhage?. These reports suggest that DTI allows
the prediction of motor recovery with high accuracy in
some patient sub-populations after stroke. However,
to our knowledge, a combinational analysis using FA
and tractography parameters has not yet been
reported. Therefore, our analysis used a combination
of FA and tractography DTI sequences in patients with
supratentorial stroke in order to determine the
usefulness of DTI for the prediction of upper limb
motor outcomes after the acute phase of stroke. We
aimed to establish a method for prognosis prediction of
upper-limb motor paralysis with better reproducibility

in clinical practice.

METHODS
Subjects

The study population comprised patients with
hemorrhagic or ischemic supratentorial stroke (n =35)
who were treated at our hospital between May 2012
and April 2013. Neurosurgeons performed the diagnosis
of stroke based on computed tomography (CT) and
diffusion-weighted (DW) MRI examination findings.
We included patients who had no history of stroke and
no pre-existing lesions as assessed using primary
cranial CT and MRI. All patients had no physical
disabilities prior to the onset of stroke. We excluded
patients with lesions limited to the cerebral cortex or
lesions extending to the brainstem. We also excluded
patients who were not provided with sufficient

rehabilitation due to complications such as severe
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pneumonia. All included patients completed a CT scan
24 hours after admission and subsequently underwent
early, intensive, and long-term rehabilitation. They
received conventional acute rehabilitation and
Kaifukuki rehabilitation (i.e., muscle strengthening,
ADL, and walking exercises and neuromuscular
facilitation). They received rehabilitation for 2-3
hours/day in the Kaifukuki rehabilitation ward after
while transferred to rehabilitation hospital. All
patients who were included in this study provided
informed consent. The study protocol was approved by
the Institutional Review Board of Juzenkai Hospital.
DTI Acquisition

DTI was performed on days 14—16 after admission
using a 1.5-TMR scanner (Signa HD1.5, GE Healthcare,
USA) with a 32-channel head coil. Using a single-shot
DTI scheme

images with non-collinear diffusion

echo-planar 1imaging sequence, the
acquired 12
gradients and 1 non-diffusion-weighted image. Typical
acquisition parameters were as follows: repetition field
of view = 26 X 26; matrix = 256 X 192; slice thickness =5
mm; interslice gap =5 mm, repetition time/echo time
=8300/101.9 ms, b value=1000 s/mm? number of
excitations = 3.
Image Processing

Functool was used for DTI analysis, which is the
internal analysis software of the SIGNA1.5HD. The
regions of interest (ROIs) were placed on axial slices
over the bilateral cerebral peduncles according to a
similar method previously described®. A radiologist
blinded to the aims of the study mapped all ROIs,
measured FA values, and calculated rFA values as the
FA ratios of the bilateral cerebral peduncles in each
patient. Tractography was constructed using the ROIs
outlined above. The pattern of tractography was
divided into 2 groups (complete-disrupted type and
incomplete-disrupted type) by a neurosurgeon who
was blinded to the clinical characteristics of patients
(Fig 1). The incomplete-disrupted type was charac-
terized by the presence of fibers that successfully
contacted the cerebral cortex, whereas the complete-
disrupted type was characterized by the presence of
fibers that disappeared proximal to the lesion.
Outcome Measurements

To evaluate motor outcomes, a physical therapist or
occupational therapist assessed the Brunnstrom
recovery stage (BRS) of the affected upper limb and
fingers at 3 months after stroke!”® (Table 1'?). BRS
is a popular evaluation tool for motor paralysis in

Japan and Europe, developed in England. It is included
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in the Stroke Guideline Grade B in Japan?.

affected side

Figure 1. Representative images of sub-population types on diffusion tensor imaging tractography.
(A) The incomplete-disrupted type as characterized by the presence of fibers that contacted the cerebral cortex.
(B) The complete-disrupted type as characterized by the presence of fibers that did not contact the cerebral
cortex (white arrow).

Table 1. Brunnstrom Stages and Clinical Observations

Stage I Immediately after the acute episode, flaccidity is present and voluntary movements of the limbs can be initiated.

The basic limb synergies, or some of their components, may appear as associated reaction or minimal voluntary

t I .. .. .
Stgae movement responses. At this time, spasticity begins to develop.

The patient gains voluntary control of the movement synergies, though the full range of all synergy components

Stage Il does not necessarily develop. Spasticity has further increased and may become severe.

Some movement combinations that do not follow the paths of either synergy are mastered, first with difficulty,

St v . .. . .
age then with more ease, and spasticity begins to decline.

If progress continues, more difficult movement combinations are learned as the basic limb synergies lose their

Stage V .
& dominance over motor acts.

With the disappearance of spasticity, individual joint movements become possible and coordination approaches
normality.

Stage VI

Table 2. Characteristics of Study Subjects

Characteristics Subjects (n=35)
Age (y) 68.9 = 10.9
M/F 15/20
Ischemic/hemorrhagic 16/19
Stroke location
cortex 10
thalamus 7
putamen 13
corona radiate 1
gyru angulairs 1
nucleus bassalis 2
gyri insulae 1
Surgery 10/35
tractography type
incomplete-disrupted type 19
complete-disrupted type 16
NIHSS 12.8 £ 9
rFA 0.81 £ 0.1
3-month BRS score 7.3 3.1

Tractography and the ratio of fractional anisotropy (rFA) values were assessed at 14 — 16 days post stroke onset.
Brunnstrom stage (BRS) was assessed at 3 months post stroke onset. M: male, F: female, rFA: ratio of fractional
anisotropy, BRS: Brunnstrom recovery stage.

_3_



Statistical Analysis

Spearman rank correlation analysis was used to
examine the relationship between rFA value and motor
outcome as assessed by BRS scoring. Independent
t-tests were used to examine differences in patients
with complete-disrupted type andincomplete-disrupted
type strokes. All statistical analyses were performed
using the SPSS software package version 19.0 (IBM
Corp., Armonk, NY, USA).

RESULTS

The mean patient age was 68.9 * 10.1 years
(range = 50—88 years). Out of 35 included patients, 16
had ischemic stroke and 19 had hemispheric stroke
(Table 2). Medical history included respiratory disease
(n=1), heart diseases (n=38), fractures (n=23), and
cancer (n=2). Complications included aspiration
pneumonia (n=2), urinary-tract infection (n=7),
and hemorrhagic infarction (n=1). Three patients
reported having experienced exacerbation in motor
paralysis after stroke onset. The median BRS score
was 7 (range = 2—12) . On DTI, a meaningful correlation
was identified between rFA and BRS scores (Fig 2,
r=0.465, p=0.008).

patients were categorized into the complete-disrupted

Regarding tractography, 16

type and 19 patients were categorized into the
incomplete-disrupted type. Fourteen out of 19 patients
with the incomplete-disrupted pattern had total BRS
score higher than 10 points. The rFA of the patients
who were categorized into the incomplete-disrupted
type was significantly higher than that observed in
patients categorized into the complete-disrupted type
(Mean = SD: incomplete disrupted type =0.88 = (.15,
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Figure 2. A significant correlation was identified
between the ratio of fractional anisotropy and the
Brunnstrom stage score .

PRI
complete-disrupted type =0.72 = 0.18, respectively,
p =0.008, t-test). The same was true for the BRS scores
(Mean * SD: incomplete disrupted type =10+ 1.02,
complete-disrupted type =4.18 = 1.048, respectively,
p<0.001, t-test). From these results, we excluded
patients with the complete-disrupted type who had
high rFA from the correlation analysis between rFA
and BRS. Then, we observed statistically significant
strong positive correlations between rFA and the BRS
scores (fingers and upper limb) (Fig 3, r=0.728,
p <0.001).

DISCUSSION

In the present study, we evaluated the usefulness of
combination analysis with FA and tractography
parameters in order to build an optimal DTI protocol
to predict motor recovery after stroke. Our results
showed changes in the correlations between motor
function and rFA values between the acute and chronic
phases of stroke. At 3 months after stroke, a significant
correlation was observed with regard to the upper

112D The rFA values were statistically

limbs and fingers
significantly different between tractography types,
suggesting an association between these variables.
Indeed, we observed statistically significant strong
positive correlations between rFA and the BRS scores
when patients with the complete-disrupted type who
had high rFA were excluded. Given the likelihood that
each sequence offers different insight relative to the
stroke, the

development of a combined tractography and rFA

prediction of motor recovery after

analysis method may improve the predictive utility of

DTI in patients with stroke. Combination analysis
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Figure 3. The modified correlation between the
ratio of fractional anisotropy and the Brunnstrom
stage score at 3 months post stroke onset.
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with FA and tractography may be a useful predictor of
motor recovery in the acute phase of stroke and could
be used to solve the issue with poor clinical
reproducibility.

Several studies have reported on the prediction of
motor recovery using DT 7911214162220 T)TT hags several
distinct advantages over MRI or physical examination
for the prediction of motor recovery, as it independently
allows the assessment of the corticospinal tract.
Furthermore, previous reports have shown that DTI is
capable of detecting Wallerian degeneration in the
acute phase of stroke in a manner that correlates with
long-term outcome?”. Koyama et al demonstrated that
FA values within the cerebral peduncle are tightly
associated with the long-term functional outcomes of
the upper limb and fingers '"12?Y | and similarly Puig et
al demonstrated that FA values within the pons are
tightly correlated with long-term motor outcome after
stroke %2 Qur findings are in agreement with those
of these previous studies. FA is superior to other DTI
sequences for the prediction of motor recovery in terms
of quantity and high reproducibility because it has
been validated in the literature by several reports and
has shown high reproducibility. However, the
acquisition protocol and analysis for rFA values is
relatively complicated because changes in FA after
injury are strongly influenced by the distance between
the ROI and the lesion 26232,

We also analyzed tractography, which allows the
visual assessment of corticospinal tract functional
indicated that the

tractography volume of the affected side is reduced

integrity. A previous study
after stroke’?, and other studies have reported that
tractography type (i.e., the condition of the corticospinal
tract around the intracerebral hematoma) correlates
with functional motor outcome after stroke !,
Consistent with the results of these previous studies,
we found that tractography was statistically able to
distinguish between patients who were expected to
show recovery and those who were not expected to
show recovery, independent of lesion location. However,
some patients showed good recovery despite the
indication of complete tract disruption on tractography.
To this end, it is important to consider that tractography
has some limitations. Some reports have suggested a
correlation between tractography findings and motor
function in the acute phase but not in the chronic
phase after stroke?. Additionally, tractography has
lower quantity and reproducibility relative to the FA
method.

Apart from motor paralysis, some patients also had
sensory disorders and higher cortical dysfunction, as
well as pre-existing diseases. Due consideration should
be given on the effects these risks can have on motor
recovery after stroke. This study focused on assessing
the corticospinal tract to predict upper limb motor
recovery after stroke using DTI because of the
paramount importance of the relationship between
motor paralysis and the corticospinal tract. In the
future, prediction of upper limb motor recovery after
stroke, including all associated physical and mental
aspects will be required. Hence, it is necessary to
accumulate evidence from a larger number of studies.

A major limitation of this study was the small sample
size of the cohort, which did not allow for a subgroup
analysis between supratentorial hemorrhagic and
ischemic strokes. In addition, we could not perform a
subgroup analysis based on demographics. As a result,
we did not examine aspects, such as physical activity
level or occupational history and pre-existing diseases
before onset. This will be our future research task.

In summary, both rFA and tractography results
were significantly correlated with functional motor
outcome after stroke, which could address the issue
with poor clinical reproducibility. However, the FA
and tractography DTI sequences have particular
advantages relative to one another; thus, further
investigation is warranted to determine the exact
clinical utility of specific DTI methods for predicting
motor recovery after stroke. Progress in this field of

research is expected in the future.
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