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Abstract

Introduction Early assessment of the pyramidal tracts is im-
portant for intracerebral hemorrhage (ICH) patients in order to
decide the optimal treatment or to assess appropriate rehabil-
itation strategies, and management of patient expectations and
goals. The purpose of this study was to systematically review
and summarize the current available literature on the value of
Fractional Anisotropy (FA) parameter of the diffusion tensor
imaging (DTI) in predicting upper extremity (UE) motor re-
covery after subacute ICH.

Methods PubMed, EMBASE, MEDLINE, Google Scholar,
and Cochrane CENTRAL searches were conducted from 1
January 1950 to 31 March 2016 which were supplemented
with relevant articles identified in the references. Pooled esti-
mate using correlation between DTI parameter FA and UE
motor recovery was done using comprehensive meta-
analysis software.

Results Out of 97 citations, only eight studies met the criteria
for inclusion in the systematic review and six studies were
included in the meta-analysis. A random effects model re-
vealed that DTI parameter FA is a significant predictor for
UE motor recovery after subacute ICH (correlation coeffi-
cient=0.56; 95 % confidence interval 0.44 to 0.65, P value
<0.001). However, moderate heterogeneity was observed be-
tween the studies (Tau-squared = 0.28, I-squared = 70.3).
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Conclusion The studies reported so far on correlation be-
tween FA parameter of DTI and UE motor recovery in ICH
patients are few with small sample sizes. This meta-analysis
suggests a strong correlation between DTI parameter FA and
UE motor recovery in ICH patients. Further well-designed
prospective studies embedded with larger sample size are
needed to confirm these findings.
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Introduction

Primary intracerebral hemorrhage (ICH) is the most common
type of hemorrhage in adults and often causes severe motor
weakness and functional disability [1]. Prediction of the motor
prognosis in these patients is important for designing an ap-
propriate rehabilitation program. One of the commonest
mechanisms of neuronal injury following an ICH is due to
Wallerian degeneration in the corticospinal tract (CST) in the
immediate vicinity and remote from the site of the hematoma.
This injury results directly from injury to the neuronal struc-
tures in white or gray matter. Apart from the mechanical mass
effect, inflammation and edema around the periphery of the
hematoma takes place in the acute phase [2, 3]. There are other
mechanisms mediating injury to the neural structures of the
white matter [2, 4]. In the early phase, there is neuronal dam-
age mediated by blood components and the hemoxygenase
enzymes that cleave heme. Heme degradation products then
diffuse out into the tissues causing cellular toxicity [5, 6].
CST is an important white matter tract made up of pyrami-
dal tract, internal capsule, and the cerebral peduncle, and the
extent of its damage is correlated with the motor outcome after
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an acute ICH [7]. Therefore, an evaluation of the CST integ-
rity after ICH may be helpful for motor outcome prediction.
However, computed tomography or conventional magnetic
resonance imaging (MRI) are based on registering signal from
a volume of tissue by repeated rephasing and dephasing of
processing protons in the particular volume imaged and has
limitations to precisely assess the microstructural damage of
the CST. Diffusion tensor imaging (DTTI) is one of the nonin-
vasive method which can detect the direction and degree of
water molecule diffusion and can be used to delineate the
anatomical orientation and integrity of the white matter tracts
[8]. Water molecules in most tissues diffuse equally in all
directions (isotropic diffusion), but in white matter tracts, the
diffusion is along the direction of the tract (anisotropic).

Several indices can be derived from DTI: Fractional anisot-
ropy (FA) is a relative measure which describes the extent of
directionality of water diffusion. FA of the entire tract, ac-
quired early after stroke, reflects acute and permanent damage
to pyramidal tracts to determine clinical motor deficit and
outcome. Findings from recent studies have suggested the
predictive value of DTI for motor outcome after ICH [9-16];
however, it is not yet routinely used to make a prognosis, but
there have been some interesting recent developments in this
area. Therefore, the purpose of this review was to establish the
predictive value of DTI for upper extremity (UE) motor re-
covery in ICH patients.

Materials and methods
Search strategy

PubMed, EMBASE, MEDLINE, Google Scholar, and
Cochrane CENTRAL searches were conducted from 1
January 1950 to 31 March 2016. The search terms were
“diffusion tensor imaging,” “motor recovery,” and “upper
extremity” combined with “Intracerebral hemorrhage.”
Manual searches of the reference lists of retrieved articles
and pertinent reviews were also conducted. No language re-
strictions were imposed. Reference list of the included studies
was also searched. The studies were selected if they included
patients of ICH with UE motor deficit and had DTI done and
measurement of clinical recovery on follow-up.

Inclusion criteria 1. Full text published article

2. Observational study that investigated a DTI parameter (FA)
measured at baseline and its relationship with a measure of UE
recovery measured at a future time point

3. The study population included individuals with UE deficits
following ICH

4. Outcomes included UE function/functional improvement or
impairment
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Exclusion criteria 1. No extractable data was available for
independent variables

2. It explored response to treatment with DTI

3. They were case-reports or review articles

4. Included patients who were in the chronic phase (inclusion
of patients > 1 month of ICH onset)

Data extraction

According to the Preferred reporting items for systematic re-
view and meta-analysis (PRISMA) guidelines [17], two inves-
tigators PK and AKY independently searched and evaluated
the literature for inclusion of studies based on the titles and
abstracts/full articles. We extracted the following data from
eligible studies: surname of first author, year of publication,
number of patients, mean age, sex ratio, lesion location, hemi-
sphere affected, timing of DTI, UE scale used, DTI parame-
ters, location of FA, and duration of follow-up. The imaging
parameters such as acquisition matrix, echo time, repetition
time, DTI direction, field of view, b-value, MRI system used,
number of slices, slice thickness, imaging software, region of
interest (ROI) area, hematoma volume, and FA ratio was also
extracted. All discrepancies were resolved after rechecking the
source papers and further discussion among all the authors.

Quality assessment

To evaluate the methodological quality of included studies,
checklist provided by Tooth et al. [18] was used and focused
on the basic elements of quality assessment. The quality of
each study was assessed according to whether the information
was provided regarding 30 items present in the list. The meth-
odological assessment was done independently by two au-
thors (PK and AKY), and the disagreements were resolved
by discussion among all the authors. Assessments were
expressed in terms of “Yes” if description was available and
“No” if the description was not available. The scores of qual-
ity assessment of all characteristics were out of 30, Yes was
given score “1” and No was given score “0.” This quality
assessment method records the numbers, and reasons for, eli-
gibility, consent, participation in each wave, and attrition.
These main elements were chosen because they provide infor-
mation at a glance on probable selection-driven threats to in-
ternal and external validity.

Statistical analysis

The correlation between DTI parameter FA and UE motor
recovery measure was done using trial version of
Comprehensive Meta-analysis Software (https://www.meta-
analysis.com). For one study, Koyoma et al. [11] correlation
coefficient was calculated from individual patient data
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provided in the paper. The data for ICH patients with lesion
location in cerebral peduncle was used for this calculation.
There was no duplication of patient’s data while performing
the analysis. Heterogeneity was examined using Higgins I-
squared and Tau-squared test [19]. Summary of correlation
coefficient was determined using random effects model.

Results
Identification of relevant studies

A total of 97 published articles were identified using the
prespecified search strategy. Figure 1 represents a flow chart of
retrieved and excluded studies with their reasons for exclusion.
Out of 97 retrieved articles, 73 were irrelevant studies as their
objective were (1) not to predict upper limb motor recovery, (2)
not associated with ICH (3) were conducted in animal models,
and (4) were based on rehabilitation strategies, nine studies were
in duplicate records, five studies were excluded as they were not
about the prediction of UE motor recovery, and two studies were
excluded as they were review article. Finally, total eight studies
were included for the systematic review and six studies were
included for the meta-analysis. The general characteristics of
the included studies, relative methodological details, and imag-
ing parameters are presented in Tables 1 and 2.

Characteristics of studies

Eight studies included a total of 229 patients with subacute
ICH with the sample size ranged from 15 to 48 participants.
The DTI measurement parameters reported were FA, mean
diffusitivity (MD), and apparent diffusion coefficient (ADC).

Discrepancies emerged in terms of lesion location DTI evalu-
ation in the included studies. The studies also used a wide
range of scales to measure upper limb motor outcome mea-
sures such as modified National Institutes of Health Stroke
Scale (mNIHSS) (1/8), Medical Research Council (MRC)
(2/8), Manual Muscle Test (MMT) (1/8), Motricity Index
(MI) (1/8), and Brunstrom Scale (BRS) (1/8). We have ex-
cluded two studies from the meta-analysis—one studies by
Tao et al. (2014) as they used modified Rankin Scale (mRS)
which were not specific for upper limb motor outcome and
another study by Kusano et al. (2009)—they did not provide
the data for the correlation for upper limb motor outcome. The
follow-up period ranged from 1 to 18 months (Table 1).

Methodological quality

Table 3 represents the quality assessment results for the in-
cluded studies. There was 90 % agreement between the two
authors (PK and AKY). All studies described the study pop-
ulation, the eligibility criteria, number of patients in the begin-
ning, and absolute effect sizes. All the eight included studies
described the method of data collection and type of analysis
done. Only one study reported reasons for loss to follow-up.
However, loss to follow-up and confounders were not taken
into account in any of the studies. No study assessed the im-
pact of biases on the analysis.

Meta-analysis

The results of the meta-analysis are presented in Fig. 2 using
random effects model. Out of eight studies, six studies provid-
ed data to allow determination of summary of correlation co-
efficient. FA was presented either as ratio of affected vs.
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Table 3  Quality assessment of the included studies in the systematic review

S. no. Yoshioka et al. Kusano etal. Koyamaetal. Wangetal. Koyamaetal. Taoetal. Chengetal. Koyama et al.
2008 [16] 2009 [15] 2012 [12] 2012 [14] 2013 [11] 2014 [10] 2015 [9] 2015 [13]
1. Objective stated 1 1 1 1 1 1 1 1
2. Target population defined 1 1 1 1 1 1 1 1
3. Sampling frame defined 1 1 1 1 1 1 1 1
4. Study population defined 1 1 1 1 1 1 1 1
5. Study setting mentioned 1 1 1 1 1 1 1 1
6. Dates when conducted stated 1 0 1 1 1 1 1 1
7. Eligibility criteria stated 1 1 1 1 1 1 1 1
8. No. of participants justified 0 0 0 0 0 0 0 0
9. No. of meeting eligibility criteria stated 1 1 1 1 1 1 1 1
10. Reasons for ineligibility stated 1 0 0 0 0 1 1 1
11. No. of consenters stated 0 0 0 0 0 0 0 0
12. Reasons for refusal to consent stated 1 0 0 0 0 0 0 0
13. Consenters compared with 0 0 0 0 0 0 0 0
nonconsenters
14. No. of participants at beginning stated 0 0 0 0 0 1 1 1
15. Methods of data collection stated 1 1 1 1 1 1 1
16. Validity of measurement methods 1 1 1 1 1 1 1 1
mentioned
17. Confounders mentioned 0 0 0 0 0 1 0 0
18. No. of participants at each stage 0 0 0 0 0 0
specified
19. Reasons for lost to follow-up 0 0 0 0 0 0 1 0
20. Missingness of data items mentioned 0 0 0 0 0 1 0 0
21. Type of analysis stated 1 1 1 1 1 1 1 1
22. Longitudinal analysis methods stated 0 0 0 0 0 1 1 1
23. Absolute effect sizes reported 1 1 1 1 1 1 1 1
24. Relative effect sizes reported 1 1 1 1 1 1 1 1
25. Lost to follow-up taken for analysis 0 0 0 0 0 0 0 0
26. Confounders accounted for in analysis 0 0 0 0 0 0 0 0
27. Missing data accounted for in analysis 0 0 0 0 0 0 0 0
28. Impact of biases assessed 0 0 0 0 0 0 0 0
29. Results related back to the target 0 0 0 0 0 0 0 0
population
30. Discussion of generalizability 1 1 1 1 1 1 1 1
Total score 16 13 14 14 14 20 19 17

unaffected side or mean. A random effects model revealed that 95 % confidence interval 0.44 to 0.65, P value <0.001).
DTI parameter FA is a significant predictor for UE motor =~ However, moderate heterogeneity was observed between the
recovery after subacute ICH (correlation coefficient = 0.56; studies (Tau-squared = 0.28, I-squared = 70.3).

Study name Statistics for each study Correlation and S9% C1
Lower Upper

Cormelation Imit limk ZMiuwe p-Value
Koyama et aL 2015 0730 08619 0373 6359 0.000 3
Cnengetal 2015 0200 0089 04S8 1360 0.17& - —
Koyama etal 2013 0520 0209 0738 3.104 0.002
Wang et al 2012 0730 O048: 0369 4580 0.000
Koyama etal 2012 0520 0011 0818 1996 0.0s8
Yosnbka et 3l 2003 0550 009¢ 0318 231¢ 0.021

0562 0447 0659 8069 0.000

-1.00 050 000 050 100

Do met prrsia UL recovery Presia: U recovery

Fig. 2 Forest plot: correlation coefficient for the prediction of upper extremity motor recovery after subacute ICH
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Discussion

In this study, we reviewed relevant studies on prediction of UE
motor recovery outcome in subacute ICH patients to deter-
mine whether the integrity of the CST, as determined by
DTI parameter FA obtained during the early stage of ICH,
can positively predict the UE motor recovery. The present
meta-analysis showed a significant positive correlation be-
tween DTI parameter FA and UE motor recovery in ICH pa-
tients. A method to reliably predict UE recovery would help to
optimize rehabilitation, to inform patients about prognosis and
to design clinical trials to identify appropriate interventions.
DTI is now reaching a point when the resolution and ability to
track fibers optimally are very reliable. Secondary injuries to
the brain tissue at the periphery of the hematoma after ICH are
mediated by both the mass effect of the new hemorrhage and
the toxicity that is associated with hematoma degradation and
organization and the consequent release of inflammatory and
free radical mediators. Iron has been shown to be responsible
for cerebral toxicity [5].

To begin with, there is a huge potential for demonstrating
DTI as a reliable imaging surrogate of impending neuronal
toxicity in patients with hemorrhagic stroke. The next step
would be to demonstrate reliable correlation of DTI with func-
tional outcome to be able to stratify risk in patients suffering
from ICH. The use of DTI FA measures, in combination with
other quantitative imaging modalities (e.g. spectroscopy, perfu-
sion), may help to improve the specificity of tissue pathology.
The advancement of tools for tractography, image segmentation
and co-registration (between subject normalization), and ana-
tomical templates will help to improve anatomic specificity of
DTI characterization in both clinical and research settings. For
patients in whom transcranial magnetic stimulation fails to elicit
responses in the affected UE, DTI provides a useful measure of
CST integrity. Those patients with FA asymmetry of <0.25
have greater functional potential and are more likely to lateral-
ize cortical activity toward the ipsilesional motor cortex during
affected UE use. This ipsilesional lateralization may be en-
hanced by interventions designed to increase the excitability
and plasticity of the ipsilesional cortex. Priming the ipsilesional
cortex, as an adjuvant therapy, may improve functional out-
comes in this group [20, 21]. Patients without motor evoked
potential responses to transcranial magnetic stimulation in the
affected UE, and FA asymmetry of >0.25, are likely to have low
functional potential and poor recovery of UE function [22]. The
degree of impairment in FA during the early stages of ICH
appears to have the potential to predict motor outcome [7,
23-25].

The studies included in the meta-analysis reported hetero-
geneous data, which could be a major limitation to our results.
The assessment parameters differ for included study in the
analysis, e.g., UE assessment scales, use of different DTT soft-
wares, MRI system, and different location of FA. The region

of interest selection technique is operator-dependent which
might have also affected the results. DTI may underestimate
the fiber tracts than electrophysiological test. DTI is a power-
ful anatomic imaging tool that can demonstrate the gross fiber
architecture, but not the functional or synaptic connections.
Therefore, major fiber bundles such as the CST can be the real
fiber pathways on DTI, relaying fibers cannot be depicted
with DTI. Although FA is likely to be adequate for many
applications and appears to be quite sensitive to a broad spec-
trum of pathological conditions, the full tensor shape cannot
be simply described using a single scalar measure. As it does
not describe the full tensor shape or distribution. This is be-
cause different Eigen value combinations can generate the
same values of FA. However, the tensor shape can be de-
scribed completely using a combination of spherical, linear,
and planar shape measures. In particular, FA is highly sensi-
tive to microstructural changes, but not very specific to the
type of changes (e.g., radial or axial). Moreover, there are
various analysis techniques such as streamline and probabilis-
tic techniques. Streamline method provides a single estimate
of a virtual fiber track without incorporating the uncertainty
introduced by noise, whereas probabilistic methods attempt to
address this limitation by providing a confidence measure.
Streamline method generates a unique virtual fiber track,
whereas probabilistic method produces an arbitrary number
of virtual fiber tracks that are reconstructed [26].

Therefore, combined studies using other brain mapping
techniques, such as transcranial magnetic stimulation or func-
tional magnetic resonance imaging, would be necessary to
compensate for the limitations of DTI [27]. The advantages
of each of the methods for evaluation of a neural tract allow
more accurate estimation when they are employed concomi-
tantly, because combination can compensate for the limita-
tions of a certain evaluation method and more accurate infor-
mation can be obtained. The most ideal evaluation method for
assessment of the CST would be capable of (1) obtaining
information about the integrity and course of the CST and
quantification of the CST at the subcortical level using DTI
with diffusion tensor tractography, (2) obtaining information
on the origin of the CST at the cortical level using functional
magnetic resonance imaging, and (3) obtaining information
on the quantification and characteristics of the CST using
motor evoked potential determined by transcranial magnetic
stimulation. However, further improvements in the technique
and in post processing analysis are needed to increase the
widespread utility of DTI in both research and clinical
applications.

Conclusion

In the acute and subacute phase, there is an unexplained var-
iability in the extent to which patients recover after [CH. DTI
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has emerged as a promising tool for CST integrity mapping to
predict UE motor outcome. The studies reported so far on
correlation between FA parameter of DTI and UE motor re-
covery in ICH patients are few with small sample sizes. This
meta-analysis suggests a strong correlation between DTI pa-
rameter FA and UE motor recovery in ICH patients. Further
well-designed prospective studies embedded with larger sam-
ple size are needed to confirm these findings.

Compliance with ethical standards We declare that this manuscript
does not contain clinical studies or patient data.
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