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INTRODUCTION

Aphasia is a major disorder in patients with acute stroke.1) 
For stroke patients with aphasia, a detailed assessment of 
symptoms is essential for appropriate rehabilitative treat-
ment.2) In the clinical setting, this assessment is convention-
ally undertaken using neuropsychological test batteries for 
language function, including the Western Aphasia Battery3) 
and the Standard Language Test for Aphasia (SLTA).4,5) 
However, these test batteries require patients’ arousal and 

concentration, which may be difficult in acute care stroke 
patients, especially those with cognitive decline.6) In such 
cases, objective methods for assessing aphasia are desirable.

Magnetic resonance diffusion-tensor imaging (DTI) is a 
unique technique that can be used to assess neural fibers.7,8) 
Several studies have reported that DTI tractography could be 
useful in the assessment of aphasia.9,10) However, the vast ma-
jority of existing DTI studies focused on aphasia used manu-
ally defined tractography, which has lower reproducibility 
and requires time-consuming labor.11) Partially because of 
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Background: Aphasia is a common disorder among stroke patients. Assessment of aphasia is 
essential for scheduling appropriate rehabilitative treatment. Although this is conventionally ac-
complished using neuropsychological test batteries, these tests are not always accessible because 
of attention and/or consciousness disturbances during acute care. To overcome this issue, we have 
introduced a newly developed automated tractography known as XTRACT. Cases: Diffusion-
tensor images were acquired from three patients on days 10–14. Brain images were processed 
by XTRACT, which automatically extracts neural tracts using standardized protocols. Fractional 
anisotropy (FA) values were then bilaterally evaluated in the following neural tracts associated 
with aphasia: arcuate fasciculus, inferior fronto-occipital fasciculus, middle longitudinal fascicu-
lus, inferior longitudinal fasciculus, and uncinate fasciculus. Case 1 had word-finding difficulty 
on admission. FA values in the lesioned left hemisphere were not decreased in all tracts and this 
patient fully recovered during acute care. Case 2 had reduced spontaneous speech and a low FA 
value in the left arcuate fasciculus. Rehabilitative treatment was scheduled to improve the verbal 
output of sentences and word recall. Case 3 could not complete the conventional aphasia test 
battery because of attention disturbance. He had low FA values in all tracts in the left hemisphere. 
Rehabilitative treatment was designed to focus on both speaking and auditory comprehension. 
Discussion: Automated tractography enables quantitative assessment of the neural damage as-
sociated with aphasia, even in patients with attention and/or consciousness disturbances. This 
modality can aid in the assessment of aphasia and allows the planning of appropriate rehabilitative 
treatment.
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this burden, DTI tractography has not been widely used in 
real-world clinical settings. Recently, a novel automated 
tractography known as XTRACT was developed, which uses 
standardized protocols for extracting neural tracts in an au-
tomated manner.12,13) In this report, we describe the clinical 
utility of XTRACT for assessment of aphasia in acute care 
stroke rehabilitation.

CASES

Subjects
This case series report includes the cases of three stroke 

patients with aphasia (Table 1) who were admitted to 
Nishinomiya Kyoritsu Neurosurgical Hospital, Japan. The 
study protocol was approved by the Ethics Committee of 
Nishinomiya Kyoritsu Neurosurgical Hospital (approval 
date: June 20, 2022) and the Hyogo Medical University Eth-
ics Committee (approval number 4453). The patients were 
admitted to our hospital after stroke onset and underwent 
MRI examination. As standard protocol for patients with 
suspected stroke, diffusion-weighted imaging (DWI) was 
conducted.14) All three patients were right-handed and none 
had neurological disorders before onset. Written informed 
consent was obtained from the patients or their family for 
publication of this report.

The stroke treatment protocol was applied in line with 
the recommendations of the Japanese Guidelines for the 
Management of Stroke 2021.15) In addition to conservative 
treatments such as anticoagulant or antiplatelet medication, 
the patients received rehabilitation comprising physical, 
occupational, and speech therapy for a combined duration 
of up to 180 min per day. For the clinical examination of 
aphasia, the SLTA was used; this is the most widely used 
neuropsychological test battery for aphasia in Japan.4,5) This 
test battery has 26 subtests for the evaluation of hearing, 
speaking, reading, writing, and calculation.

DTI Acquisition and Image Processing
The details of DTI acquisition and image processing 

methods are described in our previous report.13) In brief, 
diffusion-tensor MRI images were acquired in the second 
week after admission to our hospital using a 3.0-T scanner 
(MAGNETOM Trio; Siemens AG, Erlangen, Germany) with 
a 32-channel head coil. Because DTI detects signal changes 
caused by Wallerian degeneration following stroke, we ob-
tained DTI on the second week when reliable signal changes 
were expected to occur.16) A single-shot echo-planar imaging 
sequence was used to acquire the DTI data; it comprised 30 
images with non-collinear diffusion gradients (b=1500 s/
mm2) and five non-DWI scans (b=0 s/mm2). For image ac-
quisition, 80 contiguous axial slices were acquired from each 
patient using the following parameters: acquisition matrix, 
128 × 128; field of view, 256 × 256 mm; slice thickness, 
2 mm; repetition time, 10,900 ms; echo time, 96 ms; and 
flip angle, 90°. A three-dimensional fast gradient imaging 
sequence was also used to acquire T1-weighted images. In 
total, 176 contiguous sagittal slices were acquired from each 
patient: acquisition matrix, 256 × 256, field of view, 256 × 
256 mm; slice thickness, 1 mm; repetition time, 2.52 ms, 
echo time, 1900 ms; and flip angle, 10°. The total duration 
time for image acquisition was 20 min.

For image processing, we used MRtrix17) and the FMRIB 
Software Library (FSL).18) To obtain probabilistic trac-
tography based on the diffusion-tensor model, we applied 
the XTRACT tool12) in FSL. Parameter estimates, such as 
fractional anisotropy (FA) values and tract volumes, were 
extracted by the “xtract_stats” command in FSL. Based on 
our previous study,13) the threshold was set at 0.01. For the 
current study, we set the analytical target to the neural tracts 
associated with aphasia symptoms; these tracts included the 
arcuate fasciculus (AF), inferior fronto-occipital fascicu-
lus (IFOF), inferior longitudinal fasciculus (ILF), middle 
longitudinal fasciculus (MdLF), and uncinate fasciculus 
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Table 1. Patient characteristics

Characteristic Case 1 (81 years, female) Case 2 (53 years, male) Case 3 (67 years, male)
Type and severity of 
aphasia

Mild motor aphasia Moderate motor aphasia Severe sensory aphasia

Other symptoms Mild right hemiparesis None Attention disorder
Site of lesion Corona radiata Parietal and temporal lobes Temporal lobe
Stroke treatment Antiplatelet therapy Antiplatelet therapy Anticoagulant therapy
Focus of aphasia  
treatment

Verbal output of sentences, 
word recall

Verbal output of sentences, 
word recall

Speaking, word  
comprehension

DTI acquisition time Day 11 Day 14 Day 10
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(UF).19–21) These tracts were assessed bilaterally.
To assess the damage to the neural tracts, the distribution 

of FA values in the non-lesioned hemispheres for the five 
tracts was investigated for normative reference. Data were 
obtained from the patients admitted to Nishinomiya Kyoritsu 
Neurosurgical Hospital for stroke between April 2022 and 
March 2023. Informed consent was obtained by the opt-out 
method. The patients were limited to first-ever stroke with 
supratentorial and unilateral lesion in the cerebral hemi-
sphere. All included patients were functionally independent 
in activities of daily living before stroke onset. FA values 
were obtained from the non-lesioned hemisphere. For this 
analysis, we used 43 patients with right hemisphere lesions 
and 35 patients with left hemisphere lesions. The mean and 
standard deviation data for the five tracts are shown in Table 
2. For assessment of the neural tracts of the patients in this 
case report, tracts with FA values that were smaller than the 
mean value in Table 2 by more than one standard deviation 
(in the bottom 15% of a normal distribution) were regarded 
as potentially damaged. Considering that the nature of the 
current study is the screening of damage within the neural 
tracts, such liberal thresholding is considered appropriate.

Case 1
The patient was an 81-year-old woman (Table 1) who 

was transferred to our acute care service because of sudden 
onset of right hemiparesis and dysarthria. DWI showed high-
intensity areas in the left corona radiata (Fig. 1). She was 
treated conservatively with antiplatelet medication. She had 

mild hemiparesis in the extremities (Brunnstrom recovery 
stage,22,23) V-V-V) and showed signs of mild motor aphasia; 
she was able to auditorily comprehend sequential commands 
but had apraxia of speech and word-finding difficulty when 
communicating with medical staff. Further examination of 
the patient’s aphasia using the SLTA showed low scores for 
“animal category fluency,” in which she was able to verbally 
list only three animal names in 1 min (Fig. 2). We focused 
her aphasia training on the verbal output of sentences and 
word recall. Tractography images were visually inspected 
for the location of the targeted tracts (Fig. 3). The FA values 
obtained from automated tractography were not decreased 
in the left damaged hemisphere (Table 3). The neural tracts 
associated with aphasia were mostly intact. We therefore 
assumed that her aphasia symptoms would recover quickly. 
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Table 2. Distribution of FA values in the non-lesioned 
hemispheres in stroke patients

Tract Right hemisphere Left hemisphere
AF 0.465±0.039 0.470±0.039
IFOF 0.492±0.029 0.482±0.039
MdLF 0.451±0.030 0.429±0.032
ILF 0.438±0.036 0.423±0.035
UF 0.431±0.028 0.410±0.045
Data presented as mean ± standard deviation. Data for right 

hemisphere derived from 35 patients with left hemisphere 
lesions (age range 46–88 years); data for left hemisphere ob-
tained from 43 patients with right hemisphere lesions (age 
range 42–89 years).

Fig. 1. Diffusion-weighted magnetic resonance images for the three patients in this report. 
L, left; R, right.
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Indeed, after completion of treatment in the acute phase, she 
recovered her ability to speak fluently and was discharged 
home on day 15.

Case 2
The patient was a 53-year-old man (Table 1) who was 

transferred to our acute care service after sudden onset of 
difficulty speaking during morning assembly at work. DWI 
revealed diffuse high-intensity areas in the left middle cere-
bral artery region, mainly in the parietal and temporal lobes 
(Fig. 1). He was treated conservatively with antiplatelet 
medication. The patient had no hemiparesis and had pre-
served auditory sentence comprehension, but he struggled to 
understand sequential commands. He seldom spoke sponta-
neously and was slow to respond when communicating with 
medical staff. The results from the SLTA showed low scores 
in “verbal sequential commands,” “picture naming,” “action 
naming,” “picture story description,” “sentence repetition,” 
and “animal category fluency” (Fig. 2). Tractography images 
were visually inspected (Fig. 3), and FA evaluation indicated 
a low value in the left AF and ILF (Table 3). The FA decrease 
in the ILF was also observed in the right hemisphere. Ac-

cordingly, we did not consider the FA decrease in the left ILF 
as pathological. Therefore, we focused his training on the 
verbal output of sentences and word recall. After completion 
of the acute-phase treatment, the patient showed improve-
ments in spontaneous speech but still struggled with word 
recall and had paraphasia. He was transferred to a rehabilita-
tion hospital on day 29 to continue rehabilitative treatment 
for aphasia.

Case 3
The patient was a 67-year-old man (Table 1) who visited 

our hospital after his wife noticed a sudden onset of in-
consistency between his words and actions. DWI revealed 
high-intensity areas in the left temporal lobe (Fig. 1). He 
was treated conservatively with anticoagulant medication. 
No hemiparesis was noted, and his gait and hand dexterity 
were intact. He showed signs of sensory aphasia; he could 
not auditorily comprehend simple verbal commands, and, al-
though his speech was fluent, he had phonological and verbal 
paraphasia. Therefore, it was difficult for the medical staff to 
understand his verbal speech. He could not concentrate and 
did not complete most of the subtests in the SLTA evaluation 
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Fig. 2. Standard Language Test for Aphasia (SLTA) scores for the three patients in this report. The vertical axis indicates the 
correct rate (percentage) for each subtest in the SLTA. The English translations5) for the subtests are as follows: 1, Auditory 
word recognition; 2, Auditory sentence comprehension; 3, Verbal sequential commands; 4, Speech sound–kana letter choice 
matching; 5, Picture naming; 6, Word repetition; 7, Action naming; 8, Picture story description; 9, Sentence repetition; 10, 
Animal category fluency; 11, Oral reading of kanji word; 12, Oral reading of kana letter; 13, Oral reading of kana word; 14, 
Oral reading of sentence; 15, Written kanji word–picture choice matching; 16, Written kana word–picture choice matching; 
17, Written sentence–picture choice matching; 18, Written sequential commands; 19, Writing kanji names of pictures; 20, 
Writing kana names of pictures; 21, Writing of picture story; 22, Writing kana letter to dictation; 23, Writing kanji word to 
dictation; 24, Writing kana word to dictation; 25, Writing dictated sentence; 26, Calculation; I, Hearing; II, Speaking; III, 
Reading; IV, Writing; V, Calculation.
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(Fig. 2). Tractography images were visually inspected for the 
targeted tracts (Fig. 3). FA evaluation gave low estimates in 
all five tracts associated with aphasia (Table 3). The results 
showed that his speech and auditory comprehension were 
severely damaged. Considering these results, we focused his 
rehabilitative treatment on both speaking and comprehen-
sion. In addition, we assumed that he would need continuous 
high-intensity rehabilitation for aphasia. Therefore, the pa-
tient was transferred to our affiliated rehabilitation hospital 
on day 17 to continue rehabilitative treatment.

DISCUSSION

This case series report describes the clinical utility of 
automated tractography in acute-phase stroke patients with 
aphasia. Three stroke patients with left hemisphere lesions 
with aphasia were examined, and a set of neural tracts asso-
ciated with language functions were examined. The results 
showed that FA values were decreased in line with clinical 

symptoms, such as aphasia severity and type. These findings 
suggest that automated tractography can be applied for the 
assessment of aphasia in clinical settings during acute care. 
This modality may be especially useful in patients with at-
tention and/or consciousness disturbances that prevent the 
use of conventional neuropsychological test batteries.

Automated tractography can support the conventional 
methodology for assessing aphasia in acute stroke patients. 
The assessment of aphasia by neuropsychological test bat-
teries depends on the level of patient alertness. Indeed, a 
previous study reported that aphasia could not be assessed 
in 28% of patients using neuropsychological test batteries 
within 7 days after stroke.6) In contrast, automated tractog-
raphy results can be obtained whenever patients can undergo 
magnetic resonance imaging. In Case 3, the patient was un-
able to concentrate when communicating with medical staff. 
Consequently, we could not assess most of the SLTA sub-
tests. In contrast, the results from automated tractography 
acquired in the second week showed decreased FA values 
in all five tracts in the lesioned left hemisphere. Overall, 
the patient was considered to have severe aphasia, which 
required further intensive inpatient rehabilitative treatment. 
Therefore, in cases where conventional neuropsychological 
test batteries are difficult, automated tractography can be an 
alternative for the assessment of aphasia.

Based on a comparison of aphasic patients and age-
matched controls, our previous study showed that FA values 
were lower in the left AF in patients with aphasia following 
stroke.24) In contrast, the current study reports a detailed 
description of aphasia in relation to wider regions of neural 
structures associated with aphasia. From this perspective, 
the findings from Case 3 may suggest expansion of the use 
of FA to wider regions. In comparison with the FA norms 
for the five tracts associated with aphasia as in Table 2, the 
present findings imply the plausible use of this approach for 
quantitative assessment for aphasia. Such distribution pat-
terns in the targeted neural tracts can be a useful index for 
the assessment of aphasia. Nonetheless, further studies are 
needed to expand on this topic.

Automated tractography may also be useful for defining 
the aphasia subtype in patients after stroke. It was previ-
ously proposed that language processing be modeled in two 
streams; the dorsal stream mainly comprises the AF and 
is responsible for mapping speech sounds to articulation, 
whereas the ventral stream mainly comprises the IFOF, 
MdLF, ILF, and UF and is responsible for mapping speech 
sounds to meaning.19,25,26) In a previous DTI study, language 
production was associated with the FA value of the left AF, 
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Fig. 3. Three-dimensional images obtained by automated 
tractography. Yellow areas, AF; blue areas, IFOF; red areas, 
MdLF; green areas, ILF; purple areas, UF; L, left; R; right.
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and language comprehension was related with the FA value 
of the left IFOF and ILF.19) In Case 2, decreased FA values 
were observed in the AF, which is in the dorsal stream. This 
patient struggled with spontaneous speech but had largely 
preserved auditory comprehension. Meanwhile, Case 3 
showed decreased FA values in the left AF, IFOF, MdLF, 
ILF, and UF, which are tracts in both the dorsal and ventral 
streams. This patient had both phonological and verbal para-
phasia and also had dysfunctional auditory comprehension. 
Therefore, our results from automated tractography were 
compatible with those in the literature.19,25,26)

In addition to FA values, tract volumes were also obtained 
from our analyses. Unlike FA values, our analysis of the 
three cases in this case series did not reveal any apparent 
declines in tract volumes in the left hemisphere when com-
pared with the right hemisphere. Currently, we are conduct-
ing preliminary analyses on correlations among FA values, 
tract volumes, and stroke outcomes for 78 stroke samples (as 
presented in Table 2). The results obtained so far indicate 
that FA values in specific tracts (e.g., the corticospinal tract) 
showed correlations (correlation coefficients >0.5) with 
outcomes such as hemiparesis and functional independence. 
However, no statistically significant findings were observed 
between tract volumes and outcomes. Further investigations 
are needed to address this matter thoroughly.

At our local community hospital, we use standardized au-
tomated tractography in daily clinical practice. Using UNIX 
shell script programming, the analyses are automatically 
performed with minimal manual labor. Recently, graphics 
processing units (GPUs) have become available for accelerat-
ing DTI analyses.27,28) With the GPU setting on our regular 
desktop computer (POWERSTEP Tower for Lin4Neuro; 

AMULET, Japan),29) only 40 min is required to complete the 
entire analytical process for each patient. Therefore, we can 
share the results of automated tractography with our medical 
staff soon after DTI acquisition. This technological advance 
allows wide application of automated tractography in real-
world clinical settings.

There are several limitations to this study. First, FA values 
and tract volumes depend on the threshold setting (0.01). 
However, no consensus has been reached regarding this set-
ting. Second, the relationship of the FA value obtained from 
automated tractography with the results of each subset of the 
SLTA remains to be clarified. Elucidation of this relation-
ship will require the analysis of automated tractography in 
a greater number of stroke patients with aphasia. Third, in 
this study, we designated damaged neural tracts as those 
with FA values that were smaller than the mean value for 
the non-lesioned hemisphere by more than one standard 
deviation. Given that the focus of the present study was on 
detecting injuries in neural tracts, such liberal threshold-
ing can be considered appropriate. Fourth, the long-term 
outcome of aphasia in relation to the FA values of neural 
tracts associated with aphasia remains unclear. Previous DTI 
studies have investigated the association between the supe-
rior longitudinal fasciculus and cognitive outcomes such as 
functional independence measures.30,31) Other tractography 
studies sought to predict language outcomes.9,32,33) Such 
knowledge is useful for predicting aphasia prognosis from 
acute care. Fifth, the usage of DTI to evaluate white matter 
tracts has methodological limitations. Crossing fiber regions 
can potentially result in misleading conclusions because 
of the limitation of estimating only a single fiber direction 
per voxel.34) Despite these limitations, the use of automated 
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Table 3. Parameter estimates for left and right hemispheres obtained by automated tractography

Parameter Tract Case 1 Case 2 Case 3
Right Left Right Left Right Left

FA value AF 0.450 0.457 0.449 0.400 a 0.491 0.410 a
IFOF 0.486 0.482 0.482 0.466 0.484 0.427 a
MdLF 0.431 0.446 0.412 0.423 0.428 0.294 a
ILF 0.397 0.420 0.341 0.359 a 0.395 0.203 a
UF 0.453 0.445 0.406 0.392 0.419 0.311 a

Tract volume 
(ml)

AF 2.640 2.240 1.952 1.744 2.328 2.960
IFOF 3.376 3.424 3.368 3.040 4.048 4.240
MdLF 2.536 2.928 1.816 1.968 2.592 2.808
ILF 1.632 1.832 1.112 1.640 1.848 2.168
UF 1.880 2.112 1.328 1.432 1.920 1.560

a FA value is smaller than the mean value for the left hemisphere (given in Table 2) by more than one standard deviation.
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tractography in daily clinical practice is a novel and useful 
method for assessing aphasia in acute care stroke patients.

ACKNOWLEDGMENTS

This work was supported in part by a Grant-in-Aid for 
Scientific Research (C) from the Japan Society for the 
Promotion of Science (JSPS KAKENHI Grant Number 
JP22K11356) and by a Grant-in-Aid for Scientific Research 
on Innovative Areas—Platforms for Advanced Technologies 
and Research Resources (Advanced Bioimaging Support; 
JSPS KAKENHI Grant Number JP22H04926).

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

 1. Engelter ST, Gostynski M, Papa S, Frei M, Born C, 
Ajdacic-Gross V, Gutzwiller F, Lyrer PA: Epidemiol-
ogy of aphasia attributable to first ischemic stroke: in-
cidence, severity, fluency, etiology, and thrombolysis. 
Stroke 2006;37:1379–1384. https://doi.org/10.1161/01.
STR.0000221815.64093.8c, PMID:16690899

 2. Sheppard SM, Sebastian R: Diagnosing and man-
aging post-stroke aphasia. Expert Rev Neurother 
2021;21:221–234. https://doi.org/10.1080/14737175.202
0.1855976, PMID:33231117

 3. Rohde A, Worrall L, Godecke E, O’Halloran R, Farrell 
A, Massey M: Diagnosis of aphasia in stroke popula-
tions: a systematic review of language tests. PLoS 
One 2018;13:e0194143. https://doi.org/10.1371/journal.
pone.0194143, PMID:29566043

 4. Mimura M, Kato M, Kato M, Sano Y, Kojima T, Naeser 
M, Kashima H: Prospective and retrospective studies of 
recovery in aphasia. Changes in cerebral blood flow and 
language functions. Brain 1998;121:2083–2094. https://
doi.org/10.1093/brain/121.11.2083, PMID:9827768

 5. Suzuki Y: Selection of neuropsychological tasks from a 
language test battery that optimally related to the func-
tion of each cortical area: toward making a cognitive 
cortical map. Neuroimage Clin 2019;22:101799. https://
doi.org/10.1016/j.nicl.2019.101799, PMID:30991619

 6. Wade DT, Hewer RL, David RM, Enderby PM: Apha-
sia after stroke: natural history and associated deficits. 
J Neurol Neurosurg Psychiatry 1986;49:11–16. https://
doi.org/10.1136/jnnp.49.1.11, PMID:2420939

 7. Yamada K, Sakai K, Akazawa K, Yuen S, Nishimura 
T: MR tractography: a review of its clinical applica-
tions. Magn Reson Med Sci 2009;8:165–174. https://
doi.org/10.2463/mrms.8.165, PMID:20035125

 8. Kunimatsu A, Aoki S, Masutani Y, Abe O, Mori H, 
Ohtomo K: Three-dimensional white matter tractog-
raphy by diffusion tensor imaging in ischaemic stroke 
involving the corticospinal tract. Neuroradiology 
2003;45:532–535. https://doi.org/10.1007/s00234-003-
0974-4, PMID:12856090

 9. Forkel SJ, Thiebaut de Schotten M, Dell’Acqua F, 
Kalra L, Murphy DG, Williams SC, Catani M: Ana-
tomical predictors of aphasia recovery: a tractography 
study of bilateral perisylvian language networks. Brain 
2014;137:2027–2039. https://doi.org/10.1093/brain/
awu113, PMID:24951631

 10. Kim SH, Jang SH: Prediction of aphasia outcome us-
ing diffusion tensor tractography for arcuate fasciculus 
in stroke. AJNR Am J Neuroradiol 2013;34:785–790. 
https://doi.org/10.3174/ajnr.A3259, PMID:23042924

 11. Nucifora PG, Wu X, Melhem ER, Gur RE, Gur RC, 
Verma R: Automated diffusion tensor tractography: 
implementation and comparison to user-driven trac-
tography. Acad Radiol 2012;19:622–629. https://doi.
org/10.1016/j.acra.2012.01.002, PMID:22342650

 12. Warrington S, Bryant KL, Khrapitchev AA, Sal-
let J, Charquero-Ballester M, Douaud G, Jbabdi S, 
Mars RB, Sotiropoulos SN: XTRACT - standardised 
protocols for automated tractography in the human 
and macaque brain. Neuroimage 2020;217:116923. 
https://doi.org/10.1016/j.neuroimage.2020.116923, 
PMID:32407993

 13. Mochizuki M, Uchiyama Y, Domen K, Koyama T: Ap-
plicability of automated tractography during acute care 
stroke rehabilitation. J Phys Ther Sci 2023;35:156–162. 
https://doi.org/10.1589/jpts.35.156, PMID:36744203

 14. Koyama T, Marumoto K, Miyake H, Domen K: Re-
lationship between diffusion tensor fractional anisot-
ropy and long-term motor outcome in patients with 
hemiparesis after middle cerebral artery infarction. J 
Stroke Cerebrovasc Dis 2014;23:2397–2404. https://
doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.017, 
PMID:25169825

Prog. Rehabil. Med. 2023; Vol.8, 20230041 7

https://doi.org/10.1161/01.STR.0000221815.64093.8c
https://doi.org/10.1161/01.STR.0000221815.64093.8c
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16690899?dopt=Abstract
https://doi.org/10.1080/14737175.2020.1855976
https://doi.org/10.1080/14737175.2020.1855976
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33231117?dopt=Abstract
https://doi.org/10.1371/journal.pone.0194143
https://doi.org/10.1371/journal.pone.0194143
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29566043?dopt=Abstract
https://doi.org/10.1093/brain/121.11.2083
https://doi.org/10.1093/brain/121.11.2083
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9827768?dopt=Abstract
https://doi.org/10.1016/j.nicl.2019.101799
https://doi.org/10.1016/j.nicl.2019.101799
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30991619?dopt=Abstract
https://doi.org/10.1136/jnnp.49.1.11
https://doi.org/10.1136/jnnp.49.1.11
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2420939?dopt=Abstract
https://doi.org/10.2463/mrms.8.165
https://doi.org/10.2463/mrms.8.165
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20035125?dopt=Abstract
https://doi.org/10.1007/s00234-003-0974-4
https://doi.org/10.1007/s00234-003-0974-4
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12856090?dopt=Abstract
https://doi.org/10.1093/brain/awu113
https://doi.org/10.1093/brain/awu113
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24951631?dopt=Abstract
https://doi.org/10.3174/ajnr.A3259
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23042924?dopt=Abstract
https://doi.org/10.1016/j.acra.2012.01.002
https://doi.org/10.1016/j.acra.2012.01.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22342650?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2020.116923
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32407993?dopt=Abstract
https://doi.org/10.1589/jpts.35.156
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36744203?dopt=Abstract
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.017
https://doi.org/10.1016/j.jstrokecerebrovasdis.2014.05.017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25169825?dopt=Abstract


Copyright © 2023 The Japanese Association of Rehabilitation Medicine

 15. Miyamoto S, Ogasawara K, Kuroda S, Itabashi R, 
Toyoda K, Itoh Y, Iguchi Y, Shiokawa Y, Takagi 
Y, Ohtsuki T, Kinouchi H, Okada Y, Takahashi 
JC, Nakase H, Kakuda W, Committee for Stroke 
Guideline 2021, the Japan Stroke Society: Japan 
Stroke Society Guideline 2021 for the treatment of 
stroke. Int J Stroke 2022;17:1039–1049. https://doi.
org/10.1177/17474930221090347, PMID:35443847

 16. Yu C, Zhu C, Zhang Y, Chen H, Qin W, Wang M, Li 
K: A longitudinal diffusion tensor imaging study on 
Wallerian degeneration of corticospinal tract after 
motor pathway stroke. Neuroimage 2009;47:451–458. 
https://doi.org/10.1016/j.neuroimage.2009.04.066, 
PMID:19409500

 17. Tournier JD, Smith R, Raffelt D, Tabbara R, Dhol-
lander T, Pietsch M, Christiaens D, Jeurissen B, Yeh 
CH, Connelly A: MRtrix3: a fast, flexible and open 
software framework for medical image processing and 
visualisation. Neuroimage 2019;202:116137. https://doi.
org/10.1016/j.neuroimage.2019.116137, PMID:31473352

 18. Jenkinson M, Beckmann CF, Behrens TE, Woolrich 
MW, Smith SM: FSL. Neuroimage 2012;62:782–790. 
https://doi.org/10.1016/j.neuroimage.2011.09.015, 
PMID:21979382

 19. Ivanova MV, Isaev DY, Dragoy OV, Akinina YS, Pe-
trushevskiy AG, Fedina ON, Shklovsky VM, Dronkers 
NF: Diffusion-tensor imaging of major white matter 
tracts and their role in language processing in aphasia. 
Cortex 2016;85:165–181. https://doi.org/10.1016/j.cor-
tex.2016.04.019, PMID:27289586

 20. Mandonnet E, Nouet A, Gatignol P, Capelle L, Duf-
fau H: Does the left inferior longitudinal fasciculus 
play a role in language? A brain stimulation study. 
Brain 2007;130:623–629. https://doi.org/10.1093/brain/
awl361, PMID:17264096

 21. Wang Y, Fernández-Miranda JC, Verstynen T, Pathak 
S, Schneider W, Yeh FC: Rethinking the role of the 
middle longitudinal fascicle in language and auditory 
pathways. Cereb Cortex 2013;23:2347–2356. https://
doi.org/10.1093/cercor/bhs225, PMID:22875865

 22. Safaz İ, Ylmaz B, Yaşar E, Alaca R: Brunnstrom re-
covery stage and motricity index for the evaluation of 
upper extremity in stroke: analysis for correlation and 
responsiveness. Int J Rehabil Res 2009;32:228–231. 
https://doi.org/10.1097/MRR.0b013e32832a62ad, 
PMID:19339892

 23. Naghdi S, Ansari NN, Mansouri K, Hasson S: A 
neurophysiological and clinical study of Brunnstrom 
recovery stages in the upper limb following stroke. 
Brain Inj 2010;24:1372–1378. https://doi.org/10.3109/0
2699052.2010.506860, PMID:20715900

 24. Koyama T, Domen K: Reduced diffusion tensor 
fractional anisotropy in the left arcuate fasciculus 
of patients with aphasia caused by acute cerebral in-
farct. Prog Rehabil Med 2016;1:20160008. https://doi.
org/10.2490/prm.20160008, PMID:32789205

 25. Hickok G, Poeppel D: The cortical organization of 
speech processing. Nat Rev Neurosci 2007;8:393–402. 
https://doi.org/10.1038/nrn2113, PMID:17431404

 26. Saur D, Kreher BW, Schnell S, Kümmerer D, Kellmey-
er P, Vry MS, Umarova R, Musso M, Glauche V, Abel 
S, Huber W, Rijntjes M, Hennig J, Weiller C: Ventral 
and dorsal pathways for language. Proc Natl Acad Sci 
USA 2008;105:18035–18040. https://doi.org/10.1073/
pnas.0805234105, PMID:19004769

 27. Hernandez-Fernandez M, Reguly I, Jbabdi S, Giles M, 
Smith S, Sotiropoulos SN: Using GPUs to accelerate 
computational diffusion MRI: from microstructure 
estimation to tractography and connectomes. Neu-
roimage 2019;188:598–615. https://doi.org/10.1016/j.
neuroimage.2018.12.015, PMID:30537563

 28. Kim DH, Williams LJ, Hernandez-Fernandez M, 
Bjornson BH: Comparison of CPU and GPU Bayesian 
estimates of fibre orientations from diffusion MRI. 
PLoS One 2022;17:e0252736. https://doi.org/10.1371/
journal.pone.0252736, PMID:35446840

 29. Nemoto K, Dan I, Rorden C, Ohnishi T, Tsuzuki D, 
Okamoto M, Yamashita F, Asada T: Lin4Neuro: a 
customized Linux distribution ready for neuroimag-
ing analysis. BMC Med Imaging 2011;11:3. https://doi.
org/10.1186/1471-2342-11-3, PMID:21266047

 30. Koyama T, Domen K: Diffusion tensor fractional 
anisotropy in the superior longitudinal fasciculus 
correlates with Functional Independence Measure 
cognition scores in patients with cerebral infarction. 
J Stroke Cerebrovasc Dis 2017;26:1704–1711. https://
doi.org/10.1016/j.jstrokecerebrovasdis.2017.03.034, 
PMID:28478977

 31. Koyama T, Uchiyama Y, Domen K: Associations 
of diffusion-tensor fractional anisotropy and FIM 
outcome assessments after intracerebral hemorrhage. 
J Stroke Cerebrovasc Dis 2018;27:2869–2876. https://
doi.org/10.1016/j.jstrokecerebrovasdis.2018.06.012, 
PMID:30072174

8 Mochizuki M, et al: Automated Tractography for Stroke Patients with Aphasia

https://doi.org/10.1177/17474930221090347
https://doi.org/10.1177/17474930221090347
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35443847?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2009.04.066
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19409500?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2019.116137
https://doi.org/10.1016/j.neuroimage.2019.116137
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31473352?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21979382?dopt=Abstract
https://doi.org/10.1016/j.cortex.2016.04.019
https://doi.org/10.1016/j.cortex.2016.04.019
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27289586?dopt=Abstract
https://doi.org/10.1093/brain/awl361
https://doi.org/10.1093/brain/awl361
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17264096?dopt=Abstract
https://doi.org/10.1093/cercor/bhs225
https://doi.org/10.1093/cercor/bhs225
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22875865?dopt=Abstract
https://doi.org/10.1097/MRR.0b013e32832a62ad
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19339892?dopt=Abstract
https://doi.org/10.3109/02699052.2010.506860
https://doi.org/10.3109/02699052.2010.506860
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20715900?dopt=Abstract
https://doi.org/10.2490/prm.20160008
https://doi.org/10.2490/prm.20160008
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32789205?dopt=Abstract
https://doi.org/10.1038/nrn2113
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17431404?dopt=Abstract
https://doi.org/10.1073/pnas.0805234105
https://doi.org/10.1073/pnas.0805234105
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19004769?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2018.12.015
https://doi.org/10.1016/j.neuroimage.2018.12.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30537563?dopt=Abstract
https://doi.org/10.1371/journal.pone.0252736
https://doi.org/10.1371/journal.pone.0252736
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35446840?dopt=Abstract
https://doi.org/10.1186/1471-2342-11-3
https://doi.org/10.1186/1471-2342-11-3
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21266047?dopt=Abstract
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.03.034
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.03.034
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28478977?dopt=Abstract
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.06.012
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.06.012
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30072174?dopt=Abstract


Copyright © 2023 The Japanese Association of Rehabilitation Medicine

 32. Osa García A, Brambati SM, Brisebois A, Désilets-
Barnabé M, Houzé B, Bedetti C, Rochon E, Leonard 
C, Desautels A, Marcotte K: Predicting early post-
stroke aphasia outcome from initial aphasia sever-
ity. Front Neurol 2020;11:120. https://doi.org/10.3389/
fneur.2020.00120, PMID:32153496

 33. Schevenels K, Gerrits R, Lemmens R, De Smedt B, 
Zink I, Vandermosten M: Early white matter connectiv-
ity and plasticity in post stroke aphasia recovery. Neu-
roimage Clin 2022;36:103271. https://doi.org/10.1016/j.
nicl.2022.103271, PMID:36510409

 34. Jones DK, Knösche TR, Turner R: White matter in-
tegrity, fiber count, and other fallacies: the do’s and 
don’ts of diffusion MRI. Neuroimage 2013;73:239–254. 
https://doi.org/10.1016/j.neuroimage.2012.06.081, 
PMID:22846632

Prog. Rehabil. Med. 2023; Vol.8, 20230041 9

https://doi.org/10.3389/fneur.2020.00120
https://doi.org/10.3389/fneur.2020.00120
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32153496?dopt=Abstract
https://doi.org/10.1016/j.nicl.2022.103271
https://doi.org/10.1016/j.nicl.2022.103271
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36510409?dopt=Abstract
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22846632?dopt=Abstract

