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Mild stroke is a known risk factor for dementia. The relationship between cerebral white matter (WM)
integrity and cognitive impairment (Cl) in mild stroke patients with basal ganglia region infarcts
is unknown. Total of 33 stroke patients and 19 age-matched controls underwent diffusion tensor
imaging scans and a formal neuropsychological test battery. Cl was defined as having a performance

. score 1.55D below the established norm. We compared the differences in Z-scores and Fraction

. Anisotropy (FA) values among controls, stroke with no CI (NCI) and stroke with CI groups. Multiple

. linear regressions were performed between FA values in affected regions and neuropsychological tests
in stroke patients. The majority of stroke patients were in their 50s (56.90 1-9.23 years). Cl patients

. exhibited a significantly decreased Z score in visual delayed memory and remarkably decreased FA

- values in the right external capsule and right fornix (FWE-corrected) compared with NCI patients and

: controls. In stroke patients, the FA value in the right fornix was positively correlated with delayed visual

: memory. Mild stroke with basal ganglia region infarcts may be related to widespread abnormality of

© WM integrity. The lower WM integrity in the right fornix may be a marker of impaired delayed visual

© memory.

Patients with mild stroke [median National Institute of Health Stroke Scale (NIHSS) = 2, median modified
Rankin Score (mRS) = 2] exhibit mild neurological symptoms!, but often suffer from cognitive impairment (CI).
. Our previous study found that the prevalence of cognitive impairment in a Chinese sample of mild stroke and
. transient ischemic attack (TIA) reached up to 59%?. CI is commonly reported in stroke patients with basal gan-
glia region infarcts®*. The basal ganglia regions are a group of nuclei at the base of the forebrain that are strongly
connected to the cortex. While the role of the basal ganglia regions have historically been restricted to motor
function, recent research suggested that the basal ganglia regions were also involved in a variety of cognitive
functions®. The basal ganglia regions contained the corpus striatum, claustrum, amygdaloid nucleus, subthalamic
: nucleus and internal capsule. The corpus striatum comprised the caudate nucleus and the lenticular nucleus;
. the lenticular nucleus was a collective name given to the putamen and globus pallidus. Basal ganglia served as
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a fundamental building block of performing cognitive tasks of various complexity®-®. Numerous studies have
demonstrated that ischemic lesions in basal ganglia regions were related to the impairment of memory, learning,
visuospatial skills, and attention®>!? and this cognitive impairment was mostly ascribed to the disruption of
cereberollo-basal ganglia thalamo-cortical loops™'!. Recent study showed that an ischemic lesion after right mid-
dle cerebral artery stroke could affect remote white matter integrity, which was associated with poorer cognitive
recovery'>!3. It is unknown whether patients with acute basal ganglia region infarcts experienced abnormality of
white matter integrity in remote areas, and whether this was related to cognitive dysfunction.

Diffusion tensor imaging (DTI), a MRI based technique, has proved to be a valuable tool in detecting, visual-
izing and quantifying the integrity of the cerebral microstructure by measuring the diffusion of water in tissue'*.
Fractional anisotropy (FA) is an index to identify white matter lesions and evaluate the integrity of white matter
tracts'>!6. There is increasing evidence showing that, apart from remote neurophysiological changes, such as
decrease of cerebral blood flow, disruption of energy metabolism or Wallerian degeneration, an ischemic lesion
could affect white matter integrity after stroke!’~°, which has been associated with a worse memory perfor-
mance’®?!. A few small neuroimaging studies in older patients with stroke found that ischemic lesions could
cause loss of white matter integrity in the ipsilesional and contralesional hemispheres*>~** and this was associ-
ated with poor cognitive function after stroke®. It is unknown whether lower microstructural integrity in focal
regions or areas remote from stroke with basal ganglia region infarcts, including as remote as the contralesional
hemisphere, was related to cognitive dysfunction after stroke. This has never been investigated in mild stroke
with basal ganglia region infarcts. The mechanisms of cognitive impairment after stroke with basal ganglia region
infarcts is especially important in mild stroke survivors, as they have mild neurological deficits but are often in a
demanding phase of their lives with respect to working and family-related functioning.

We hypothesized that cognitive impairment after stroke with basal ganglia region infarcts would show a lower
white matter structural integrity remote from the initial stroke and that white matter integrity might predict
cognitive impairment after stroke.

Methods

Stroke patients. Total 33 first-ever mild stroke patients with basal ganglia region infarcts were recruited,
with no other cortical or subcortical cerebrovascular abnormality on MR, as well as 19 healthy controls matched
for age, sex, education and handedness. Patients were recruited consecutively from one stroke ward in the
Department of Neurology, Beijing Tiantan Hospital, Capital Medical University, Beijing, from December 1, 2014
to May 31, 2016.

The inclusion criteria for patients were: aged between 35 to 65 years, with a mild stroke in basal ganglia
regions or both in basal ganglia and centrum semiovale, and with no previous history of stroke or TIA. Acute
ischemic stroke was diagnosed based on World Health Organization criteria by neurologists"**, and confirmed
by brain computed tomography or magnetic resonance imaging. All the participants in this study had a tradi-
tional MRI scan. The traditional MRI sequences included T1, T2, DWI (diffusion weighted imaging), FLAIR
(fluid-attenuated inversion recovery), MRA (magnetic resonance angiography) and SWI (susceptibility weighted
imaging). Stroke patients underwent an MRI as soon as possible once they had been admitted to Beijing Tiantan
Hospital. We evaluated the severity of white matter hyperintensities, lacunes, Virchow-Robin spaces and microb-
leeds on MRI. A separate MRI focusing on high quality DTI was carried out between the 10 to 14" days after
their admission when the patients’ conditions were relatively stable. We excluded patients with obvious demyeli-
nation on FLAIR. An eligible patient required an informant who knew the patient’s medical history and cognitive
status, and who had met with the patient on a weekly basis for at least 5 years prior to recruitment.

The exclusion criteria for patients were: stroke mimics (ie, seizures, migraine), illiteracy, any major physical
and mental conditions that may impede cognitive assessments, or acute stroke at cortex or other regions. Major
depression defined by a Hamilton Depression Rating Score (HAMD) >17, delirium and pre-existing dementia
according to their medical history and a score >3.38 on the Informant Questionnaire on Cognitive Decline in the
Elderly IQCODE)* in the 5 years preceding the stroke were also exclusionary. Out of the 56 consecutive patients
with mild stroke who were recruited, 23 patients were excluded from our study. The reasons for exclusion were
as follows: temporal, brainstem or frontal infarcts (n=13), contraindications to MRI or dropout during MRI
(n=4), severe hearing impairment (n=4), and illiteracy (n=2). The present analyses included 33 mild stroke
patients with basal ganglia region infarcts.

Control subjects. Nineteen healthy control participants from the community were matched with the CI and
NCI groups for age, sex, education and handedness. The control participants had no previous history of neurolog-
ical or psychiatric diseases and no obvious myelination and lacunar infarction according to brain MRIL

This study was approved by the Beijing Tiantan Hospital Ethics Review Board. Informed written consent was
obtained from all participants. This study met the guidelines of Capital Medical University, which abides by the
Helsinki Declaration on ethical principles for medical research involving human subjects.

Procedure

Demographics and clinical profile. Demographic information obtained included age, sex, educational
level, handedness, history of hypertension, impaired glucose regulation, hyperlipidemia, hyperhomocysteinemia,
peripheral arterial disease, alcohol and cigarette consumption and family history of stroke. The etiological sub-
types of ischemic stroke were identified by neurologists as large atherothrombotic infarction (LAA), cardiogenic
embolism (CE), small artery occlusion (SAO), undetermined type (UND) and other type (OC) according to the
Trial of ORG 10172 in Acute Stroke Treatment (TOAST)?. The severity of stroke was evaluated by the National
Institute of Health stroke scale (NIHSS)?® and mRS?, the depression was assessed by HAMD?’. Basic daily func-
tioning was assessed by the Katz basic activities of daily living (basic ADL) scale®!, and complex function was
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assessed by Lawton and Brody instrumental activities of daily living (instrumental ADL) scale®. The diameter,
locations and circulation systems of lesions were reviewed by two radiologists.

Neuropsychological assessment. Information about previous cognitive status was collected by a trained
neurologist with access to the patients’ medical history and IQCODE scores for 5 years prior to the stroke. The
MoCA-Beijing scale was used to screen the global cognitive status of participants®*. One point was added to the
total score for those with education <12years®.

Trained neurologists assessed participants’ cognitive function using a formal battery of neuropsychological tests
in line with the NINDS-CSN* neurocognitive harmonization standards. The average assessment time was within
10 days [interquartile range (IQR): 2.00 days] of stroke. The individual tests of the formal battery of neuropsy-
chological test were as follows: (1) Auditory Verbal Learning Test for immediate and delayed verbal memory™;
(2) Rey-Osterrieth Complex Figure Test (RCFT)-Delayed Recall (CFT-DR) for delayed visual memory?’;
(3) RCFT Copy for visuospatial ability®’; (4) Animal Fluency Test (AFT)* and Boston Naming Test (BNT,
30-item)* for language; (5) Symbol Digit Modality Test (SDMT) for visuomotor speed*’; (6) Chinese modified
version of the Trail Making Test (TMT)-A*!, Trail Making Test (TMT)-B*!, Stroop Color-Word Test-Chinese
version (CWT)-Color time*! for attention/executive function. The interval between the DTI measure and the
administration of neuropsychological assessment was within 12 hours. To allow for the direct comparison of
cognitive status in different domains, a Z-score for the neuropsychological tests was calculated. The Z-score was
defined as a score that fell within the distribution of scores for norms. The norms used were based on mean scores
of each measurement which were derived from a study of healthy-aged community people in China*?. A total of
339 aged 50-85 years participants were recruited from communities in China with > 6 years of education; 58.7%
(199/339) of the participants were female and had no serious physical or neurodegenerative/cognitive diseases.
The norms were stratified by age and education. Cognitive impairment was defined as a score of 1.5 standard
deviations below the mean on any neuropsychological test of the normative study. According to the Diagnostic
and Statistical Manual of Mental Disorders, 4™ edition (DSM-4)*, finally, we recruited 20 CI patients and 13 NCI
patients.

Image acquisition. Magnetic resonance imaging data were acquired from all participants on a Siemens 3.0 T
Prisma MRI scanner (Siemens Healthcare, Erlangen, Germany) at the Functional Neuroimaging Department,
Beijing Neurosurgical Institute, Capital Medical University, using a single-shot echo-planar imaging (EPI)
sequence (TR =8000 ms, TE =60 ms). For each diffusion scan, 30 gradient directions (b=1000s/mm?) and a
non-diffusion-weighted acquisition (b =0s/mm?) were acquired over a FOV of 240 mm X 240 mm?; with a slice
thickness of 2mm and no gap, yielding 2 mm isotropic voxels.

DTl image preprocessing. Image preprocessing and analyses were performed using PANDA (Pipeline
for Analyzing Brain Diffusion Images)*, a software package designed for diffusion imaging processing. First,
the Digital Imaging and Communications in Medicine (DICOM) files of all subjects were converted into NIfTT
images by using the dem2nii tool embedded in MRIcron. Second, the BET brain extraction was used to delete
non-brain tissue from the image, the threshold was 0.25. Third, eddy current distortion and motion effects were
corrected by using FSL functions®. The diffusion gradient directions were adjusted. A voxel-wise calculation of
the tensor matrix and a group of diffusion tensor metrics were then obtained for each subject, including fractional
anisotropy maps.

Tract-Based Spatial Statistics (TBSS). Location correspondence was established for subject analyses. To this
end, registration of the individual images was applied to a standardized template. The PANDA software then
non-linearly registered all of the individual images in their native space to a standardized template in the MNI
space*. The voxel-wise statistical analysis in TBSS compared group differences only on the white matter skeleton
to provide better sensitivity, objectivity and interpretability of analysis for multi-subject DTI studies*. The TBSS
analysis of FA image was carried out using the FMRIB software library (FSL 4.1.4; http://www.fmrib.ox.ac.uk/fsl).

Extract mean diffusion metrics of Atlas-based Tract ROIs. We used the digital white matter atlas JHUICBM-DTI-81
(http://cmrm.med.jhmi.edu/), a probabilistic atlas generated by mapping DTT data of all subjects to a template image.
The JHU-white matter atlas was overlaid on the white matter skeleton of each subject in the CBM-DTI-81 space, such
that each skeleton voxel could be categorized into one of the major tracts. We then calculated fractional anisotropy at
the skeleton voxels within each tract. The regional diffusion metrics (i.e., FA) were calculated by averaging the values
within each of 50 regions of the white matter atlas.

Statistical analysis. Statistical analyses were performed with SPSS Statistics 20.0 (IBM Corporation, New
York, USA). Demographic information (age, sex, education, history of hypertension, impaired glucose regulation,
hyperlipidemia, hyperhomocysteinemia, peripheral arterial disease, alcohol intake and cigarette smoking habits,
family history of stroke) and clinical evaluation (the scores of mRS, HAMD, IQCODE, Instrumental and Basic
ADL, the diameter, locations and affected circulation systems of lesions) was compared among the control group,
the NCI group and the CI group. Continuous variables, if they were normally distributed, were presented as
means =+ standard deviations and compared by an ANOVA test. Bonferroni correction was performed in further
comparisons between two groups. P value was significant when it was <0.017. Continuous variables, if they were
not normally distributed, were presented as median (quartile) and compared by nonparametric test. Discrete
variables were compared by Fisher’s exact test.

Voxel-wise TBSS were carried out using a permutation-based inference tool for nonparametric statistical
thresholding (“randomize”, part of FSL). In this study, voxel-wise group comparisons were performed using
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Control group | NCI group CI group

(n=19 cases) (n=13 cases) | (n=20 cases) | pl value | p2 value | p3 value
Age (years, mean + SD) 50.74+7.37 54.61+9.11 48.15+8.32 0.40 0.17 0.06
Sex (male/total, %) 13/19 (68.42) 11/13 (84.62) | 16/20 (80.00) | 0.40 0.48
Education (years, mean 4 SD) 10.68 +2.38 9.40+1.73 10.84+1.99 0.84 0.06 0.04
NIHSS at admonition [scores, median (IQR)] — 2.00 (2.50) 2.00 (2.75) — — 0.43
Functional status (Modified Rankin Scale; [scores, median (IQR)]) — 1.00 (2.00) 1.00 (1.00) — — 0.37
IQCODE(scores, mean & SD) 3.07+£0.11 3.09£0.06 3.124+0.14 0.58 0.17 0.5
HAMD (scores, mean + SD) 2.15+2.38 2.14£2.32 2.63+2.41 0.19 0.08 0.86
Right-handedness (cases/total, %) 18/19 (94.74) 12/13(92.31) | 18/20(90.00) | 1.00 0.52 1.00
Instrumental ADL (scores, mean +SD) 8.00+0.00 8.29+0.73 8.37+0.90 0.17 0.001°%* | 0.014%*
Basic ADL (scores, mean + SD) 6.00 £ 0.00 6.00 £ 0.00 6.07£0.27 0.34 0.99 0.34
TOAST
LAA (cases/total, %) — 0/13 (0.00) 2/20(10.00) | — — 0.51
concurrent centrum semiovale infarcts (cases/total, %) — 0/13 (0.00) 1/20 (5.00) — — 1.00
Diameter of lesion (mm, mean 4 SD) — 14.55+4.74 19.02+9.64 — — 0.09
Left basal ganglia (cases/total, %) — 10/13(76.92) | 12/20(60.00) | — — 0.27
Hypertension (cases/total, %) 13/19 (68.42) 9/13 (69.23) 14/20 (70.00) | 1.00 1.00 1.00
Impaired glucose regulation (cases/total, %) 3/19 (15.79) 2/13 (15.38) 6/20 (30.00) 1.00 0.45 0.43
Hyperlipidemia (cases/total, %) 10/19 (52.63) 8/13 (61.54) 16/20 (80.00) | 0.73 0.10 0.43
Hyperhomocysteinemia (cases/total, %) 9/19 (47.37) 6/13 (46.15) 6/20 (30.00) 1.00 0.33 0.47
Peripheral arterial disease (cases/total, %) 2/19 (10.53) 3/13(23.08) 2/20 (10.00) 0.37 1.00 0.36
Current or ever drinking (cases/total, %) 8/19 (42.11) 10/13 (76.92) | 14/20(70.00) | 0.08 0.11 1.00
Current or ever smoking (cases/total, %) 8/19 (42.11) 8/13 (61.54) 12/20 (60.00) | 0.47 0.34 1.00
Family history of stroke (cases/total, %) 1/19 (5.26) 1/13 (7.69) 2/20 (10.00) 1.00 1.00 1.00
Posterior circulation (case/total, %) — 4/13 (30.77) 2/20 (10.00) — — 0.18

Table 1. Demographic information of the control group, NCI group and CI group. NCI, no cognitive impairment;
CI, cognitive impairment; NIHSS, National Institute of Health Stroke Scale; HAMD, Hamilton Depression Rating
Score; ADL, Activities of Daily Living Scale; LAA, large atherothrombotic infarction; *p < 0.017, **p < 0.01. p1:
NCI group vs. control group; p2: CI group vs. control group; p3: NCI group vs. CI group.

non-parametric, two-sample t-tests in: NCI group versus control group, CI group versus control group, and CI
group versus NCI group. The mean FA skeleton was used as a mask (thresholded at a mean FA value of 0.2), and
the number of permutations was set to 5000. The significance threshold for between-group differences was set at
p <0.05 [family-wise error (FWE) correction for multiple comparisons] using the threshold-free cluster enhance-
ment (TFCE) option in the “randomize” permutation-testing tool in FSL*.

For the atlas-based tract regions, we performed two-sample T tests to compare FA values among three groups
for each region of interests (ROI) (p < 0.05 FWE-corrected). There were no significant differences among the
control group, NCI and CI groups in age, sex and education; therefore, we did not include age, sex and education
as covariates.

Multivariate logistic regression analyses were performed to study the association between FA values in affected
regions and impaired cognitive tests in stroke patients.

Results

Demographics and clinical profile. Compared to controls, the instrumental ADL scores in the NCI and
CI groups were significantly higher (p < 0.017). There were no significant differences in age, sex, education, the
scores of NTHSS at admission, mRS, HAMD, basal ADL, IQCODE, the prevalence of risk factors, family history
and affected circulation system among the three groups. Moreover, there were no remarkable differences in diam-
eter of lesions between the NCI and CI groups.

All subjects were right-handed except for two ambidextrous subjects. The average age of recruited stroke
patients (81.8% males) was 56.90 = 9.23 years (range: 39-65 years) with a mean of 10.56 &= 1.83 years of formal
education. The median NIHSS score in stroke patients was 1.00 point [interquartile range (IQR): 2.00 points],
and most strokes were classified as SAO (n =29, 87.88%), with four patients having LAA (12.12%) strokes. The
average mRS score was 0.00 point [interquartile range (IQR): 1.00 point] (Table 1).

All patients had acute infarcts in the basal ganglia regions, which included the left caudate nucleus (n =3), left
corona radiate (n = 11); left putamen (n = 1); left internal capsule (n = 10); left thalamus (n = 2); right centrum
semiovale (n = 3); right internal capsule (n = 6); right thalamus (n = 3) and right caudate nucleus (n=4). A total
of 33 patients had lesions in the basal ganglia (20 in the left basal ganglia, 12 in the right basal ganglia, 1 with
bilateral lesions). There were no significant differences in number of patients with multiple or multi-site infarcts
between the NCI group and the CI group.

Neuropsychological test. The CI group exhibited significantly lower Z-score in every cognitive domain
than the control group (p < 0.017). Moreover, the CI group demonstrated significantly decreased Z-score in visual
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Controls NCI group CI group
Cognitive function (19 cases) (13 cases) (20 cases) plvalue | p2 value | p3 value
Verbal memory "
[scores, median (IQR)] 1.081 (3.053) —2.674 (4.781) | —3.901 (4.182) | 0.472 0.000 0.394
Total score of AVLT 0.502 (1.881) —0.500 (2.125) | —1.000 (2.800) | 0.250 0.002% | 0.668
AVLT-delayed recall 0.001 (2.000) | —1.000 (2.500) | —1.000 (2.000) | 0.472 0.046 0.873
Visual delayed memory _ _ £ s
[scores, median (IOR)] 0.171 (1.502) 0.750 (1.417) | —2.250 (1.625) | 0.892 | 0.000%% | 0.000
RCFT—delayed recall 0.171 (1.502) | —0.750 (1.417) | —2.250 (1.625) | 0.892 | 0.000%* | 0.000%*
Visuospatial ability B -~ .-
[scores, median (IGR)] 0.500 (0.500) 1.500 (1.000) | —1.750 (4.875) | 0.192 | 0.009%% | 0.378
RCFT 0.500 (0.500) —1.500 (1.000) | —1.750 (4.875) | 0.192 0.009%* | 0.378
Language _ o
[scores, median (IQR)] 2.331(2.751) 1.167 (4.292) 1.082 (2.749) | 0.991 0.000 0.117
BNT 1.331(1.001) 0.667 (2.200) 0.000 (1.333) | 0.250 0.116 0.472
AFT 2.003 (1.251) —0.250 (1.375) | —0.625 (1.688) | 0.031 0.000% | 0.394
Visuomotor speed _ _ ok ot
[scores, median (IQR)] 1.204 (0.503) 1.100 (1.800) 1.500 (2.000) | 0.000 0.000 0.472
SDMT 1.204 (0.503) —1.100 (1.800) | —1.500 (2.000) | 0.000%* | 0.000%* | 0.472
Attention/executive function _ s
[scores, median (IQR)] 4.575(2.917) 2.117 (6.715) 1.629 (5.379) | 0.472 0.001 0.394
TMT-A time 1.461 (0.104) —0.717 (1.232) | —1.292 (2.013) | 0.668 0.000%* | 0.023
TMT-B time 1.232(0.652) —0.225 (2.600) | —1.375(2.517) | 0.150 0.001* | 0.188
CWT-C time 0.961 (0.252) —0.333 (1.600) | —0.364 (2.136) | 0.061 0.024 0.998
CWT-C correct numbers 0.000 (3.500) 2.500 (1.000) 3.000 (1.375) | 0.151 0.029 0.734

Table 2. Comparison of Z-scores in cognitive function among the control group, NCI group and CI group.
AVLT, Auditory Verbal Learning Test; RCFT, Rey-Osterrieth Complex Figure Test; BN'T, Boston Naming Test;
AFT, Animal Fluency Test; SDMT, Symbol Digit Modalities Test; TMT-A, Chinese modified version of the Trail
Making Test; CWT-C, Color-Word Test-Chinese version; *p < 0.017,%*p < 0.01. p1: NCI group vs. control
group; p2: CI group vs. control group; p3: NCI group vs. CI group.

delayed memory compared with controls and NCI patients (p < 0.017). These data indicated that the CI group
had a significantly lower score in visual delayed memory than the control group and the NCI group (Table 2).

Group comparisons of voxel-wise statistics in TBSS. Comparisons of voxel-wise statistics in TBSS
among three groups were conducted. Compared to the control group, the CI group showed significantly reduced
FA values in genu, body and splenium of the corpus callosum, fornix, bilateral corticospinal tract, cerebral pedun-
cle, bilateral anterior, posterior limb of internal capsule, anterior and superior corona radiate, posterior thalamic
radiation, external capsule, superior longitudinal fasciculus, left retrolenticular part of internal capsule, left infe-
rior fronto-occipital fasciculus, left hippocampus, right cingulate gyrus and right posterior corona radiate (Fig. 1
part A, part B and part C). However, when compared to the NCI group, CI group showed no significant difference
in FA values.

Group comparisons of atlas-based tract ROls. When compared to control group, the CI group showed
significantly decreased FA values in several white matter regions the same as in voxel-wise analysis. Furtherly, The
CI group showed significantly lower FA values in the right external capsule and right fornix than the NCI group
(p <0.05, Bonferroni-corrected).

Relationship between white matter integrity and neuropsychological function in Cl and NCI
groups. Pearson’s correlation analysis showed that FA values in the right external capsule and the right fornix
were significantly and positively correlated with RCFT-delayed recall score in stroke patients (Fig. 2). According
to a multiple linear regression model, FA value in the right fornix was significantly and positively correlated with
RCFT-delayed recall score in stroke patients after adjustments for age, sex, education, diameter of lesions, his-
tories of hyperlipidemia and current or ever drinking (3=0.002, p < 0.05). In the control group, there were no
correlations between RCFT-delayed recall score and FA values in the right external capsule and the right fornix.
There was no significantly difference in the presence of white matter hyperintensities, lacune, Virchow-Robin
spaces and microbleeds among the control group, NCI group and CI group (Table 3). We also adjusted for the
presence of white matter hyperintensities, results were showed that white matter hyperintensities had no effect on
FA value in acute mild stroke patients with basal ganglia region infarcts.

Discussion

In this study, we investigated the clinical features of cognitive function in acute mild stroke patients with basal
ganglia region infarcts. We found that the CI group exhibited prominently lower Z-scores in every cognitive
domain than the control group, and that the CI group showed significantly lower Z-scores in visual delayed
memory than both the control group and the NCI group. This indicated that visual delayed memory might be
the most easily affected cognitive domain in stroke patients with basal ganglia region infarcts. Stroke is known
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C CI group vs. control group

Figure 1. Group comparisons of tract-based spatial statistics (TBSS). Yellow and red indicate WM tracts with
significantly decreased FA values. Green indicates WM tracts with no significantly decreased FA values. (A)
TBSS results among the control group, mild stroke with cognitive impairment (CI) group and mild stroke with
no cognitive impairment (NCI) group. The results showed decreased FA values in most brain regions. (B) TBSS
results between the NCI group and the control group. Decreased FA values were detected in the genu, body and
splenium of the corpus callosum, fornix, bilateral corticospinal tract, superior longitudinal fasciculus, inferior
fronto-occipital fasciculus, anterior limb of internal capsule, right anterior corona radiate, posterior thalamic
radiation, external capsule and left superior corona radiate (p < 0.05, FWE-corrected). (C) TBSS results between
the CI group and the control group. Decreased FA values were visible in the genu, body and splenium of the
corpus callosum, fornix, bilateral anterior corona radiate, inferior fronto-occipital fasciculus and superior
longitudinal fasciculus, left corticospinal tract, left cerebral peduncle, left posterior limb of internal capsule

and right external capsule (p < 0.05, FWE-corrected). There was no significant difference in FA values of brain
regions between the CI group and the NCI group according to TBSS analysis.

r=0.469,p=0.001 r=0.357,p=0.045
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Figure 2. Correlations between the atlas-based regions of interest FA and neuropsychological tests scores in
basal ganglia mild stroke patients. RCFT-delayed recall indicates Rey-Osterrieth Complex Figure Test-delayed
recall.

to frequently occur in the basal ganglia, which plays an important role in cognitive function’. Previous studies
demonstrated that basal ganglia infarcts were associated with memory impairment®*”#. In our study, we further
analyzed the memory types and found that basal ganglia region infarcts were related to visual delayed memory
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control group | NCI group CI group (20 pl p2 p3
(19 cases) v(13 cases) cases) value |value |value
Presence of white matter hyperintensities [cases/total (%)] 19/19 (100.00) 13/13 (100.00) 17/20 (85.00) 1.00 0.23 0.26
Periventricular white matter hyperintensities [cases/total (%)] 19/19 (100.00) 13/13 (100.00) 17/20 (85.00) 1.00 0.23 0.26
Fazekas scores [scores, median (quartile)] 1.00 (0.00) 2.00 (0.00) 1.00 (0.75) 0.04 0.45 0.02
Deep white matter hyperintensities [cases/total (%)] 5/19 (26.32) 9/13 (69.23) 6/20 (30.00) 0.03 1.00 0.04
Fazekas scores [scores, median (quartile)] 0.00 (1.00) 0.00 (1.00) 1.00 (1.00) 0.87 0.92 0.03
Presence of lacune [cases/total (%)] 7/19 (36.84) 9/13 (69.23) 14/20 (70.00) 0.15 0.06 1.00
Basal ganglia [cases/total (%)] 7/19 (36.84) 6/13 (46.15) 11/20 (55.00) 0.72 0.33 0.73
Subcortical regions [cases/total (%)] 3/19 (15.79) 4/13 (30.77) 5/20 (25.00) 0.40 0.70 1.00
Subtentorial regions [cases/total (%)] 0/19 (0.00) 4/13 (30.77) 4/20 (20.00) 0.02 0.11 0.68
Cortex [cases/total (%)] 0/19 (0.00) 1/13 (7.69) 6/20 (30.00) 0.41 0.02 0.20
Presence of Virchow-Robin spaces [cases/total (%)] 19/19 (100.00) 13/13 (100.00) 20/20 (100.00) 1.00 1.00 1.00
Basal ganglia [cases/total (%)] 3.00 (3.00) 2.00 (1.00) 2.00 (2.00) 0.73 0.71 0.54
Cortex [cases/total (%)] 4.00 (1.00) 2.00 (3.00) 4.00 (0.50) 0.43 0.15 0.02
Presence of microbleeds [cases/total (%)] 0/19 (0.00) 0/13 (0.00) 0/20 (0.00) 1.00 1.00 1.00

Table 3. Comparison of important MRI manifestations of cerebral small vessel disease among the control
group, NCI group and CI group. p1: NCI group vs. control group; p2: CI group vs. control group; p3: NCI group
vs. CI group.

rather than verbal delayed memory. This is consistent with our previous study, which showed that visual delayed
memory was more likely to be impaired than verbal delayed memory in stroke patients®. Memory processing
includes encoding, storage and retrieval. Visual and verbal memories have different neural processing mech-
anisms*. A recent study reported that impaired information retrieval was related to subcortical dysfunction,
which could result in visual memory dysfunction®. This might explain why stroke patients with basal ganglia
region infarcts are prone to visual memory dysfunction.

Furthermore, we explored the potential mechanism of CI after mild stroke with basal ganglia region infarcts
by measuring white matter integrity with both ROI-based analysis and voxel-wise analysis. Both ROI-based anal-
ysis and voxel-based analysis showed that the CI group exhibited significantly reduced FA values across several
white matter regions compared with the control group, such as genu, body and splenium of the corpus callosum,
fornix and other aforementioned regions (Fig. 1 part A, part B and part C). In ROI-based analysis, data showed
that the CI group had significantly decreased FA values in the right external capsule and right fornix compared
with the NCI group and the control group. However, in the voxel-based analysis, there was no significant dif-
ference in FA values between the CI group and the NCI group. Patients in this study had more left hemisphere
BG strokes, however the lower FA values were found in the right external capsule and right fornix in the CI
group. As a previous study reported®’, cerebral ischemia could reduce white matter integrity locally at the pri-
mary lesion location due to tissue damage, or remotely as a consequence of anterograde Wallerian degeneration
or connectional diaschisis®’. Global white matter integrity might also play a role in compensatory mechanisms of
stroke®-3¢, Structural remodeling and changes in the number of neural pathways in contralesional hemisphere
could predict cognitive impairment after stroke. The external capsule and fornix in right cerebral hemisphere
did not have fibers directly emanating from the left basal ganglia, however, they were related to cognitive impair-
ment in mild stroke patients with basal ganglia region infarcts, which may be explained by remote effects or
connectional diaschisis. This study found reduced white matter integrity in contralesional hemisphere, but not
ipsilateral, which supports the functional importance of the contralesional hemisphere. The explanation might
be that lower FA in the contralesional hemisphere was due to vascular damage caused by being exposed to the
same vascular risk factors that intiated the initial stroke event. Furthermore, based on studies in rats, stroke itself
might cause spreading depression in the ipsilesional hemisphere®, which might allow the onset of secondary
(Wallerian) degeneration of contralesional white matter after stroke.

Given the relatively small sample size of this study, we analyzed the data using two common approaches, i.e.
ROI-based and voxel-wise approaches. The ROI methods are typical methods of DTT analysis where specific brain
structures are traced and diffusion values are extracted. The ROI methods have the advantage of data sampling
from white matter tracts in the native space of the individual, however, this method also suffered from bias.
Voxel-wise analysis is characterized by spatial normalization of DTT and statistical analysis include hypothesis
test at each voxel and multiple comparison correction. The major challenge for voxel-wise DTI analysis is multi-
ple comparison correction. Therefore, group difference may also be reduced or eliminated during the FA based
nonlinear registration procedure®®*. In this study, the ROI-based analysis showed that the CI group had signifi-
cantly lower FA values in the right external capsule and right fornix than the NCI group. However, there was no
significant difference in FA value between CI group and NCI group in the voxel-wise analysis. This discrepancy
might be explained that voxel-wise analysis had a lower sensitivity for the group difference due to the strict
multiple comparison corrections. In additional, the small sample size in this study might also have an impact on
the result of voxel-wise analysis, a larger sample size study is needed to verify this result. the two methods might
complemented each other in this study.

Multiple linear regression showed that a decreased FA value in the right fornix in stroke patients was
related to the RCFT-delayed recall score after adjusting for age, sex, education, diameter of lesions, histories of
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hyperlipidemia and current or ever drinking (3 =0.002, p < 0.05). However, there were no correlations between
FA values and RCFT-delayed recall score in the control group. This meant white matter integrity in the right
fornix was not related to visual delayed memory in health controls. Under normal conditions, the fornix was
found to be important for episodic memory recall®’. Previous studies showed that the right fornix was positively
associated with memory in non-demented elderly with the APOE &4 allele®'. It seemed possible that the non-
amnestic cognitive impairment was mainly driven by subcortical brain damage disrupting subcortical-frontal
connections®. We speculated that stroke lesions in the basal ganglia regions could disrupt white matter integrity
in the fornix, thereby contributing to the damage of frontal-basal ganglia connectivity and lead to visual memory
impairment. A study in ischemic mice found that cognitive deficits were associated with axonal and myelin dam-
age of the external capsule®. However, our analysis of multiple linear regression models revealed no association
between FA value in the external capsule and RCFT-delayed recall score. This implied that the sample in this
study was small and might have led to insignificant findings on the association between white matter lesions in
the external capsule and cognitive performance.

Mild stroke patients with basal ganglia regions infarcts exhibited cognitive impairment in all domains com-
pared with controls, including verbal memory, visuospatial ability, visual delayed memory, visuomotor speed,
language and attention/executive functions. Mild stroke with basal ganglia region infarcts caused remote white
matter damage to areas such as the right external capsule and the fornix. White matter integrity damage in the
right fornix may be a potential mechanism for visual delayed memory loss in acute mild stroke patients with
basal ganglia region infarcts. The use of DTI proved to be a good tool with which to investigate white matter
abnormality and its relationship with cognitive impairment as white matter damage could be an early predictor
for cognitive impairment in mild stroke with basal ganglia region infarcts.

This study had some limitations. Firstly, the sample size was relatively small and could have influenced
the relationship between decreased FA value in the right external capsule and neuropsychological test score.
This association needs to be verified in future studies with a larger sample size. Secondly, in order to reduce
the effects of aging on cognition, we recruited patients under 65 years of age, which is below the average age
of mild stroke patients as reported in China®. Therefore, it is not be possible to extend our findings may not
be to all stroke patients. Thirdly, this study was a cross-sectional study with the average assessment of cogni-
tion being within 10 days (IQR: 2 days) of stroke. The relationship between WM integrity and cognition was
obtained at 2 weeks after stroke. We agree that our findings might not be generalizable to all stroke patients,
especially for chronic stroke patients. Fourthly, this study used FA as a neuroimaging index of microstructural
white matter integrity like other studies®"*>, while FA was also sensitive to myelination, axon diameter, fiber
organization®>®. One study showed that myelin was not an essential component for FA, while intact mem-
branes were the primary determinant of anisotropic water diffusion in neural fibers®’. Therefore, in this study,
the mild stroke patients with basal ganglia region infarcts showed visual delayed memory might most probably
be related to white matter integrity damage in the right fornix loss, but can’t eliminate the causes of axonal and
myelin damage. Finally, we did not assess the volumes of cortex or hippocampus, which may have an impact
on the cognitive function.

References

1. Fischer, U. et al. What is a minor stroke? Stroke; a Journal of Cerebral Circulation 41, 661-666, https://doi.org/10.1161/
strokeaha.109.572883 (2010).

2. Zuo, L. et al. Screening for cognitive impairment with the Montreal Cognitive Assessment in Chinese patients with acute mild stroke
and transient ischaemic attack: a validation study. BMJ open 6, 011310, https://doi.org/10.1136/bmjopen-2016-011310 (2016).

3. Chen, Y. et al. Association of white matter integrity and cognitive functions in patients with subcortical silent lacunar infarcts.
Stroke; a Journal of Cerebral Circulation 46, 1123-1126, https://doi.org/10.1161/strokeaha.115.008998 (2015).

4. Banerjee, G. et al. MRI-visible perivascular space location is associated with Alzheimer’s disease independently of amyloid burden.
Brain: a Journal of Neurology 140, 1107-1116, https://doi.org/10.1093/brain/awx003 (2017).

5. Lim, S.]., Fiez, ]. A. & Holt, L. L. How may the basal ganglia contribute to auditory categorization and speech perception? Frontiers
in Neuroscience 8, 230, https://doi.org/10.3389/fnins.2014.00230 (2014).

6. Caligiore, D., Pezzulo, G., Miall, R. C. & Baldassarre, G. The contribution of brain sub-cortical loops in the expression and
acquisition of action understanding abilities. Neuroscience and Biobehavioral Reviews 37, 2504-2515, https://doi.org/10.1016/j.
neubiorev.2013.07.016 (2013).

7. Rodriguez-Oroz, M. C. et al. Initial clinical manifestations of Parkinson’ disease: features and pathophysiological mechanisms. The
Lancet. Neurology 8, 1128-1139, https://doi.org/10.1016/s1474-4422(09)70293-5 (2009).

8. Huijts, M. et al. Basal ganglia enlarged perivascular spaces are linked to cognitive function in patients with cerebral small vessel
disease. Current Neurovascular Research 11, 136-141 (2014).

9. Price, A., Filoteo, J. V. & Maddox, W. T. Rule-based category learning in patients with Parkinson’s disease. Neuropsychologia 47,
1213-1226, https://doi.org/10.1016/j.neuropsychologia.2009.01.031 (2009).

10. Narasimhalu, K., Wiryasaputra, L., Sitoh, Y. Y. & Kandiah, N. Post-stroke subjective cognitive impairment is associated with acute
lacunar infarcts in the basal ganglia. European Journal of Neurology 20, 547-551, https://doi.org/10.1111/ene.12032 (2013).

11. Helie, S., Chakravarthy, S. & Moustafa, A. A. Exploring the cognitive and motor functions of the basal ganglia: an integrative review
of computational cognitive neuroscience models. Frontiers In Computational Neuroscience 7, 174, https://doi.org/10.3389/
fncom.2013.00174 (2013).

12. Schaapsmeerders, P. et al. Remote Lower White Matter Integrity Increases the Risk of Long-Term Cognitive Impairment After
Ischemic Stroke in Young Adults. Stroke; a Journal of Cerebral Circulation 47, 2517-2525, https://doi.org/10.1161/
strokeaha.116.014356 (2016).

13. Dacosta-Aguayo, R. et al. Structural integrity of the contralesional hemisphere predicts cognitive impairment in ischemic stroke at
three months. PloS one 9, e86119, https://doi.org/10.1371/journal.pone.0086119 (2014).

14. Pierpaoli, C., Jezzard, P, Basser, P. ]., Barnett, A. & Di Chiro, G. Diffusion tensor MR imaging of the human brain. Radiology 201,
637-648, https://doi.org/10.1148/radiology.201.3.8939209 (1996).

15. Koyama, T. et al. Diffusion tensor imaging for intracerebral hemorrhage outcome prediction: comparison using data from the
corona radiata/internal capsule and the cerebral peduncle. Journal Of Stroke And Cerebrovascular Diseases: The Official Journal Of
National Stroke Association 22, 72-79, https://doi.org/10.1016/j.jstrokecerebrovasdis.2011.06.014 (2013).

SCIENTIFICREPORTS | (2018) 8:8422 | DOI:10.1038/s41598-018-26316-5 8


http://dx.doi.org/10.1161/strokeaha.109.572883
http://dx.doi.org/10.1161/strokeaha.109.572883
http://dx.doi.org/10.1136/bmjopen-2016-011310
http://dx.doi.org/10.1161/strokeaha.115.008998
http://dx.doi.org/10.1093/brain/awx003
http://dx.doi.org/10.3389/fnins.2014.00230
http://dx.doi.org/10.1016/j.neubiorev.2013.07.016
http://dx.doi.org/10.1016/j.neubiorev.2013.07.016
http://dx.doi.org/10.1016/s1474-4422(09)70293-5
http://dx.doi.org/10.1016/j.neuropsychologia.2009.01.031
http://dx.doi.org/10.1111/ene.12032
http://dx.doi.org/10.3389/fncom.2013.00174
http://dx.doi.org/10.3389/fncom.2013.00174
http://dx.doi.org/10.1161/strokeaha.116.014356
http://dx.doi.org/10.1161/strokeaha.116.014356
http://dx.doi.org/10.1371/journal.pone.0086119
http://dx.doi.org/10.1148/radiology.201.3.8939209
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2011.06.014

www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Yoshioka, H. et al. Diffusion tensor tractography predicts motor functional outcome in patients with spontaneous intracerebral
hemorrhage. Neurosurgery 62, 97-103; discussion 103, https://doi.org/10.1227/01.neu.0000311066.03121.b8 (2008).
Schaapsmeerders, P. et al. Long-term cognitive impairment after first-ever ischemic stroke in young adults. Stroke; a Journal of
Cerebral Circulation 44, 1621-1628, https://doi.org/10.1161/strokeaha.111.000792 (2013).

Reijmer, Y. D., Freeze, W. M., Leemans, A. & Biessels, G. J. The effect of lacunar infarcts on white matter tract integrity. Stroke; a
Journal of Cerebral Circulation 44, 2019-2021, https://doi.org/10.1161/strokeaha.113.001321 (2013).

Schaapsmeerders, P. et al. Lower Ipsilateral Hippocampal Integrity after Ischemic Stroke in Young Adults: A Long-Term Follow-Up
Study. PloS one 10, €0139772, https://doi.org/10.1371/journal.pone.0139772 (2015).

Xie, M. et al. Glial gap junctional communication involvement in hippocampal damage after middle cerebral artery occlusion.
Annals of Neurology 70, 121-132, https://doi.org/10.1002/ana.22386 (2011).

Schaapsmeerders, P. et al. Ipsilateral hippocampal atrophy is associated with long-term memory dysfunction after ischemic stroke
in young adults. Human Brain Mapping 36, 2432-2442, https://doi.org/10.1002/hbm.22782 (2015).

Crofts, J. J. et al. Network analysis detects changes in the contralesional hemisphere following stroke. Neurolmage 54, 161-169,
https://doi.org/10.1016/j.neuroimage.2010.08.032 (2011).

Borich, M. R., Mang, C. & Boyd, L. A. Both projection and commissural pathways are disrupted in individuals with chronic stroke:
investigating microstructural white matter correlates of motor recovery. BMC Neuroscience 13, 107, https://doi.org/10.1186/1471-
2202-13-107 (2012).

Granziera, C., Ay, H., Koniak, S. P, Krueger, G. & Sorensen, A. G. Diffusion tensor imaging shows structural remodeling of stroke
mirror region: results from a pilot study. European Neurology 67, 370-376, https://doi.org/10.1159/000336062 (2012).
Stroke-1989. Recommendations on stroke prevention, diagnosis, and therapy. Report of the WHO Task Force on Stroke and other
Cerebrovascular Disorders. Stroke; a Journal of Cerebral Circulation 20, 1407-1431 (1989).

Jorm, A. E. & Jacomb, P. A. The Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE): socio-demographic
correlates, reliability, validity and some norms. Psychol Med 19, 1015-1022 (1989).

Adams, H. P. Jr. et al. Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST.
Trial of Org 10172 in Acute Stroke Treatment. Stroke; a Journal of Cerebral Circulation 24, 35-41 (1993).

Brott, T. et al. Measurements of acute cerebral infarction: a clinical examination scale. Stroke; a Journal of Cerebral Circulation 20,
864-870 (1989).

van Swieten, J. C., Koudstaal, P. J., Visser, M. C., Schouten, H. J. & van Gijn, J. Interobserver agreement for the assessment of
handicap in stroke patients. Stroke; a Journal of Cerebral Circulation 19, 604-607 (1988).

Hamilton, M. A rating scale for depression. Journal of Neurology, Neurosurgery, and Psychiatry 23, 56-62 (1960).

Lawton, M. P. & Brody, E. M. Assessment of older people: self-maintaining and instrumental activities of daily living. Gerontologist
9,179-186 (1969).

Katz, S., Ford, A. B., Moskowitz, R. W, Jackson, B. A. & Jaffe, M. W. Studies of illness in the aged. The index of adl: a standardized
measure of biological and psychosocial function. Jama 185, 914-919 (1963).

Yu, J., Li, J. & Huang, X. The Beijing version of the Montreal Cognitive Assessment as a brief screening tool for mild cognitive
impairment: a community-based study. BMC Psychiatry 12, 156, https://doi.org/10.1186/1471-244x-12-156 (2012).

Nasreddine, Z. S. et al. The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impairment. Journal of
the American Geriatrics Society 53, 695-699, https://doi.org/10.1111/j.1532-5415.2005.53221.x (2005).

Hachinski, V. et al. National Institute of Neurological Disorders and Stroke-Canadian Stroke Network vascular cognitive impairment
harmonization standards. Stroke; a Journal of Cerebral Circulation 37, 2220-2241, https://doi.org/10.1161/01.
str.0000237236.88823.47 (2006).

Guo, Q., Zhao, Q., Chen, M., Ding, D. & Hong, Z. A comparison study of mild cognitive impairment with 3 memory tests among
Chinese individuals. Alzheimer Disease and Associated Disorders 23, 253-259, https://doi.org/10.1097/WAD.0b013e3181999¢92
(2009).

Zhou, Y. L. J., Guo, Q. H. & Hong, Z. N. Rey-Osterrieth complex figure test used to identify mild Alzheimer’s disease. Chin J Clin
Neurosci 14, 501-504 (2006).

Ma, ], Zhang, Y. & Guo, Q. Comparison of vascular cognitive impairment -no dementia by multiple classification methods. Int ]
Neurosci, https://doi.org/10.3109/00207454.2014.972504 (2014).

Lin, C. Y. et al. Confrontation naming errors in Alzheimer’s disease. Dementia and Geriatric Cognitive Disorders 37, 86-94, https://
doi.org/10.1159/000354359 (2014).

YX, G. Wechsler adult intelligence scale-chinese version(WAIS). Hunan: Hunan Map Press (1992).

Guo, Q. H,, S., Y., Yuan, ], Hong, Z. & Lu, C. Z. Application of eight executive tests in participants at Shanghai communities. Chin |
Behav Med Sci 2007 16, 628-631 (2007).

Guo, Q. H, Yuan, S. Y, Hong, J. & Lu, Z. CZ. Application of eight executive tests in participants at Shanghai communities. Chin |
Behav Med Sci 16, 628-631 (2007).

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders. 5th edition (DSM-5). Washington, DC:
American Psychiatric Publishing; 2013.

Cui, Z., Zhong, S., Xu, P, He, Y. & Gong, G. PANDA: a pipeline toolbox for analyzing brain diffusion images. Frontiers in Human
Neuroscience 7, 42, https://doi.org/10.3389/fnhum.2013.00042 (2013).

Jenkinson, M., Beckmann, C. E, Behrens, T. E., Woolrich, M. W. & Smith, S. M. FSL. NeuroImage 62, 782-790, https://doi.
org/10.1016/j.neuroimage.2011.09.015 (2012).

Smith, S. M. et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. NeuroImage 31, 1487-1505,
https://doi.org/10.1016/j.neuroimage.2006.02.024 (2006).

Yakushiji, Y. et al. Basal ganglia cerebral microbleeds and global cognitive function: the Kashima Scan Study. Journal of Stroke and
Cerebrovascular Diseases: the Official Journal of National Stroke Association 24, 431-439, https://doi.org/10.1016/j.
jstrokecerebrovasdis.2014.09.015 (2015).

Cho, S.]. et al. Post-stroke memory impairment among patients with vascular mild cognitive impairment. BMC Neurology 14, 244,
https://doi.org/10.1186/s12883-014-0244-6 (2014).

Markowitsch, H. J. Which brain regions are critically involved in the retrieval of old episodic memory? Brain Research. Brain
Research Reviews 21, 117-127 (1995).

Carota, A., Neufeld, H. & Calabrese, P. Memory Profiles after Unilateral Paramedian Thalamic Stroke Infarction: A Comparative
Study. Case Reports in Medicine 2015, 430869, https://doi.org/10.1155/2015/430869 (2015).

Liu, X. et al. Correlation analysis of quantitative diffusion parameters in ipsilateral cerebral peduncle during Wallerian degeneration
with motor function outcome after cerebral ischemic stroke. Journal of Neuroimaging: Official Journal of the American Society of
Neuroimaging 22, 255-260, https://doi.org/10.1111/j.1552-6569.2011.00617.x (2012).

Carrera, E. & Tononi, G. Diaschisis: past, present, future. Brain: a Journal of Neurology 137, 2408-2422, https://doi.org/10.1093/
brain/awul01 (2014).

Auriel, E. et al. Microinfarct disruption of white matter structure: a longitudinal diffusion tensor analysis. Neurology 83, 182-188,
https://doi.org/10.1212/wnl.0000000000000579 (2014).

SCIENTIFICREPORTS | (2018) 8:8422 | DOI:10.1038/s41598-018-26316-5 9


http://dx.doi.org/10.1227/01.neu.0000311066.03121.b8
http://dx.doi.org/10.1161/strokeaha.111.000792
http://dx.doi.org/10.1161/strokeaha.113.001321
http://dx.doi.org/10.1371/journal.pone.0139772
http://dx.doi.org/10.1002/ana.22386
http://dx.doi.org/10.1002/hbm.22782
http://dx.doi.org/10.1016/j.neuroimage.2010.08.032
http://dx.doi.org/10.1186/1471-2202-13-107
http://dx.doi.org/10.1186/1471-2202-13-107
http://dx.doi.org/10.1159/000336062
http://dx.doi.org/10.1186/1471-244x-12-156
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
http://dx.doi.org/10.1161/01.str.0000237236.88823.47
http://dx.doi.org/10.1161/01.str.0000237236.88823.47
http://dx.doi.org/10.1097/WAD.0b013e3181999e92
http://dx.doi.org/10.3109/00207454.2014.972504
http://dx.doi.org/10.1159/000354359
http://dx.doi.org/10.1159/000354359
http://dx.doi.org/10.3389/fnhum.2013.00042
http://dx.doi.org/10.1016/j.neuroimage.2011.09.015
http://dx.doi.org/10.1016/j.neuroimage.2011.09.015
http://dx.doi.org/10.1016/j.neuroimage.2006.02.024
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.09.015
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2014.09.015
http://dx.doi.org/10.1186/s12883-014-0244-6
http://dx.doi.org/10.1155/2015/430869
http://dx.doi.org/10.1111/j.1552-6569.2011.00617.x
http://dx.doi.org/10.1093/brain/awu101
http://dx.doi.org/10.1093/brain/awu101
http://dx.doi.org/10.1212/wnl.0000000000000579

www.nature.com/scientificreports/

54. Liu, Z., Li, Y., Zhang, X., Savant-Bhonsale, S. & Chopp, M. Contralesional axonal remodeling of the corticospinal system in adult rats
after stroke and bone marrow stromal cell treatment. Stroke; a Journal of Cerebral Circulation 39, 2571-2577, https://doi.org/10.1161/
strokeaha.107.511659 (2008).

55. Ayata, C. Spreading depression and neurovascular coupling. Stroke; a Journal of Cerebral Circulation 44, S87-89, https://doi.
org/10.1161/strokeaha.112.680264 (2013).

56. Etherton, M. R. et al. Integrity of normal-appearing white matter and functional outcomes after acute ischemic stroke. Neurology,
https://doi.org/10.1212/wnl.0000000000003890 (2017).

57. Gerloff, C. et al. Multimodal imaging of brain reorganization in motor areas of the contralesional hemisphere of well recovered
patients after capsular stroke. Brain: a Journal of Neurology 129, 791-808, https://doi.org/10.1093/brain/awh713 (2006).

58. Liu, Z. et al. VOXEL-WISE GROUP ANALYSIS OF DTI. Proceedings. IEEE International Symposium on Biomedical Imaging, 807-
810 (2009).

59. Bendlin, B. B. et al. White matter in aging and cognition: a cross-sectional study of microstructure in adults aged eighteen to eighty-
three. Developmental Neuropsychology 35, 257-277, https://doi.org/10.1080/87565641003696775 (2010).

60. Oishi, K. & Lyketsos, C. G. Editorial: Alzheimer’s Disease and the Fornix. Frontiers in Aging Neuroscience 8, 149, https://doi.
org/10.3389/fnagi.2016.00149 (2016).

61. Zhang, S. et al. Association of White Matter Integrity and Cognitive Functions in Chinese Non-Demented Elderly with the APOE
varepsilon4 Allele. Journal of Alzheimer’s Disease: JAD 48, 781-791, https://doi.org/10.3233/jad-150357 (2015).

62. Dong, Y. et al. Improving screening for vascular cognitive impairment at three to six months after mild ischemic stroke and transient
ischemic attack. International Psychogeriatrics/IPA 26, 787-793, https://doi.org/10.1017/s1041610213002457 (2014).

63. Zanier, E. R. et al. Six-month ischemic mice show sensorimotor and cognitive deficits associated with brain atrophy and axonal
disorganization. CNS Neuroscience & Therapeutics 19, 695-704, https://doi.org/10.1111/cns.12128 (2013).

64. Wang, Y. et al. Clopidogrel with aspirin in acute minor stroke or transient ischemic attack. The New England Journal of Medicine 369,
11-19, https://doi.org/10.1056/NEJMoal215340 (2013).

65. Kochunov, P. et al. Fractional anisotropy of water diffusion in cerebral white matter across the lifespan. Neurobiology of Aging 33,
9-20, https://doi.org/10.1016/j.neurobiolaging.2010.01.014 (2012).

66. Tournier, J. D., Mori, S. & Leemans, A. Diffusion tensor imaging and beyond. Magnetic Resonance in Medicine 65, 1532-1556,
https://doi.org/10.1002/mrm.22924 (2011).

67. Beaulieu, C. The basis of anisotropic water diffusion in the nervous system - a technical review. NMR in Biomedicine 15, 435-455,
https://doi.org/10.1002/nbm.782 (2002).

Acknowledgements

The authors would like to thank all participants for their involvement. Moreover, we thank Prof. Wen from the
institution, Australia, for his critical review of the analysis and the manuscript. This work was supported by
the following institutions: the National Key Research and Development Program of China (2017YFC1308404,
2016YFC1306000, 2016YFC1306300), Ministry of Science and Technology of the People’s Republic of China
(20082X09312-008, 200902004, 2011BAI08B01, 2011BAI08B02, 2012ZX09303, 2013BAI09B03), Beijing Institute
for Brain Disorders (BIBD-PXM2013_014226_07_000084), Beijing Municipal Key Laboratory for Neural
Regeneration and Repairing (2015S]ZS05), National Key Basic Research Program of China (2011CB504100),
the National Natural Science Foundation of China (81571229, 81071015, 30770745), the Key Project of Natural
Science Foundation of Beijing, China (B) (kz201610025030), the Key Project of Natural Science Foundation
of Beijing, China (4161004, kz200910025001), Natural Science Foundation of Beijing, China (7082032),
National Key Basic Research Program of China (2011CB504100), Important National Science & Technology
Specific Projects (20112X09102-003-01), National Key Technology Research and Development Program of the
Ministry of Science and Technology of China (2013BAI09B03), Project of Beijing Institute for Brain Disorders
(BIBD-PXM2013_014226_07_000084), High Level Technical Personnel Training Project of Beijing Health
System, China (2009-3-26), Project of Construction of Innovative Teams and Teacher Career Development
for Universities and Colleges Under Beijing Municipality (IDHT20140514), Capital Clinical Characteristic
Application Research (Z12110700100000, Z121107001012161), Beijing Healthcare Research Project, China
(JING-15-2, JING-15-3), Excellent Personnel Training Project of Beijing, China (20071D0300400076), Basic-
Clinical Research Cooperation Funding of Capital Medical University, China (2015-JL-PT-X04, 10JL49, 14JL15),
Youth Research Funding, Beijing Tiantan Hospital, Capital Medical University, China (2014-YQN-YS-18, 2015-
YQN-15, 2015-YQN-05, 2015-YQN-14, 2015-YQN-17).

Author Contributions

Li-Jun Zuo: drafting/revising the manuscript, study concept or design, analysis or interpretation of data,
accepts responsibility for conduct of research and will give final approval, acquisition of data, statistical
analysis. Zi-Xiao Li: drafting/revising the manuscript, study concept or design, accepts responsibility for
conduct of research and will give final approval, acquisition of data. Rong-Yan Zhu: study concept or design,
accepts responsibility for conduct of research and will give final approval, acquisition of data. Yao-Jing Chen:
study concept or design, accepts responsibility for conduct of research and will give final approval, study
supervision. YanHong Dong: critical revision of the manuscript, assisted with study concept or design, accepts
responsibility for conduct of research and will give final approval, verification of some data (neuropsychological
test scoring). Yi-Long Wang: study concept or design, accepts responsibility for conduct of research and will
give final approval, statistical analysis, study supervision. Xing-Quan Zhao: study concept or design, accepts
responsibility for conduct of research and will give final approval, statistical analysis, study supervision. Zhan-
Jun Zhang: study concept or design, analysis or interpretation of data, accepts responsibility for conduct of
research and will give final approval, statistical analysis, study supervision. Perminder Sachdev: assistance with
early design, critical review of the analysis and manuscript. Wei Zhang: study concept or design, analysis or
interpretation of data, accepts responsibility for conduct of research and will give final approval, acquisition of
data, statistical analysis, study supervision. Yong-Jun Wang: study concept or design, analysis or interpretation
of data, accepts responsibility for conduct of research and will give final approval, acquisition of data, statistical
analysis, study supervision.

SCIENTIFICREPORTS | (2018) 8:8422 | DOI:10.1038/s41598-018-26316-5 10


http://dx.doi.org/10.1161/strokeaha.107.511659
http://dx.doi.org/10.1161/strokeaha.107.511659
http://dx.doi.org/10.1161/strokeaha.112.680264
http://dx.doi.org/10.1161/strokeaha.112.680264
http://dx.doi.org/10.1212/wnl.0000000000003890
http://dx.doi.org/10.1093/brain/awh713
http://dx.doi.org/10.1080/87565641003696775
http://dx.doi.org/10.3389/fnagi.2016.00149
http://dx.doi.org/10.3389/fnagi.2016.00149
http://dx.doi.org/10.3233/jad-150357
http://dx.doi.org/10.1017/s1041610213002457
http://dx.doi.org/10.1111/cns.12128
http://dx.doi.org/10.1056/NEJMoa1215340
http://dx.doi.org/10.1016/j.neurobiolaging.2010.01.014
http://dx.doi.org/10.1002/mrm.22924
http://dx.doi.org/10.1002/nbm.782

www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:8422 | DOI:10.1038/s41598-018-26316-5 11


http://creativecommons.org/licenses/by/4.0/

	The Relationship between Cerebral White Matter Integrity and Cognitive Function in Mild Stroke with Basal Ganglia Region In ...
	Methods

	Stroke patients. 
	Control subjects. 

	Procedure

	Demographics and clinical profile. 
	Neuropsychological assessment. 
	Image acquisition. 
	DTI image preprocessing. 
	Tract-Based Spatial Statistics (TBSS). 
	Extract mean diffusion metrics of Atlas-based Tract ROIs. 

	Statistical analysis. 

	Results

	Demographics and clinical profile. 
	Neuropsychological test. 
	Group comparisons of voxel-wise statistics in TBSS. 
	Group comparisons of atlas-based tract ROIs. 
	Relationship between white matter integrity and neuropsychological function in CI and NCI groups. 

	Discussion

	Acknowledgements

	Figure 1 Group comparisons of tract-based spatial statistics (TBSS).
	Figure 2 Correlations between the atlas-based regions of interest FA and neuropsychological tests scores in basal ganglia mild stroke patients.
	Table 1 Demographic information of the control group, NCI group and CI group.
	Table 2 Comparison of Z-scores in cognitive function among the control group, NCI group and CI group.
	Table 3 Comparison of important MRI manifestations of cerebral small vessel disease among the control group, NCI group and CI group.




